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Abstract

In light of the elevating pressures toward adopting
intensifying technologies, centrifugal extractors are
increasingly drawing attention as a promising alter-
native to traditional extraction equipment. Recently,
many fields have applied them in research and that
resulted in a considerable amount of information
that may be hard to follow. To keep interested re-
searchers updated, this work presents the state-of-
the-art status of those devices. That is, the different
types of centrifugal extractors are first surveyed with
emphasis on those available on the market nowa-
days. Then, their recent applications are covered

with exclusion of two fields: oil-water separations
and nuclear industry, as the purpose is to accent
centrifugal extractors’ potential and compatibility
with the widest possible range of applications be-
yond traditional ones. A further section addresses
the hydrodynamics of annular centrifugal contac-
tors that form a major subfamily of centrifugal ex-
tractors. Those annular variants have received spe-
cial focus throughout this work, since not only are
they the most encountered devices in literature but
also still to date under development with latest ver-
sions being 3D-printed.
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1 Introduction

In the era of high competitiveness and increasing demand for
compact, efficient devices, the industries have to work their
way up toward applying new technologies, in order to maintain
their position in the market. On a future perspective, the sce-
narios of process industry are becoming increasingly insecure
and uncertain in terms of markets and customers [1]. This situ-
ation can be condensed to several challenges the producers
have to cope with such as increasing market volatilities, rising
environmental burdens, fluctuating energy costs and higher de-
mands from customers [2]. In a response to those mounting
pressures, endeavors have been directed toward innovative
fields to derive solutions that enable the manufacturers to keep
pace with the rapidly changing environment. In this regard,
process intensification and modularization have emerged as two
main trends in the industry, leading the way to reshape the in-
dustrial future [3]. Under these two concepts, many processing
technologies have been developed, including the family of
rotary devices to which centrifugal extractors (CEs) belong.

Those rotating apparatuses have already found their way to
applications either in typical unit operations such as distillation

[4, 5], absorption [6], and filtration [7]; intensified processes
like reactive distillation [8]; or relatively recent trends of proc-
ess engineering such as partition chromatography [9] and
membranes [10]. Of course, physical and reactive extractions,
the focus of this work, are among the fields where those devices
are applied. While the variants in distillation, such as rotating
packed beds, have received considerable attention [11], the
focus on the extraction counterparts has been relatively less
and not up to their potential. To demonstrate the latter, let us
briefly introduce the aforementioned process engineering
trends and link them to CEs in the meanwhile.

Process intensification (PI) describes a portfolio of chemical
engineering techniques providing ‘‘substantially smaller,
cleaner, safer and more efficient technologies’’ [12]. PI bifur-
cates to two branches: process-intensifying equipment and
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process-intensifying methods [13]. The former refers to devices
specifically designed to carry out chemical and/or physical
processes in much reduced volume and higher efficiency com-
pared to traditional equipment. With their compact sizes and
competitive performance, centrifugal extractors are good ex-
amples for intensifying equipment. The other branch of PI,
process-intensifying methods, includes innovative processing
techniques that combine more than one operation in an inte-
grated single one. The combined operations can be either two
different separation processes, as in membrane distillation, or a
chemical reaction and a separation process, as in reactive
extraction. The latter can also be applied in many types of CEs
[14].

Moving to the second modern concept, modularization, it
aims to divide the entire production lines into smaller entities
called modules. Each of them is a standardized set of equip-
ment with its auxiliaries, responsible of a specific task within
the overall process [15]. Collectively, these individual units
form the so-called modular plants [16]. Modules that belong to
the same family, i.e., doing the same task with different outputs,
are called module variants. They have in common standardized
interfaces, through which they are connected to other modules
in the system. Thereby, if a specific modification is required,
the relevant module can be flexibly substituted by another,
while keeping other modules unchanged. For example, to pro-
duce a new product using the same production line, the reac-
tion module can be solely replaced with another variant,
whereas all other modules remain the same [17]. One cutting-
edge development herein is the compact modular plants,
which, in comparison to large-scale production facilities, are
more flexible, involving lower financial risks and logistics cost,
and their safety regulations are easier [18]. A modular plant
suited in a standard ISO format (20’) container is a typical ex-
ample for such plants [1, 19]. Since the height of the typical
thermal separation apparatuses depend on the difficulty of the
separation task, one of the main challenges has been to fit those
devices within such compact size [20]. Once again, small and
efficient CEs, such as annular centrifugal extractors (ACCs),
have the advantage here as being perfectly sized to fit those
plants and versatile to handle physical and reactive extractions.

Based on the above, the centrifugal extractors prove to be tai-
lor-made for the modern process engineering concepts. That is,
they are not only intensifying devices in nature, but they can
also handle intensifying processes, besides being suitable for
modularization in view of their efficiency and compactness.
Therefore, they represent an attractive alternative to classical
equipment, and a promising option to adapt to the rapidly
changing present-day markets.

Although considerable research has already been done to
explore the capabilities of CEs, there is still ample work to do
to fully unveil their competitiveness in miscellaneous fields of
process engineering and convince manufacturers with the
added value CEs can provide. To keep the interested researcher
informed, this work comes to bring together the state of the art
of CEs and the relevant recent research. Especially that, to our
knowledge, no inclusive similar publication has been recently
reported.

1.1 Scope of the review

This work focuses on the variants of CEs employed in continu-
ous liquid-liquid extraction processes and their applications.
The outdated devices are only briefly overviewed, whereas the
emphasis is on those used nowadays. During our research, it
turned out that the family of ACCs includes the majority of the
contemporary centrifuges, and this type particularly is so far
subject to continuous advancements, with the latest versions
being 3D-printed. ACCs were also the most applied centrifuges
found in the screened literature, with applications extending
far beyond nuclear industry, their birthplace. For those reasons,
they have received additional focus in our survey.

In the following, the characteristics and classification of CEs
are first introduced. Then comes a review of almost all CEs found
in literature, and, for currently used apparatuses, the working
principle and main development stages from birth to date are
presented. Although there may be more patents and papers, oth-
er than those mentioned, contributing to their progress, the pre-
sented ones here aim to portray the main evolution milestones.

Afterwards, a survey of the relevant research follows, cover-
ing particularly the work done in the last two decades. The pre-
sented literature is sorted according to the process engineering
field it belongs to. Since the focus of this paper is to emphasize
the versatility of CEs, excepted from this survey are two long-
established applications: water-oil separations and nuclear in-
dustry. The former is a typical application of CEs, particularly
ACCs, practiced since last century [21, 22]. Also, nuclear indus-
try is where ACCs were first invented in the 60s and they are
still very widely applied there; therefore, a dedicated review
paper for this specific domain would be more reasonable, and
interested readers are referred to [23, 24]. Due to the large
amount of reported literature, for each considered field, some
exemplary research work is reported in rather detailed num-
bers to quantitatively demonstrate CEs performance, while the
rest can be found at the end of the respective section. Eventu-
ally, the hydrodynamics of ACCs are addressed, including a
brief overview on the performed computational fluid dynamic
(CFD) simulations.

2 Centrifugal Extractors

In 1878, the Swedish inventor De Laval designed the first con-
tinuous centrifuge to separate cream from milk, which opened
the door for centrifugation in industry [25]. Speaking for ex-
traction, a wide variety of centrifuges’ designs have been devel-
oped since then, which differ not only in geometry but also in
working principle. What is common among them is that they
all apply a centrifugal field to intensify either liquid-liquid sep-
aration solely or mixing and separation together, depending on
the purpose of the process and CE type.

2.1 Centrifugal Extractors Features

Comparing with typical extraction devices, such as columns
and mixing settlers, CEs exhibit the following main features
[26–28]:
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1) Compact devices, and this includes both small footprints
and low heights.

2) Short residence times of the processed liquids.
3) Sharp liquid-liquid separation under high g-force fields.
4) Very low liquid hold-up, which is favorable in case of ex-

pensive or flammable solvents, giving better safety condi-
tions.

5) High energy input to unit volume of processed liquids, en-
suring intensive mixing and very efficient mass transfer.

6) Fast start-up and shutdown procedures, where steady-state
conditions can be reached quickly and even maintained
after shutting down a cascade of single stages.

However, as centrifugal extractors are finely machined, they
tend to be the most expensive type of extractors in terms of
capital investment [29]. Perhaps, this reason partially underlies
the slow acceptance of those centrifuges in industry, in spite of
the widespread applications of liquid-liquid extraction process
itself. Furthermore, if in-service extraction equipment is work-
ing satisfactorily, most manufacturers tend not to invest money,
time, and personnel to improve the process and install centri-
fuges [21]. Potential new users have to be convinced that cen-
trifugal extractors can not only replace their current equip-
ment, but also perform better [21]. In view of their competitive
performance and wide-range applicability, those devices should
be more introduced in the industry.

2.2 Centrifugal Extractors Classification

The majority of current centrifuges can be attributed to two
main different origins, and remarkably, each of them adopts its
own operation approach. The first adopts the differential con-
tact between phases and belongs to the early thirties of last cen-
tury, when Walter J. Podbielniak developed a centrifugal device
that was then proposed by and large for processes involving
fluids contact [30]. Later in pharmaceutical industry, this de-
vice was successfully tested in penicillin extraction process that
demands shorter contact time to avoid penicillin degradation
[31]. Some years afterwards, the centrifuge was upgraded and
specifically dedicated for solvent extraction
processes, and based on this device, several
variants were introduced in the following
decades, as shown later. To date, Podbiel-
niak extractor is still used with almost the
same operating principle as it was first pro-
posed.

The other origin adopts a stage-wise op-
eration approach and is traced back to the
1960s, particularly to the nuclear industry,
where mixer-settlers were used to extract
spent nuclear fuel at Savannah River Labo-
ratory (SRL), U.S. [32]. The solvent then
suffered deterioration due to radiation,
which necessitated reduction in contact
time. Applying a centrifugal field was thus
suggested in the settling chamber to accel-
erate the liquid-liquid segregation, and that
was realized in the then-called centrifugal
mixer-settler [32]. Further development on

the latter at Argonne National Laboratory (ANL) resulted in
shifting the mixing chamber from the region below the rotating
element to an annular space between it and its stationary hous-
ing, giving birth to the first annular centrifugal contactor [33].
This ANL device was the cornerstone of many following de-
signs developed in different parts of the world. In fact, accord-
ing to our survey, it seemed to be the ancestor of all subsequent
ACCs developed in nuclear industry from the seventies and on,
with the present-day apparatuses still having much in common
with it.

Based on the above information, it is best to classify centrifu-
gal extractors into two categories: differential and stage-wise,
with the latter contains multi- and single-stage extractors, Fig.-
1. The differential extractors carry out continuous extraction
equivalent to up to several theoretical stages, whereas the stage-
wise units involve discrete stages, each of which includes
mixing and following separation of the two phases. Another
worth-mentioning point is that all modern centrifugal extrac-
tors rely on dispersing one phase into the other, regardless of
their operation approach. This is to indicate that, in a few rela-
tively old apparatuses such as Alfa-Laval and some designs of
Podbielniak, the counter-currently flowing phases remain pri-
marily stratified, i.e., flowing as layers, with minimum disper-
sion. Having lower mass transfer efficiencies, such designs were
then considered suitable mainly for mixtures that can be easily
emulsified.

In [31], the author assigns the following nomenclature for
the above two categories:
1) Centrifugal separators: for stage-wise devices.
2) Centrifugal extractors: for differential devices.

While this can be a practical way to distinguish centrifuges
depending on their operation approach, it might be argued that
the description ‘‘separators’’ for stage-wise devices can be con-
fusing since they also include a mixing step inside their enve-
lope. In other words, both types carry out the two essential
steps of an extraction process: mixing and following separation.
Generally in literature, those two titles are used interchange-
ably. Anyhow, centrifugal extractors (CEs) is used in this work
to refer to the whole family of centrifuges used in extraction,

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 288

Figure 1. Types of liquid-liquid centrifugal extractors, with the major types of ACCs.
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while specific devices are directly referred to using their com-
mercial or literature name. Particularly for the subfamily of
devices similar to ANL device where mixing occurs in the
annulus, annular centrifugal contactors (ACCs) is used.

2.3 Centrifugal Extractors Types

In the following, liquid-liquid centrifugal extractors are sur-
veyed, and as mentioned before, only those available today on
the market are explained more in detail.

2.3.1 Annular Centrifugal Contactor (ACC)

Throughout its development course to date, this type has been
introduced in several designs that have almost the same opera-
tion principle despite some differences. To illustrate that princi-
ple, the currently commercialized version CINC� (Costner In-
dustries Nevada Corporation, Inc.) is used as an example,
particularly V 02 model, Tab. 1. Comparing with many other
ACCs, this version has not confined to nuclear industry; it was
rather applied in miscellaneous fields with a variety of sizes
available, ranging from R&D to production-scale.

As shown in Fig. 2, this centrifuge is an upright, axially sym-
metric device that mainly consists of two co-axial cylinders: the
outer stationary one that forms the housing and the inner rotor
that is connected by means of a shaft to a surmounted electrical
motor. Being different in diameter, these two cylinders create
an annular gap in-between that serves as mixing/reaction
chamber. To this chamber, the two phases enter either already
admixed from one entry port or separately from two ports.
Those inlets are tangential, introducing liquids in the same di-
rection of rotation, but at opposite sides of the housing [35].

Once liquids enter the annulus, they become in direct con-
tact with the outer surface of the inner spinning rotor. Under
the effect of skin friction, the liquids are subject to high-shear
forces, causing vigorous mixing of the two phases [33]. This
yields fine dispersion with high interfacial area, and thus, effi-
cient mass transfer. Afterwards, the dispersed mixture flows
down, by gravity, to the housing bottom, where a plurality of
vanes is located and curved in the direction of rotor rotation
[35]. These vanes are essential in that they stop the rotational
motion of the liquids induced in the annulus and allow the dis-

persion to flow under the rotor with reduced turbulence [21].
If those vanes were not there, the dispersion would accumulate
up in the annular zone, and flow out eventually via the light
phase exit port [21]. Thanks to their design, the mixture is di-
rected to the center of vanes’ plurality to flow up through an
aperture at the bottom of rotor, whose interior represents the
centrifugal separation chamber.

When the mixture enters the rotor, Fig. 3, the first component
it encounters is the diverter disk, which has two main functions.
On one hand, it forces the mixture radially into the outer region
of the rotor where the g-force is higher [33], and on the other, it
prevents axial mixing between the separated liquids above the
disk with those just entering [32]. In addition, it contains small
central holes to allow axial passage of entrained air [32], which
equalizes the pressure inside and prevents pressurization of the
lower region of the rotor that could reduce the inflow [21].

After exceeding that disk, the mixture becomes
in contact with four axial vanes extending over the
entire length of the rotor and dividing its interior
to four quadrant chambers [36]. The main function
of the vanes is to rapidly accelerate the mixture to
the full rotational speed, causing it to split to two
phases positioning according to their density: the
heavy phase at the wall while the light nearby the
axis [32]. A small weep hole at the bottom outer
edge of each vane, Fig. 3, allows the liquid surface
in the quadrants to be of the same radius at a given
height, i.e., ensuring equal distribution of liquids
among the quadrants [21]. Influenced by the
pumping action of the rotor, the separated phases
continue flowing upwardly [37].

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 289

Table 1. Specs of different models of CINC centrifuge [34].

Model V 02a V 05 V 10a V 16 V 20a

Max.
throughput
[L min–1]

1.9 18.9 114 340 757

Footprint
[cm · cm]

23 · 23 30.5 · 30.5 61 · 61 122 · 122 152 · 152

rpm 2000–6000 800–4000 800–3600 500–2700 400–1800

G-force 100–950 100–1200 400–1800 100–1200 100–12 000

a) Devices V02, V10, and V20 may be labeled CS50, CS250 and CS500, respectively, in
some literature [2]

Figure 2. Cross-sectional scheme of ACC produced by CINC�.
The yellow color refers to ingoing light phase, the blue to the
heavy, and the green to dispersion [2] (Creative Commons
CC-BY license from MDPI).
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In the upper region comes the head of the rotor, which is an
integral machined part that can be attached to the rotor sleeve
through threads sealed by a peripheral fluid-tight O-ring. The
bottom surface of the head serves as a circular weir. At its center,
it has an aperture over which the separated light phase flows
and is then flung outwardly under centrifugation via four,
straight-sided, radial, closed ducts to a collector ring in the
housing [32]. In general, the diameters of the central aperture of
the light phase weir and rotor inlet should be chosen to make
the rotor fully pumping [21]. This means that, even at the low-
est rpm, the rotor can pump the liquids inside to a height equal
to its length. If, however, the pumping head is less than rotor’s
length, the rotor is said to be partially pumping [21].

The bottom surface of the rotor head also has peripheral
openings (underflows), through which the heavy phase flows
up, and then proceeds via four quadrant passages bordered by
the light phase ducts to overflow its particular weir and finally
reach its collector [32]. The aperture diameter of the heavy
phase weir can have a dramatic effect on separation efficiency
[36]. That is, it is the main factor that adjusts the position of
the interface inside the rotor – with the possibility of using
rotational speed (rpm) to further fine-tune it [39]. For CINC
apparatus, the required weir diameter can be determined de-
pending on liquids densities from an Excel� sheet supplied by
the vendor. In principle, the chosen weir must keep the inter-
face between light and heavy phases openings to prevent cross-
contamination between the two leaving liquids [33]. At any
given rotational speed, by increasing the feed flowrate, the
width of the dispersion band expands, until it becomes so wide
such that a small amount of one or both phases flow out with
each other (carryover) [33].

Finally, from each collector ring, the respective phase leaves
the device via an exit port tangential to the ring. This design
allows preserving the momentum of the liquid being flung
from the rotor, to help carrying it to the next stage or down-
stream receiving tank. For further reading about ACC design,
the reader is referred to [21].

In literature, the type of annular centri-
fuges explained above, be it CINC or any
other variant, is referred to using different
acronyms, such as ACC (annular centrifu-
gal contactor) [40], ACE (annular centrifu-
gal extractor) [41], CCS (centrifugal con-
tactor separator) [42], CCCS (continuous
centrifugal contactor separator) [43], and
CE (centrifugal extractor) [44]. In this
work, ACC is used as it is the most fre-
quent acronym in the literature and it
avoids confining the device’s name to a
specific application, i.e., extraction or mere
liquid-liquid separation, since both can be
performed.

2.3.1.1 Development of ACC – from
Birth to Present

In 1960s, at Savannah River Laboratory
(SRL) in the U.S., uranium and plutonium were recovered from
the spent nuclear fuel by means of an extraction process, as
briefly stated earlier [32]. It was found that the separation effi-
ciency of the process was damaged due to solvent deterioration,
caused by exposure to radiation from fission products. To solve
this problem, the contact period had to be reduced by shorten-
ing the retention time of the solvent in the extraction device.
Since exposure duration in the then-used typical mixer-settlers
is primarily determined by phase settling time, it was suggested
to accelerate phase separation by applying a centrifugal field in-
stead of the gravity one in the settling chamber. Because the
centrifugal apparatuses available back then were not designed
for usage in nuclear industry, SRL developed its own centrifu-
gal mixer-settler, Fig. 4 [45]. In this device, the settling was car-
ried out in a centrifugal compartment, while the prior mixing
of two phases took place underneath it, by means of a paddle
mixer [21].

Several years later, at Argonne National Laboratory (ANL)
in the U.S., more modifications were introduced to the initial
design, bringing into light the first version of annular centrifu-
gal extractors as we know today [33]. Mainly, instead of the
lower mixing chamber in SRL device, the mixing process was
relocated to occur in the annulus between the rotating centri-
fuge and its stationary casing, Fig. 5. Some main features devel-
oped in SRL version, however, remained the same. For exam-
ple, positioning the liquid-liquid interface, i.e., dispersion band,
was still remotely done by applying pressurized air in the weir
system at the top of the rotor. This controlling system allows
the same weir dimensions to be used for a broad range of solu-
tions’ densities [33]. In Fig. 5, several extraneous lines, such as
the tangential bypass line, pressure taps, and level indicators
were only used for testing the experimental unit, and not nec-
essary in real production [33].

Later on, the American Department of Energy (ADE) took
charge of further development, and registered a patent suggest-
ing a new usage of the device in addition to that in nuclear
industry, which is liquid-liquid separation [22]. The proposed
configuration, Fig. 6, has more or less similar features of its

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 290

Figure 3. Exploded view of CINC V 02 rotor assembly (1) consisting of: 2) rotor cover,
3) aperture of heavy phase weir, 4) heavy phase weir, 5) O-ring sealing, 6) rotor shaft,
7) rotor head, 8) heavy phase quadrant passage, 9) light phase outlet duct, 10) axial
vanes, 11) diverter disk, 12) O-ring and 13) rotor sleeve [38].
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predecessor, except for few essential modifications: the diverter
disk shape was changed and the air-controlled weir region at
the top of the rotor was replaced with integrally machined
weirs. According to [21], the mechanical complexity in main-
taining the air pressure was the reason behind replacing this
system with weirs. Having only one inlet port, this device was
designed to process an already-admixed stream, e.g., water and
oil, and separate it to individual phases [22]. Soon after, anoth-
er variant was registered, where the two separate inlets were
restored [46].

A landmark in ACC progression occurred afterwards, in the
1990s, when Costner Industries Nevada Corporation, Inc.
(CINC�) licensed the contactor design from ADE and took the
initiative of further upgrading [21, 37]. As a result, the centri-
fuge obtained its new commercial name: the company acronym
CINC, which is still used to date. To enhance the performance
of liquid-liquid separations which was the main application by
then [21], one of the first reported patents by CINC came up
with a specific configuration, Fig. 7, where the rotor is sur-
rounded by a stationary sleeve [37]. The latter prevents the
contact between the annular liquids and the outer surface of
the rotor, since such contact is unfavorable when only separa-
tion is needed. This design also proves to be useful when the

processed liquids are shear-sensitive. In parallel, another design
was established, where liquids are directly fed to the bottom of
the contactor just below the rotor inlet, i.e., bypassing the
annulus [21]. Despite the subsequent improvements applied on
this device, those two designs are still applied to date whenever

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 291

Figure 4. Centrifugal mixer-settlers, SRL version, where 33 refers
to the lower mixing chambers, 40 to mixing blades and 1 to
centrifugal separation chamber [45].

Figure 5. The first version of centrifugal extractor, ANL version.
It is a modified version of SRL centrifugal mixer-settler, with
both stages mixing and centrifugal separation combined in one
entity [33] (with permission from Taylor and Francis Group).

Figure 6. Patented ACC developed by American Department of
Energy with one entry port [22].
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the application or liquids’ nature entails so. This type of centri-
fuges with shielded rotor may also be referred to as low-mix
configuration, comparing with the normal high-mix configura-
tion where the liquids in the annulus are exposed to rotor’s sur-
face [47].

Applications of this device started to gradually extend be-
yond liquid-liquid separations and nuclear industry to cover
other solvent extraction processes [35]. However, at that point,
there was one main restriction limiting its practical usage; that
is the low throughput, originating from the relatively small vol-
ume of CINC centrifuge [35]. Unfortunately, a direct scale up
was not possible because the rotor in the then-applied designs
was suspended only from top without any lower support of ro-
tor shaft [35]. The absence of such supportive bottom bearing
also reduced the critical rpm the centrifuge can work up to
[33]. The reason why integrating that support was excluded so
far is mostly to avoid corrosion problems when operating cor-
rosive solutions [33], and also to facilitate robotic access in nu-
clear industry [35].

Tackling the aforesaid drawbacks, a new patent from CINC
company introduced a design with a lower bearing assembly
secured to the stator housing (Fig. 8) [35]. In addition, the
shape of the bottom vanes was modified, whereby they became
curved in the direction of rotation (Fig. 9). Curving the vanes
in this fashion has the effect of directing the liquid mixture to-
wards axial bottom opening of the rotor with significantly less
turbulence than typically occurs with the previous straight ra-
dial vanes [35]. Concerning the heavy phase weir, an essential
breakthrough was introduced for the first time in this patent:
after being integrally machined with the rotor in precedent
ACCs, the heavy phase weir here was easily replaceable to facil-
itate tuning the separation process. Once the weir diameter is
determined depending on the physical properties of the phases,
the selected weir can afterwards be permanently secured to the
housing by screws [35].

There was another unresolved disadvantage associated with
all successive versions of ACCs so far, which was the necessity
to entirely disassemble the device whenever the internal vol-
ume needs to be cleaned. This problem is of particular concern
when solids may accumulate inside the rotor. Overcoming this
downside was the subject of the patent [36], in which an inno-
vative self-cleaning mechanism was developed (Fig. 10). Here,
the shaft becomes hollow and double-ended, with the bottom
end extending through the separator housing to the outside
and has a high-pressure fluid coupling. Within the rotor body,
the shaft is fitted with a plurality of spray nozzles, arranged to
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Figure 7. Centrifugal extractor with stationary rotor sleeve [37].

Figure 8. A new version of the centrifuge with two separate in-
lets and lower support of the rotor shaft [35].

Figure 9. The shape of the curved vanes at the bottom of the
centrifuge [35].
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cover virtually all the interior surface of the rotor. Once a
cleaning cycle is due, the operation is interrupted, process flu-
ids are drained, and a cleaning solution is then admitted under
high pressure to the rotor assembly. The cleaning solution and
removed materials are then drained through the normal inlets
of the device and/or the bottom drain [36].

Up to this point, most of the improvements needed for a
practical operation of the ACC had been already performed.
Nevertheless, due to the fact that all the previous models relied
on welding to assemble the parts, especially the interior com-
ponents of the rotor, the application of the centrifuge was still
undermined in fields imposing very stringent cleanliness re-
quirements, such as medical and pharmaceutical industries
[38]. First, a welded structure cannot be readily disassembled
for cleaning or sterilization. Second, in order to comply with
good manufacturing practices established in those industries,
all welds would need to be ground and polished, thereby com-
plicating the fabrication process [38]. To eliminate this ob-
stacle, a groundbreaking design was put forth via a CINC pat-
ent at the beginning of this millennium, and it is still used to
date (Fig. 3). With almost the same refined features of its ances-
tors, this design just adapted them into a free-of-weldments as-
sembly. Even though the proposed patent presents a rotor sus-

pended only from top, the possibility to support the shaft with
a lower bearing for larger centrifuges still exists [38].

Soon after, a larger 5-inch-diameter version of that centri-
fuge was established as a production-scale unit for pharmaceut-
ical industries [48]. Its easy dissemble ensures thorough clean-
ing between batches. Castings are also employed to minimize
welds’ crevices and cracks, while screws are eliminated to fur-
ther aid in cleaning and certification.

Due to the fact that ACC was first established in nuclear in-
dustry to minimize radiological degradation, short residence
times are an inherent feature in this device, even though
achieving longer times can still be done by reducing the in-
going flow rates at the expanse of decreasing the throughput.
In a recent application of ACC to produce biofuels, the transes-
terification reaction required relatively higher residence times
[49], so that this feature became an obstacle to achieve high
yields. For this, a modification of the annular zone was pro-
posed in the patent [50], through introducing a fluid circula-
tion system to increase residence time.

In this system, the two phases enter from inlets 56 and 58 to
the annulus (Fig. 11). While being mixed, they flow up to the
circulation outlets 60 and 62, which are in communication with
the rotor inlet standpipe 70 where liquids proceed to rotor inte-
rior. This configuration ensures that liquids reside longer in
contact within the apparatus. Opposite to previous designs
whose bottom vanes direct fluids to the rotor and prevent vor-
tex formation, here no vanes are introduced on purpose to
form a vortex by rotor motion that keeps the fluids from short-
circuiting the annulus and flowing directly to the rotor.

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 293

Figure 10. Self-cleaning ACC. The spray pattern shows the
cleaning angle of the nozzle [36].

Figure 11. Integrated reactor and centrifugal separator with
fluid circulation loop for higher phase contact time [50].
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To further increase residence time, back-pressure can be ap-
plied at points 92 and 94, or, the number of circulation loops
can be increased; Fig. 11 shows only two of them. One more
option to do so is by relocating circulation outlets farer from
the inlets, i.e., closer to the other end of the device, such as 96
and 98 in Fig. 12. This will increase the distance liquids have to
pass in the annulus before entering the loop. To better secure
the ACC against short-circuiting, a bushing (102 in Fig. 12) can
be added to the inlet pipe of the rotor. According to the inven-
tors, this design gives 50 % higher residence times than no-loop
designs.

Interestingly, the developing work on ACC did not stop and
very recently two more patents with novel configurations have
been registered [51, 52]. In the latter, a new concept of manu-
facturing ACCs was introduced by fabricating 3D-printed devi-
ces. The aim thereof was to create a new centrifuge that can
handle extraction processes of low kinetics, such as the back-
extraction process of actinides when processing nuclear fuels.

The proposed 3D-printed ACCs can have rotors ranging
from 1 to 5 cm in diameter [52]. 3D-printing technology was
chosen because it allows for configurations beyond those that
can be machined or welded. For example, the inventor was able
to develop a modular multistage assembly of 3D-printed ACCs,
including the stationary housing, rotors, and even inter-stage
connecting lines. On the top of that, each stage can be uniquely
customized with specific features or material of construction
when necessary.

In the referred-to patent [52], two major characteristics were
aimed: to increase residence time and to provide the ability to
maintain adequate hold-up in the annulus to ensure smooth
operation even at very low throughputs. Also, fluid dynamic
problems typically arise in such small 3D-printed ACCs which
need to be tackled. Therefore, to deal with those three points,
the presented design came up with the following qualities:
1) Helical tubes (94 in Fig. 13a) are formed onto the housing,

with their lower openings (96) oriented tangentially to the
circular flow in the annulus. By
means of liquid momentum,
liquids enter those tubes, flow
upwardly to outlet 98 and back
to the same annular zone, and
thus reside longer in the mix-
ing chamber. Depending on the
number of tubes and their di-
ameter, the increase in resi-
dence time can be controlled.

2) A hollow shaft (86 in Fig. 13b)
is fitted into a central threaded
hole at the bottom of the hous-
ing and properly sealed. By re-
volving it, its position can be
adjusted. The upper end is a
truncated conic, so that if the
shaft is raised, this tapered end
will act as a needle valve, re-
ducing the flow entering the
rotor up to total cutoff. This
helps in maintaining holdup in
the mixing zone at low feed

rates, allowing for a boarder range of operation. On the
other hand, when the shaft is lowered, it can be used as a
drain, since it is hollow.

3) To avoid flow restrictions in such small devices, grooves
are situated in the underflow of the heavy phase, so that
when it rotates the grooves force the liquid to flow up.

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 294

Figure 12. Another scheme of the fluid-circulation centrifuge
with extended annular distance and bushing installed on the
inlet pipe of the rotor [50].

Figure 13. a) 3D-printed ACC; b) cross-sectional scheme thereof [52].
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To the best of our knowledge, all the presented designs that
followed CINC version, Fig. 3 [38], are not commercialized yet,
and they are not registered by CINC company either.

2.3.1.2 ACCs Worldwide

Beside the devices presented above in U.S., variants of ACCs
were developed simultaneously throughout the world from the
seventies and on, particularly after ANL device was introduced.
In Japan, supporting the increasing demand on nuclear energy,
Japan Atomic Energy Agency (JAEA) developed a 8.4-cm ACC
with a throughput of 6.7 L min–1 [21]. This contactor is avail-
able in blocks, in which four or eight stages are packed togeth-
er. The inter-stage lines are drilled into the block itself, so no
external connecting tubing is needed. The surveyed works ap-
plying this centrifuge all relate to nuclear industry.

In China, in late 70s, the Institute of Nuclear and New En-
ergy Technology (INET) developed its own series of ACCs fol-
lowing the design of ANL device with rotor diameters from 10
to 230 mm [27]. Some years later, the TRPO (tri-alkyl phos-
phine oxide, also known as Cyanex 923) process for the clean-
up of nuclear waste had been developed there using those con-
tactors [21, 27], and afterwards, their usage extended beyond
nuclear industry [53]. To withstand different operational envi-
ronments, those centrifuges have been manufactured from dif-
ferent materials: stainless steel, titanium, plastic and glass-fiber
reinforced plastic GFRP (see Supporting Information, Fig. S1)
[53–55].

Applied in the Institute of Transuranium Elements in Ger-
many and British Nuclear Fuel in U.K, the 10-mm-diameter
ACC, in particular, has been widely used with cascades up to
200 stages (see Supporting Information, Fig. S2) [53]. This
miniature ACC has 4-mL liquid hold-up with a maximum
throughput of 8 mL min–1 [53] and its rotor and housing can
be connected without screws or nuts [56]. To further reduce
holdup in cascades and leakage risks, a multistage housing ma-
chined in a stainless-steel block has been developed [53] with 2
to 4 stages grouped together [56], and inter-stage lines are
drilled within the block [21].

In 2005, another 70-mm ACC was introduced by INET for
the semi-industrial scale test of TRPO process (see Supporting
Information, Fig. S3) [27, 57], with throughputs up to
4.8 L min–1 depending on the construction material [21]. This
device came up with the following novel features [56]:
1) It is made of three modules: motor, rotor and housing,

which can be connected via mating joints without screws,
nuts or pins. Such modular design greatly facilitates main-
tenance.

2) The contactor has two additional overflow openings in the
housing for both light and heavy phases. When operating a
cascade and one or more stages cease to work, the two
phases could separate by gravity in the defected stage and
continue flowing in opposite directions via these overflows
to the adjacent stages. Thus, there will be no need to shut
down the entire cascade for maintenance.

INET developing endeavors continued and resulted in a new
20-mm ACC, where the number of modules was even more
reduced for further practicality [58]. This ACC consists of two

modules only, rotor-motor and housing, and is also designed in
multistage blocks. It is equipped with automatic sampling sys-
tem and ceramic bearing to improve corrosion resistance.

Additional models of ACCs were developed in China as re-
ported in the literature, such as CWL series produced by
Zhengzhou TIEI Extraction Technology [59], QY-165 by the
University of Science and Technology of China [60] and HL-20
by Beijing Institute of Applied Technology [61]. Yet, no detailed
design information thereof could be found.

Moving to Russia, in the wake of developing SRL/ANL con-
tactors, three contactor series ETs, ETsD, ETsR and ETsT were
established, varying in internals’ design to suit different appli-
cations [21, 62]. For example, ETsT is designed for continuous
removal of solids up to 5 g L–1 content [21]. Mainly nuclear-in-
dustry-related applications have been found for those devices.
In India, on the other hand, Fabex Engineering produces its
own ACC, which has already been applied in research [63].

Finally, in France, the French Alternative Energies and
Atomic Energy Commission (CEA) created an ACC, called
ECRAN, (see Supporting Information, Fig. S4) [64, 65]. It dif-
fers from its counterparts in that it contains two rotors con-
nected to the same shaft: the lower one is for mixing while the
upper for centrifugal separation. After entering from the sides,
the two phases mix in the lower chamber, flow upwards and
separate in the centrifugal chamber, then overflow their respec-
tive weirs and exit. This configuration uniquely offers inde-
pendent optimization for both chambers. For instance, to re-
duce mixing intensity, only the mixing rotor can be reduced to
a smaller diameter, without affecting g-force settings in the sep-
aration chamber. More information about ACCs in nuclear in-
dustry can be found in [23].

2.3.2 Rousselet-Robatel Centrifuges

In the 70 s of the last century in France, the dependence on nu-
clear energy as an electricity source considerably grew, there-
fore, more research was invested in this domain to support that
trend [21]. As a result, the then-called ECP centrifuge had been
developed, in which, opposite to ACCs, the inner cylinder is
stationary while the outer one rotates. From the top, both light
and heavy phases enter through different inlets, flow down to
the stationary center core, and then leave from the sides [66].
In the introduction of their article, inventors stated that the
centrifuges developed in U.S back then were already applied in
France [66]. This gives the impression that the first ancestor of
ACCs, the ANL version, might at least have inspired the devel-
opment of ECP centrifuge. Moreover, according to [21], this
ECP model seems to be in turn the ancestor of the current cen-
trifuges produced by the French company Rousselet-Robatel�.
It now offers two type of CEs: the mono-stage BXP and multi-
stage LX, and both are not confined to nuclear industry appli-
cations.

The BXP device, Fig. 14, represents one discrete stage, in
which the mixture enters from the bottom, gets pumped up to
the rotor by means of a lower turbine and becomes separated.
The pumping mechanism ensures the liquids flow from one
stage to the other in a cascade without installing inter-stage
pumps. Such design resembles that of SRL centrifugal mixer-
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settler. Within the rotor, the centrifugal separation takes place
and segregated phases exit it via their respective routes.
Namely, the heavy phase proceeds via a peripheral opening,
overflows its weir to the collector and then gets discharged,
whereas the light phase continues to a central channel, also
overflows its weir to the collector and exits. As in ACCs, the
heavy phase weir is chosen depending on liquids’ densities to
properly position the interface within the rotor. Special variants
of BXP device are available for shear-sensitive or easily emulsi-
fied liquids [67].

This centrifuge is fabricated in two lines made of different
construction materials showing accordingly distinct technical
features. The first line is metallic and offers nominal through-
puts from 2 to 80 000 L h–1. Its rotor ranges from 12 to 800 mm
in diameter and offer g-forces between 224 and 2608 according
to the model. For corrosive applications, another line made of
Teflon-type KYNAR material (polyvinylidene fluoride) is pro-
duced and shows nominal throughputs from 50 to 60 000 L h–1.
The rotor diameters of this family vary from 40 to 620 mm,
with g-forces between 117 to 360 based on the model [67].

The other type, LX, represents multistage countercurrent
centrifuges and includes two pilot- and industrial-scale lines
[68]. The individual stage in both comprises of mixing and set-
tling chambers. Due to the high relative speed between a sta-
tionary agitation disc and rotating walls in the mixing chamber,
the dispersion is formed, and then is transferred via self-pump-
ing effect to the settling chamber to separate. Typically, those
devices are made of stainless steel, with other options available
upon request.

The pilot line, Fig. 15a, includes LX 12x and LX 20x series,
where the first two digits refer to rotor diameter in mm and the
units’ digit ‘‘x’’ tells the number of stages in the device, which
varies from 2 to 6. For example, LX 123 is of 120 mm diameter

and three stages. This series offers throughputs
from 12 to 300 L h–1 with g-forces between 870 and
1449. Having a separate inlet for each internal
stage, this pilot family uniquely offers the possibil-
ity to change the number of operated stages within
the same apparatus to specifically suit each applica-
tion. This feature also allows to incorporate extrac-
tion and scrubbing/washing stages in the same de-
vice, (see Supporting Information, Fig. S5).

Moving to the industrial line Fig. 15b, four series
are available LX 32x, 36x, 52x, and 57x, with the
digits having same indications mentioned above.
Here, the stages number in one device can be any
from 3 to 7, while the possible throughputs range
from 1300 to 80 000 L h–1 and g-forces from 1163
and 1832.

2.3.3 Podbielniak Centrifugal Extractor

In opposite to the previous stage-wise centrifuges
emerged from nuclear industry, this differential
extractor is more related to biotechnologies, partic-
ularly pharmaceutical industry [31, 69]. In the
1930s, Walter J. Podbielniak submitted two patents
[30, 70] describing a counter-current centrifugal

device. It was claimed, then, that it is suitable for processes in-
volving contact between fluids, such as distillation, absorption,
and extraction. Later on, as the mass production of penicillin
antibiotic was necessitated by the Second World War [71], that
device was successfully employed in penicillin extraction in
1944 [31]. In the meanwhile, Podbielniak kept on improving
the device, and in the 50s, he proposed a modified design,
which was for the first time specifically dedicated to solvent
extraction, particularly that of antibiotics [69]. This design is
very similar to the present-day one.

Shown in Fig. 16a, Podbielniak centrifuge (also known as
Pod) is a horizontal rotating drum, where liquids enter and
leave via the mechanically-sealed axis. In all designs of this de-
vice, the light phase is introduced at the periphery of the drum,
while the heavy one enters close to the axis. The drum inter-
nals, however, may differ, taking any of the following forms
[28]:
1) In the simplest design, there is one imperforate spiral plate

wound around the shaft and passing from it to the drum
periphery. The liquid contact here is similar in many re-
spects to wetted-wall towers, in that the two phases remain
stratified and flow counter-currently.

2) The above-mentioned plate may be perforated.
3) There may be a series of perforated, co-axial cylinders

stacked above each other, making the liquids’ contact fash-
ion similar to that of conventional perforated-plate col-
umns, Fig. 16b. This design is the one adopted by the cur-
rent manufacturer B&P Littleford�.

Elaborating on the final present design, during rotation, the
heavy phase travels through the holes radially from the axis
zone to the periphery, while the liquid phase goes the other
way around. Since both phases are moving through the same
holes, intimate contact occurs with high mass transfer effi-
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Figure 14. BXP mono-stage centrifugal extractor from Rousselet-Robatel [67].
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ciency. By means of the backpressure of liquids streams, the
position of the interface in the centrifuge can be controlled.
The special design of internals, i.e., number and distance be-
tween central cylinders and the hole geometry, should be opti-

mized for each specific application. This is usually done using a
small laboratory equipment [31].

The modern Pod extractor manufactured by B&P� can
achieve up to 3 to 5 theoretical stages in one single unit [73].
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Figure 15. a) The pilot centrifuge and b) The industrial centrifuge of Rousselet-Robatel LX series [68].

Figure 16. a) Pod centrifuge, where LLI, LLO, HLI, and HLO indicate the inlets and outlets of light and heavy phases, respectively [72];
b) liquids motion within Pod centrifuge, where the heavy phase enters near the axis and the light from the periphery, and both flow ra-
dially to the opposite end, courtesy to B&P Littleford�.
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Due to its low hold-up and short residence time, this device
has been extensively used in pharmaceuticals, especially in
antibiotics extraction to avoid their chemical degradation, in
addition to other fields such as hydrometallurgy and waste-
water treatment [29, 74]. The smallest Pod extractor commer-
cially available has a maximum throughput of 0.1 m3 h–1, an
inner diameter of 0.256 m and maximum rpm of 10 000. The
largest commercialized Pod, on the other hand, has a maxi-
mum throughput of 136 m3 h–1, an inner diameter of 1.651 m
and a maximum rpm of 1600 [75].

2.3.4 Quadronic and Alfa-Laval Centrifuges

These two differential extractors can be considered as variants
of Podbielniak device. Starting with Quadronic, its main de-
signing difference is that the free cross-sectional area of its in-
ternals is adjustable, offering control of mixing intensity and
better handling of different liquid loads [31, 76]. Regarding
Alfa-Laval (see Supporting Information, Fig. S6 [77]), its rotat-
ing drum is vertical rather than horizontal. In its interior, the
concentric cylinders (or cones) create vertical channels in-be-
tween connected by crossover zones positioned at both ends in
an alternating manner [78]. The heavy and light phases enter
from the bottom at the axial and peripheral zones, respectively.
Thereby, the counter-currently flowing liquids will cross the
entire axial length of the annular channels between cylinders,
and at crossover zones, they will cross from one channel to the
other. Expect for the crossover zone between two consecutive
channels, the two phases will remain stratified, i.e., moving as
layers rather than forming a dispersion, leading to less mass
transfer area [29]. In [74], this centrifuge is also called ‘‘De Lav-
al’’. It prevailed in Europe, while Quadronic and Podbielniak
extractors were mostly used in North America [79]. In present,
for both devices Alfa-Laval and Quadronic, no recent applica-
tions or current manufacturers have been found.

2.3.5 Westfalia TA Separator

Developed by Westfalia Separator�, a part of GEA� Group Ak-
tiengesellschaft, this single-stage apparatus is one of the very
few CEs that does not link to either Podbielniak or ANL devi-
ces. The design considered here, Fig. 17, is specific for liquid-
liquid separations, but it is worth mentioning that most of its
current variants can handle solids as well, provided that their
content is low. Such designs can be traced back to a patent reg-
istered by the said company in the 50s [80].

Regarding the liquid-liquid design, Fig. 17, it consists of an
interior rotor and stationary housing [31]. Via a central hollow
shaft mounted on the lower driving engine, liquids enter from
the top of the device. First, they are mixed in the mixing cham-
ber at device’s core and then proceed to the separation cham-
ber, where a number of conical discs attached to the rotating
shaft are present.

These discs contain collinear holes forming vertical channels,
through which liquids can flow upwards to their exit ports. At
the center of those vertical channels, the interface of the phases
should be positioned. Choosing the optimal position of the

channels and a suitable diameter for the heavy phase outlet
ring depends on the system to be separated. This is similar to
ACCs, where a heavy phase weir is selected according to
liquids’ density. Additional fine-tuning of the interface position
is possible by controlling the backpressure. To draw the sepa-
rated phases out of the device, two centripetal pumps exist at
both outlets and rotate with the shaft.

Recent versions of this centrifuge are produced by compa-
nies like GEA� and Alfa Laval�, and, as mentioned above, they
are not only used for liquid-liquid separations but also for
liquid-solid and liquid-liquid-solid ones. They are provided
with special automated mechanisms to evacuate accumulated
solids out of the centrifuge during operation. These producers
offer horizontal decanters as well to process mixtures with
higher solid content. Lab- and pilot-scale decanters are also
available on the market by companies like Lemitec�.

2.3.6 Luwesta Contactor

Also known as Luvesta in some literature [31], this device can
be seen as both the multistage version of Westfalia centrifuge
and the stage-wise version of Podbielniak [29]. It has a three-
stage design, where the two fluids enter from the top, and are
then forced to flow counter-currently [81] (see Supporting In-
formation, Fig. S7). The heavy phase proceeds along the shaft
and starts its cycle from the bottom, whereas the light one
starts directly from top. In each stage, phases are mixed and
further separated by a weir system. No current producers or
applications have been found for this device.
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Figure 17. Single-stage Westfalia TA centrifuge: 1) Heavy phase
inlet, 2) Light phase outlet, 3) Light phase inlet, 4) Centripetal
pump for heavy phase, 5) Centripetal pump for light phase,
6) Centrifuge Drum, 7) Conical discs, 8) Vertical channel, 9) Sol-
ids accumulation zone (if any) and 10) heavy phase outlet [77]
(with permission from John Wiley and Sons).
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2.3.7 MEAB Centrifuges

The Swedish company MAEB� produces a series of H-centri-
fuges for liquid-liquid separations such as H-10 and H-33 with
throughputs of 100 and 300 L h-1, respectively [82] (see Sup-
porting Information, Fig. S8a). Here, the liquid mixture enters
from the side and proceeds through the central hollow shaft to
the centrifugation zone, where it is separated and both phases
are then discharged from top by means of pump wheels con-
nected to the shaft. These centrifuges are employed in units of
different purposes: ADMCS-10 and AKUFVE-120 units are
used to determine thermodynamic liquid-liquid equilibrium
LLE data and chemical reaction kinetics (see Supporting Infor-
mation, Fig. S8b), whereas SMSC 10 and SMCS-10 units are
used in radiochemistry applications and antibiotics’ produc-
tion. However, in all these units, the centrifuge does not have
any function of mixing the two phases. Rather, it only separates
an admixture formed somewhere else in the process.

2.3.8 Spinning Disc Centrifuge

This single-stage device has been lately established for liquid-
liquid extraction processes, along with a three-stage variant
[83]. Illustrated in Fig. S9 in the Supporting Information, it
consists of a rotating impeller enclosed by a rotating housing,
and each of which is driven by a separate motor. The housing
is equipped with two weirs fixed on the outer wall, such that
the distance between the impeller and weirs is of the order of
1 mm. Acting as a centrifugal pump, the impeller, once rotates,
it draws the light phase into the device.

This impeller consists of a top disc screwed to a bottom one
through six curved vanes (see Supporting Information,
Fig. S10). The light phase enters from the clearance between
the discs and is flung outwardly under centrifugal force. By
establishing difference in rotational speed between the impeller
and housing, turbulence within the device can be induced. That
is, when the light phase exits the gap between the two discs at
the outer end, it becomes dispersed in the heavy phase by fric-
tion resulting from the relative difference in speed. Then, it
flows inwardly again to accumulate near the axis. The author
states that 100 rpm relative difference was enough to reach
equilibrium in the system benzene-benzoic acid-water.

Besides the wide variety of CEs described above, more appa-
ratuses have been reported such as Sharples Super Centrifuge
[28], Coil Planet Centrifuge [29, 84], unpressurized vertical ex-
tractor (UVP) [29], and rotating packed bed contactors [85].
The latter has been recently applied in research as shown later.
For further readings in CEs, please refer to [21, 77, 86].

3 Centrifugal Extractors Applications

In this part, the recent reported literature that applied CEs in
physical or chemical processes is presented and classified ac-
cording to the field it belongs to. Although some topics might
overlap between different fields, the classification approach was
chosen to group alike applications together. Due to the large
amount of research, only some works from each field are elabo-

rated on to stress some remarkable results and/or give a clearer
idea about CEs’ performance in numbers, while the rest are
briefly cited at the end of the respective section.

3.1 Biotechnology & Biochemical Processes

3.1.1 Biodiesel Production

In light of the considerable research done in this domain, it is
obvious that CEs, particularly ACCs, are specifically attractive
to implement in biodiesel production. That being said, the
question whether this application is industrially feasible or not
still needs a well-established answer. Biodiesel is a fatty acid
ester that yields from the transesterification reaction of trigly-
cerides, like those in vegetable oils, with an alcohol, typically
methanol or ethanol, in the presence of either a chemical or an
enzymatic catalyst. A byproduct of this reaction is glycerin that
is immiscible with the main ester product. For this, a highly
efficient separation of the resulted phases is required.

In [43], fatty acid ethyl esters (FAEE) were produced via the
transesterification of a non-edible oil of Jatropha curcas plant by
ethanol using a catalyst of sodium ethoxide. For evaluation, the
process was done in both batch and continuous modes, using
CINC V 02 for the latter, at the conditions listed in Tab. 2. To
reach the maximum yield of 98 %, it took 5 min in a batch reactor,
whereas 30 min in CINC setup, which was basically the time
needed to reach the steady state. Based on this, the productivity of
the batch process 176 kgFAEEm–3

liquidmin–1 was higher than that
of the continuous 112 kgFAEEm–3

liquidmin–1. However, to judge
these numbers correctly, other facts should also be considered:
1) Batch process productivity does not consider the time re-

quired for the separation of the two phases, which, accord-
ing to literature, may take up to 2 h in gravity settling [87].
In case of CINC setup, however, this time is already in-
cluded since the phase separation step is integrated within
the device.

2) The typical advantages of a continuous process, such as
product consistency, operator efforts and higher time on
stream are all in favor of CINC setup.
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Table 2. Optimum Conditions for the ethanolysis of Jatropha
oil in CINC V 02 and a batch reactor [43] (with permission from
John Wiley and Sons).

Parameter V 02 Batch Reactor

Molar ratio of ethanol/oil 6:1 6:1

Catalyst concentration [% w C/w Oil] 1.0 0.8

Oil flow rate [mL min–1] 28 n/a

Ethanol flow rate [mL min–1] 10.3 n/a

rpm 2100 600

T [�C] 60 70

FAEE yield [mol %] 98 98

Productivity [kgFAEEm–3
liquidmin–1] 112 176
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Oppositely, another study applying an ACC in biodiesel pro-
duction showed that its productivity is higher than that of the
state-of-the-art batch process [88]. Here, authors studied base-
catalyzed production of biodiesel FAME (fatty acid methyl
ester) from sunflower oil and methanol using CINC V 02 mod-
el. At optimum conditions (75 �C, 1 wt % catalyst based on oil,
30 Hz, 12.6 mL min–1 oil flowrate and M/O = 6:1), an average
yield of 96 % was obtained, and the steady state was reached
after 30 min using once-through operational mode.

Before comparing productivities here, some outcomes of this
study are worth expanding on as they offer insight about
operational characteristics of ACCs. First, the yield of FAME
dropped as inlet oil flowrate increased, and, according to au-
thors, this is likely due to reduction in residence time. Also, the
way how yield changed versus rotational frequency is remark-
able: it reached a peak at optimum value between 30–40 Hz,
then declined with increasing frequencies, Fig. 18. It was argued
that before the optimum, mass transfer limitation is dominant
and the limited power input leads to relatively large droplets
and lower volumetric mass transfer coefficient akL, where a is
the interfacial area and kL is mass transfer coefficient. Accord-
ingly, with increasing frequency, droplets become smaller and
akL values higher. After the optimum frequency, however, the
yield decreased, implying that another factor dominates here.
The authors attribute this behavior to the dispersion regions of
the two phases, where the chemical reaction particularly
occurs. This dispersion can be found in both the annulus and
inside the centrifuge (see Fig. 2), and a reduction in the centri-
fuge portion may underlie this yield decline. In other words,
the settling velocity nr in a centrifuge relates to the rotational
frequency f as follows [74]:

ur ¼
d2

d rd � rcð Þw2r

18mc
(1)

where dd is the diameter of the droplet; rd and rc are densities
of the dispersed and continuous phases, respectively; r is dis-

tance from the central axis (radius of rotational movement);
mc is the viscosity of the continuous phase, and w is the angular
velocity (w = 2pf). Clearly, with higher rotational frequencies f,
the separation of two phases is sharper, thus the dispersed re-
gion in the rotor available for the chemical reaction shrinks
and yield drops [88].

Based on aforementioned conditions, the productivity of the
CINC setup turned to be 61 kgFAMEm–3

liquidmin–1, comparing
with 40 kgFAMEm–3

liquidmin–1 for the batch calculated from lit-
erature data [89], where the separation time of two phases was
also not included. Thereby, it was clearly proved that the con-
tinuous setup is at least comparable to the state-of-the-art
batch process. Further, due to the compact size and flexibility
of CINC device, authors believe that a small cascade of it could
be an attractive option to produce biodiesel in mobile units in
developing countries. Another similar work on (FAME) pro-
duction using sunflower can be found in [90].

The methanolysis of soybean oil, in turn, was the focus of
[49], and there, the modified ACC that incorporates circulation
loops to increase residence time was applied (Fig. 12). Using
three pressurized stages operated at 3600 rpm, methanol-to-oil
mole ratio of 4.81, 80 oC and 2.6 bar, the ASTM specification of
below 0.24 % total content of glycerin in the produced biodiesel
was achieved.

Moving to another novel work studying a liquid-liquid-solid
application of CINC V 02, biodiesel was here produced by the
methanolysis of sunflower oil using heterogeneous biocatalyst
of lipase immobilized on hard shell beads [91]. This enzyme
was introduced to the annulus after installing a perforated plate
at rotor inlet to prevent enzyme beads from escaping with the
liquids, Fig. 19. The yield was 72 mol%, which is very close to
that of a continuous stirred tank reactor CSTR employed also in
the study. An interesting outcome here was that FAME yield did
not decrease over time; rather it slightly increased, indicating
that the enzyme stability was good. This means that the enzyme
was able to withstand high-shear forces in the annulus, even
though such forces are known to be a deactivation pathway for
immobilized enzymes. By this, this work not only gives a proof
of concept of the applicability of ACCs in enzyme-based pro-
duction of biodiesel, but also it opens the door for other liquid-
liquid applications containing heterogeneous catalysis.

3.1.2 Extraction of Biophenols from Vegetable Oils [92]

In laboratory and pilot scales, the extraction of high-value bio-
phenols from three different extra virgin olive oils (EVOOs)
has been investigated. Here, the applied devices were Rossulet-
Robatel BXP012 for lab scale and BXP190 for pilot one. The
light feed was chosen to be oil in n-heptane, H/O = 3:2 (vol),
whereas the heavy solvent is ethanol/water = 3:2 (vol). By
downstream rectification, the solvent was recovered and re-
cycled while the fraction of phenolic compounds was further
separated to its individual compounds using centrifugal parti-
tion chromatography, giving eventually purities above 97 %.
Thereby, a novel continuous process for the recovery of phe-
nolic compounds from EVOOs was established, and four mi-
nor new components that have not been reported before were
additionally isolated.
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Figure 18. Effect of the rotational frequency on the FAME yield
at two different temperatures: (£) T = 70 �C, (*) T = 60 �C,
Foil = 12.6 mL min–1, FMethanol/catalyst = 3.15 mL min–1, and NaOMe:
1 % (w/w oil-based). Yield is the average of steady-state yield for
at least 2 h runtime [88] (with permission from Elsevier).
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Also using Rossulet-Robatel BXP centrifuge, another work
studied the recovery of lignans (low-molecular weight phenols)
from sesame oil [93].

3.1.3 Extraction of Tea Polyphenols [94]

Tea contains a family of compounds called polyphenols that
are natural antioxidants and can be used as alternatives of syn-
thetic ones. Among them, (-)-epicatechin-3-gallate (ECG)
seems to be the most effective, and thus a fractional extraction
process of this compound from a solution containing a mixture
of tea polyphenols was investigated. The applied solvent is a
mixture of n-hexane and butyl acetate (1:4) and the feed is an
aqueous solution containing 10 g L–1 of tea polyphenols. A cas-
cade of 20 stages operated at optimized conditions gave yield of
94 % of ECG with purity of nearly 100 % (yield here was de-
fined as extracted to inlet amount of ECG). It should be noted
that the implemented device was an ACC, but no further infor-
mation about its specific type was provided.

3.1.4 Production of Cinnamyl Cinnamate [95]

Cinnamyl cinnamate is a flavor used in perfumes and cosmetic
products, and it is produced by an esterification reaction be-
tween cinnamyl acid and cinnamyl alcohol, catalyzed by lipase
enzyme. This production process was realized in a biphasic sys-
tem, including a three-enzyme cascade (Fig. 20). The organic
phase is xylene containing the acid, and it is where the said
production reaction occurs. The alcohol, however, is produced
in the aqueous phase from cinnamyl aldehyde using the en-
zyme alcohol dehydrogenase (ADH). For the latter reaction,
the co-factor NADH+H+ is needed, which is converted to
NAD+ due to reaction and regenerated back to its original form

by formate dehydrogenase (FDH) enzyme. Once
the intermediate alcohol is formed, it is extracted
in situ by the organic phase to take part in the es-
terification, and this is where a CINC V 02 comes
into play. The flow chart of the process is shown in
Fig. 21.

In this setup, the continuous stirred tank reactor
(A) contains 800 mL of 0.1 M potassium aqueous
buffer phase, including 23.3 mM cinnamyl alde-
hyde, 0.1 mM NADH+H+ and enzymes ADH and
FDH. Tank B, on the other hand, contains 500 mL
organic phase with 64 mM cinnamyl acid. Due to
slow kinetics, the aqueous phase reaction was
started 49 h prior to the esterification to obtain a
suitable starting concentration of the intermediate
alcohol. Both phases were then brought into con-
tact in the CINC centrifuge. From the latter, the
leaving aqueous stream is recycled back to (A),
while the organic one proceeds to reactor D
equipped with a fixed bed of immobilized lipase,
where the esterification reaction occurs at 60 oC.
The outlet stream of the reactor is recycled back to
tank (B), from which samples were taken and ana-
lyzed. After 400 min reaction time, a concentration

up to 1.4 mM of the product was obtained, making it possible
for the first time to successfully realize continuous pilot-scale
production of cinnamyl cinnamate with a multi-enzymatic cas-
cade reaction.

In a subsequent related study [96], the same process was
addressed with modifications in equipment and conditions.
There, a batch lab-scale synthesis process was conducted in
parallel as a standard to compare the continuous pilot process
with. Considering specifically the step of organic phase esterifi-
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Figure 19. Schematic representation of the CINC V 02, with catalytic immobi-
lized enzymes introduced to the annulus, while a metal sieve placed in rotor
inlet to prevent the catalyst from entering the rotor [91] (Creative Commons
CC-BY license from Elsevier).

Figure 20. Three-enzymatic cascade reaction in a two-phase
system to produce cinnamyl cinnamate via an esterification
reaction [96] (Creative Commons CC-BY license from MDPI).
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cation reaction, its yield in the continuous setup (~70 %) was
higher than that of the batch process (~50 %), indicating,
according to authors, the competitive performance of
CINC V 02 device.

3.1.5 Acetic Acid Recovery from Pyrolysis Oil [97]

Lignocellulosic biomass, such as wood chips and agriculture
residues, represents a promising feedstock for biofuels and bio-
based chemicals. When that biomass undergoes a fast pyrolysis,
a liquid product forms, known as pyrolysis oil rich with many
high added-value chemicals such as organic acids. After adding
water to that oil and separate phases, the resulted aqueous
stream is an attractive resource of acids, such as acetic acid that
can be obtained via reactive extraction. In the referred-to study,
water was added to the forest residue pyrolysis oil in a 1:1
weight ratio, leading to a feed aqueous phase containing
3.33 wt % acetic acid. To extract it, 40 wt % tri-n-octylamine
(TOA) extractant in 2-ethyl-hexanol diluent was chosen.

In a batch experiment at phase volumetric ratio of 1:1, the
extraction efficiency was 84 %, calculated as:

h ¼ mass of acetic acidð Þextract

mass of acetic acidð Þfeed phase
· 100% (2)

Using both low- and high-mix configurations of CINC V 02,
the continuous extraction process was investigated by applying
equal flow rates of phases in a once-through mode. Due to
emulsion formation problems, the frequency had to be in-
creased to 60 Hz in the low-mix device, while to 100 Hz in the
high-mix one. In the former, at total flowrate of 60 mL min–1,
the efficiency reached a maximum of 48 % after 15 min, assum-
ing that this is the time needed to reach steady-state. Compar-
ing with batch efficiency of 84 %, it was obvious that equili-

brium was not achieved. In the high-mix configuration, at the
same total flow rate, the efficiency was 51 % and it decreased
with higher flowrates, but did not increase with lower ones. To
improve the extraction efficiencies, a two-stage cascade of
high-mix V 02 devices was tested at 100 Hz in a cross-current
mode. Both phases entered the first stage at 10 mL min–1, then
the aqueous raffinate was treated with fresh organic phase in
the second stage. After 90 min, the extraction efficiency of ace-
tic acid was 71 %, comparing with 97 % equilibrium value
obtained in a 2-stage batch experiment. These numbers can
serve as a proof of concept that a continuous process to recover
acetic acid from pyrolysis oil is possible using ACCs.

3.2 Pharmaceutical Processes

3.2.1 Extraction of Antibiotics

As presented above, one of the earliest and most important ap-
plications of centrifugal extractors is antibiotic production, par-
ticularly penicillin [86]. Initially, solvent extraction was applied
to separate the weak acid penicillin from its fermentation broth
at around pH = 2, where the undissociated form exists. Either
n-butylacetate or amylacetate were typically used as solvents.
In the next stage, a back extraction process to an aqueous phase
occurs at pH of 6.8–8.0, benefiting from the pH-dependent
changes in affinity [79, 98, 99]. To reduce losses caused by peni-
cillin instability at low pH, the broth should be cooled to 0 �C
[98] and the extraction should be as brief as possible [99]. Ad-
ditional quantities can be lost since the system can be readily
emulsified [79]. For those reasons, centrifugal extractors were
developed and implemented. Although the improvement they
brought was essential, losses were still up to 10 to 15 % [99].

To tackle this problem, a reactive extraction process at
pH = 5 was successfully established using Amberlite LA-2 as
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Figure 21. Flow chart of the pilot-scale plant to produce cinnamyl cinnamate, consisting of a continuous stirred tank reactor (CSTR) (A),
a buffer tank (B), CINC V 02 (C) and a fixed bed reactor (D) [95] (with permission from AIDIC/CET).
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extractant in n-butylacetate, where the losses went below 1.0 %
[98]. In the latter cited study, penicillin V and G were extracted
from the fermentation broth in cascades of Westfalia TA centri-
fuges on different scales. The degrees of extraction, calculated
as a percentage of the penicillin in the organic phase to the
total penicillin in the system after extraction, were up to 99 %.
Later, for the same process, other extractants were tested using
a cascade of HL20 centrifuges [100].

Most commercial antibiotics undergo similar processes as
penicillin, and centrifugal extractors are by far the favorite de-
vices to apply. In this context, the back extraction process for
several antibiotics such as novobiocin, fusidin and erythromy-
cin were investigated using Robatel and ETsD centrifuges
[62, 101]. Also, in the patent [102], a continuous production
process of carbapenem antibiotics was introduced, suggesting
CINC device for lab-scale and Podbielniak extractor for large-
scale operations. Building on it, two CINC V 02 devices were
implemented in the practical synthesis of new carbapenem
antibiotic ertapenem sodium [103]. Furthermore, using a
three-stage cascade of INET centrifuges, the extraction of spira-
mycin from crude sample of bitespiramycin was carried out
with a removal rate up to 79.14 % [104].

3.2.2 Extraction of Hydrocortisone [105]

Hydrocortisone is an essential hormone produced by a fermen-
tation process, whose aqueous liquor is then extracted by butyl
acetate. The authors applied 20-mm lab-scale and 230-mm
industrial-scale INET ACCs and compared their performance
with the typical crosscurrent extraction process where 6 stages
of agitated tanks are operated at phase ratio of O/A = 0.7:1
(vol). Using same number of stages, the lab-scale cascade
achieved 95.2 % recovery (calculated as extracted hydrocorti-
sone to its fed amount) comparing to 90 % in the typical pro-
cess, and with lower phase ratio of 0.5, i.e., less solvent con-
sumption. In the 8-stage industrial cascade, 2000 L h–1 of
fermentation liquor was extracted at similar 0.5 ratio, yielding
a recovery between 96.5 to 98 %. Thanks to the high g-forces of
ACCs, contaminated process liquor
that could easily emulsify was also
tested and successfully processed,
whereas the g-gravity typical pro-
cess was not capable to handle it.

3.2.3 Enantioselective
Separation Processes

Enantiomers are a pair of asym-
metric molecules (assigned here
with S and R letters), which are
mirror images of each other, thus
reflecting the light in opposite di-
rections [106]. Medically, many of
them are used as drugs, however,
while one enantiomer may be bio-
logically useful, the other may be
inactive or even harmful [107],

thus they have to be separated. The current trend is to replace
the multipurpose batch processes in pharmaceutical industries
with continuous intensified ones [13], and the ACCs seem to
be good candidates to realize such aim, as shown below.

In a single stage of CINC V 02, authors in [108] studied the
enantioselective extraction of light aqueous phase containing
the amino-acid-derivative enantiomers 3,5-dinitrobenzoyl-
(R),(S)-leucine (DNB-R,S-leu or AS,R) by cinchona alkaloid
compound (C) as extractant dissolved in 1,2-dichloroethane
(DCE) diluent. The studied process also included a back-ex-
traction stage of the organic phase by another aqueous solution
similar to that of the feed but at different pH using another
V 02 device. Here, the targeted enantiomer is AS and all stages
are operated in a once-through mode.

To quantify the performance of the extraction process, the
authors determined the yield (Yi) and enantiomeric excess (ee)
in both phases from the following equations:

Yi ¼
Forg

Faq

ci;org;tot

ci;aq;in
i ¼ R; S½ � (3)

ee ¼ AR½ � � AS½ �j j
AR½ � þ AS½ �

(4)

At optimum conditions and for a 1 mM racemic aqueous
mixture of pH of 6 (racemic mixture is equimolar of both
enantiomers AS,R) and 0.5 mM C in DCE, the experimental
yields YS and YR were 0.61 and 0.30 respectively, leading to an
organic phase ee of 34 %. When carrying out the back-extrac-
tion stage at pH > 9, equilibrium can be reached in one V 02
device and the recovered extractant can be directly recycled to
the extraction stage.

Those preliminary encouraging findings were built on in a
follow-up study [109], where authors upgraded the setup to a
6-stage cascade with an additional back-extraction stage,
Fig. 22. Here, the system was continuously operated for 10 h at
294 K and 40 Hz, and the feed stage was chosen to be the fifth
to obtain the targeted enantiomer AS in high purity. The
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Figure 22. Experimental setup of six-stage cascade with back-extraction, optional reflux and
sampling points Si (i = 1–5, Raff, and BE,out). AS or R: enantiomers, C: extractant [109] (with per-
mission from Elsevier).
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conditions of racemic feed were 41.7 mL min–1, 1.5 mM AS,R

and pH = 5.7; of organic phase 100 mL min–1 and 4.3 mM C;
of wash aqueous stream 60.4 mL min–1 and pH = 7.2; and of
back-extraction aqueous stream (BE wash) 33.3 mL min–1 and
pH = 9.

At those conditions, the average eeS obtained in the extract
of back-extraction stage Fout,2 was 98 % at steady-state and
yield YS,BE = 55 %, while for the aqueous raffinate Fout,1, eeR

was 42 % with yield YR,R = 99 %. Those numbers besides the
fact that no deterioration in the extractant activity was detected
after 50 passes indicate how robust and promising this process
is. Further modelling shows that, for a 12-stage cascade, only
60 g of extractant can be used to produce up to 17.7 kg of AS

enantiomer with 99 % ee.
In another study [110], the same separation was carried out

using a setup of two CINC V 02 devices and three pumps,
Fig. 23. From the aqueous feed, AS enantiomer was extracted in
the first stage by the organic phase, then stripped back from
the latter in the second stage by another receiving aqueous
phase of a different pH. Opposite to the previous study, CINC
devices were operated here in recycle mode, creating three
closed liquid loops: two aqueous and one organic.

The applied flowrates for all streams were equal at
625 mL min–1 and both devices were operated at 3500 rpm. The
racemic buffer feed phase (pH = 6.5) contains 5 mM AS,R and
the receiving buffer aqueous phase (pH = 9) contains 0.1 M
KBr. The bromide was added to provide a less polar anion than
phosphate (buffering ion) and hydroxide to facilitate the ex-
change of counter-ions, thus creating a more soluble extractant
and faster transport. Regarding the organic phase, it was also
DCE with 0.5 mM of C, and this concentration is chosen to be
10 % of that of the enantiomers to maintain selectivity. After
90-min operation, a total yield of 20 % and selectivity ee of
83 % were achieved. Based on those numbers, authors believe
that potential production of 10–20 kg of pure enantiomer per
week can be realized using a 4-stage cascade and a single back-
extraction stage, while up to 5–10 tones per week using largest
centrifugal variants available on the market. Thereby, this proc-

ess represents a very competitive alternative to the currently
used chiral simulated moving bed (SMB) for industrial-scale
processes.

A more demanding enantioselective separation was investi-
gated also using CINC V 02 device [111]. Here, 2-phenylbuty-
ric acid (2-PBA) enantiomers present in DCE were extracted
by hydroxyethyl-b-cyclodextrin (HE-b-CD) in aqueous phase.
After examining the influence of several key parameters, it was
found that using a cascade of 20 stages eeeq of 58 % and Yeq of
81 % can be achieved, and to attain eeeq above 97 or 99 %, 60 or
80 stages are required, respectively.

Other enantioselective extractions were researched as well
on CINC device, where the enantiomers of oxybutynin [112],
metoprolol [113], terbutaline [114], and 2-phenylpropionic
acid [115] were separated. Also using ACCs but without speci-
fying which type, reported literature studied the separation of
the enantiomers of phenylsuccinic acid [116], ketoconazole
[117], amino-(4-nitro-phenyl)-acetic acid [118], 4-nitro-D,L-
phenylalanine [119], a-Cyclohexyl-mandelic Acid [120], and
pantoprazole [121].

3.2.4 Extraction of Caffeine [122]

Caffeine is a mild diuretic and stimulant to the central nervous
system and is extracted from coffee beans and tealeaves. This
natural amount does not meet market needs, thus it is also syn-
thesized and purified downstream by extraction. To improve
the said extraction process, two cascades of 20-mm lab-scale
and 230-mm industrial-scale INET ACCs were investigated,
each comprises of three stages. The feed stream is the aqueous
solution taken from industry with 34.5 g L–1 of caffeine, where-
as the solvent is chloroform with A/O ratio of 2:1. In both
scales, the extraction efficiency (expressed by the percentage of
recovered caffeine) was up to 99 %. In the industrial-scale, the
processed flowrate was 3000 L h–1 and no more than 1 % of
chloroform was entrained in the raffinate.

3.2.5 Extraction of L-phenylalanine [123]

L-phenylalanine (L-phe) is an aromatic amino acid and an es-
sential component in the production of the low-calorie sweet-
ener aspartame. During its fermentation production process, it
should be continuously removed from the system, because it
inhibits one of the iso-enzymes constituting the process. The
referred-to study proposed an in situ product recovery ISPR
approach for online removal of L-phe using ACCs and com-
pared it with two other approaches: offline removal of the
product and membrane-based online process. In principle,
L-phe isolation is a reactive extraction process where L-phe
cation is extracted from the aqueous phase using organic di-
luent of kerosene containing di-(2-ethylhexyl) phosphoric acid
(D2EHPA) as an extractant. Afterwards, it is back extracted
from the organic phase by another aqueous solution containing
sulfuric acid, which strips the product and regenerates the ex-
tractant so that it can be recycled back to the forward extrac-
tion step. For these two stages, two CINC V 02 devices were
implemented as shown in the setup, Fig. 24.

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 304

Figure 23. 2-stage setup for the continuous reactive extraction
of DNB-R,S-leu enantiomers [110] (with permission from John
Wiley and Sons).

 21969744, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cben.202100035 by K

IZ
 der U

niversitat U
lm

, W
iley O

nline L
ibrary on [16/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Comparing with offline method, this new ISPR approach
offered extended production span, due to longer activity
period of process enzymes, and less unwanted by-products,
thus increasing L-phe yield. It also outperformed the mem-
brane-based online method as it allowed for higher final
concentrations of the product and this results in less down-
stream efforts and higher recovery percentage. The latter leads
to larger volumetric extraction rates: 1.19–1.47 comparing to
only 0.3–0.5 gL-pheL

–1h–1 of the membrane process. Not to
mention, the centrifuges are cheaper, easier to operate and
more robust as they exhibited lower sensitivity to pressure
changes, according to authors.

Pharmaceutical applications of CEs did not actually confine
to the areas presented above. That is, Rousselet-Robatel BXP
centrifuges were applied to purify protein in two-phase aque-
ous systems [124], and to produce gabapentin from its salts
[125]. Amidation process between 4-chlorobenzoyl chloride
(CBC) and diisopropylamine (DIPA) has also been the focus
elsewhere using CINC V 02 [44]. In addition, sinomenine, a
herbal medicine used in the east, was purified in a continuous
extraction process using CWL-50 ACC [59], whereas HL-20
ACC was the employed device to extract protein using reversed
micellar solutions [126].

3.3 Wastewater Treatment

3.3.1 Extraction of Volatile Organic Compounds [127]

The removal of volatile organic compounds (VOCs) from con-
taminated groundwater was the topic in the cited work using
cooking oils as safe and eco-friendly solvents. Different types of
simulated groundwater with five commercial cooking oils
(corn, soybean, canola, and two types of sunflower oil) were
tested. The representative VOCs were chosen according to
their toxicity to be benzene, carbon tetrachloride (CCl4) and
trichloroethylene (TCE). After several initial tests, the main

extraction experiment was carried out using corn oil as a sol-
vent and simple limestone as groundwater, since they showed
the best performance, with benzene being a representative of
VOCs.

The extraction was performed in a single-stage process
(Fig. 25) with ANL-type ACC being the apparatus used. The
stage efficiency h was calculated as:

h ¼

Benzene½ �oil effluent

Benzene½ �water effluent

� �

D� valueð Þof benzene at same aqeuous feed conc:

0
BB@

1
CCA

at equilibrium

(5)

where the nominator is defined as the extraction factor,
and D-value is the distribution coefficient at equilibrium.
The groundwater flowrate was 83 mL min–1 containing
0.372 gbenzeneL

–1
water and processed at O/A ratio of 0.2 and

3600 rpm. Based on the D-value measured at the same concen-
tration, the calculated stage efficiency was 103 %. Although this
efficiency cannot exceed 100 %, but according to authors, it was
reported as such to reflect the error margin on one hand and to
indicate that the centrifuge can achieve the near-perfect
(100 %) stage efficiency on the other. Moreover, 90 or 98 % sol-
vent recovery could be achieved by processing the extract in a
single- or two-stage wiped film distillation unit, respectively,
ensuring the high feasibility of the process.

3.3.2 Extraction of p-Cresol [128]

Cresols are methyl phenols compounds, toxic to humans and
biota, and mainly present in wastewaters outflowing from oil
refineries, petrochemicals, coal-related plants, and phenol-pro-
duction facilities. However, cresols are extensively used in the
manufacturing of resins, herbicide, pharmaceuticals, surfac-
tants, etc., rendering their recovery essential.

The extraction of p-Cresol, a variant in this family, was re-
searched in the cited reference. Utilizing one 20-mm INET
ACC, p-Cresol was extracted from simulated wastewater using
an amine mixture, known as QH-1, as extractant. Even at O/A
ratio as low as 1:7, the stage efficiency, taken as Murphree effi-
ciency, did not drop below 92 % at different flowrates of the
feed. In a three-stage cascade of the same centrifuge, the overall
recovery of the p-Cresol was used as a performance indicator
instead of stage efficiency and up to 99 % was recorded.

Beside the aforesaid applications, other works have em-
ployed CEs in wastewater treatment. For instance, the removal
of acetic acid from wastewater streams via reactive extraction
was studied using CINC V 02 centrifuge [129], whereas INET
[130] and QY-165 [60] devices were applied to extract phenol
from alike streams. Also using ACCs, Co2+ and Mn2+ ions iso-
lation [131] and caprolactam extraction [132] from aqueous
effluents were investigated, yet it is not clear which specific
ACC types were implemented.
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Figure 24. Experimental set-up of in situ product recovery ISPR
process using two CINC V 02 for reactive extraction of L-phe,
where M: Motor, BR: Bioreactor, P: Pump, F: Filter, and C: CINC
centrifuge (Based on Figure 4 in [123] with simplifications).
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3.4 Chemical Industries

3.4.1 Extraction of Rare Earth Elements

3.4.1.1 Separation of Cerium and Americium [133]

The separation of americium (Am) from lanthanides is chal-
lenging due to the subtle differences in properties. One ap-
proach to tackle this is by oxidizing Am(III) to Am(VI), using
strong agent as sodium bismuthate, then extract it by an organ-
ic phase of diamyl-amylphosphonate (DAAP) as extractant dis-
solved in dodecane. An inherent problem in the oxidization
step is that, among lanthanides, only cerium will be oxidized
along with americium, and converted to an extractable form
Ce(IV); thus it becomes undesirably co-extracted. For this,
back extractions are proposed to separate the two elements, by
selectively stripping the organic phase using nitric acids solu-
tions with different concentrations of hydrogen peroxide.
Fig. 26 illustrates the applied setup for this process, in which
the whole system was made of inert materials to avoid uncon-
trolled reverse reduction. Extraction stages were chosen to be
CINC V 02 devices.

In the hot test of the study, the aqueous phase containing
different metals, including americium and cerium, was first
oxidized by bismuthate for 2 h and then filtered. The filtrate,
afterwards, was brought into contact with 1 M DAAP/dodec-
ane in the first extraction stage, and the analysis showed that
steady state was reached within 120 s. After 240 s, the removal
efficiency of americium almost leveled off at 62 %, slightly low-
er than the batch equilibrium efficiency of 65 %, whereas that
of cerium was 95 %. Such figures reflect the possibility to

almost reach equilibrium in one stage for this specific step of
the process.

The loaded organic extract was then treated in the second
stage with 6.5 M HNO3/0.0003 % H2O2 to strip Am, while in
the third with 1.0 M HNO3/0.3 % H2O2 to strip Ce. The perox-
ide was added to ensure that reduction occurs within the short
contact time in the centrifuges, since reduction reverses the
affinity of metals again toward the aqueous phase. Yet, compar-
ing with batch experiments, the efficiencies were lower; the
stripping efficiency of Am in the second stage was 15 %, and
that of Am and Ce in the third stage were 25 and 20 %, respec-
tively. Nevertheless, the proof of concept to isolate Am from Ce
was achieved. To improve those numbers, authors suggest im-
plementing several americium stripping stages, more aggressive
stripping solutions to ensure reduction, and lower flowrates to
increase residence time.

3.4.1.2 Separation of Yttrium Y [55]

The alike chemical properties render yttrium separation from a
mixture of rare earth elements (REEs) another difficult task to
fulfill. Being important for several industries, this element
should be pure enough for its application to succeed. For this,
reactive extraction is used to separate it as an oxide Y2O3 in
two steps. In the referenced work, a solvent consists of 32 %
HA (napthathenic acid), 20 % iso-octylalcohol, and 48 % kero-
sene is used in the first step to process an aqueous feed solution
that contains a mixture of REEs including Y. Here, except
lanthanum La, all other elements are extracted from the feed
stream. Subsequently, to separate Y from La, the aqueous

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 306

Figure 25. Single-stage 4-cm ANL device setup for VOCs extraction [127] (with permission from Elsevier).
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raffinate is treated in the second step with another solvent
comprising of 32 % HEHEHP (2-ethylhexyl phosphonic acid
mono-2-ethylhexyl ester) and 68 % kerosene to extract Y. In
order to regenerate the solvents and obtain the products, strip-
ping and scrubbing stages using different concentrations of
HCl aqueous solutions and water are implemented, Fig. 27.
The experiments were carried out using INET ACCs on two
scales: 84-stage lab-scale cascade of 20-mm stainless steel ACC
and 118-stage pilot-scale cascade of 120-mm GFRP ACC. In
the lab-scale, the recovery of Y2O3 was 96 % with purity up to
99.99 % and the purity of La stream also reached 99 %. Similar-
ly, in the pilot-scale setup, Y2O3 recovery was 95 % with
99.99 % purity.

3.4.1.3 Rare Earth Elements Separation from Phosphoric
Acid Sludge [134]

In the production process of phosphoric acid, after the phos-
phate rock is reacted with concentrated sulfuric acid, two
phases form: a solid one, which is the phosphogypsum, and a
liquid one representing low-grade phosphoric acid. The latter
is evaporated downstream to produce the commercial grade of
the acid, giving sludge as a byproduct. Even if filtered, that
sludge still contains considerable amount of phosphoric acid in
addition to REEs. To process the sludge and recover both com-
ponents, the referenced work proposes an unprecedented
method, in which a three-stage cascade of CINC V 05 is uti-
lized to perform a liquid-solid separation as can be seen in
Fig. 28.

In all centrifuges, both inlets as well
as the heavy phase outlet are closed
to increase the separation efficiency,
whereas the sludge directly flows to the
rotor bypassing the high-shear annulus.
Once sludge enters any stage, the larg-
est portion of solids accumulate inside
the rotor, while the separated liquid
with some entrained solids proceeds
and leave the device from light phase
outlet. When separation efficiency
starts significantly decreasing, this
means that the unit reaches the satura-
tion point, where rotor interior be-
comes full of solids. At that point, the
system is shut down and the trapped
solids are flushed out using recycled
water.

The mass flowrate of sludge feed
stream was 69 g min–1 with 32 wt % sol-
ids. At the outlet of the third stage, that
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Figure 26. Schematic representation of hot test showing three extraction stages: stage-1 to extract Am and Ce, stage-2
nominal Am strip, and stage-3 nominal Ce strip [133] (Based on Figure 1 in the cited article).

Figure 27. Flowsheet for separation Y and RE elements in the pilot-plant test [55] (with per-
mission from Elsevier).
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content decreased to 1.6 wt % after 5 min of operation at
4000 rpm. Thereby, around 94 % of the solids containing REEs
was recovered, and 98 % of the liquid was also retrieved as
commercial grade phosphoric acid. If only REEs are of interest,
one stage can be enough, since the highest content of REEs
exists in the largest particles that separate first. The authors
also discussed the feasibility of this method and it proves to be
economical. It is worth mentioning that GEA� and Alfa Laval�

centrifuges would also be attractive devices for such applica-
tions, since they can continuously eject solids while in opera-
tion. This might increase the productivity by avoiding periodi-
cal shutdowns of the process to remove the solids.

Further in REEs separations, researchers studied the reactive
extraction of cerium from REEs concentrate isolated from
phosphogypsum using ETs ACCs [135] and the extraction of
REEs from wet-process phosphoric acid using HL-20 centri-
fuge [61]. Employing INET ACCs, the isolation of americium
from cerium, californium, and europium [136], as well as the
separation of neodymium and iron from nitric acid solutions
[137] were explored.

3.4.2 Metals’ Extraction Processes

3.4.2.1 Extraction of Lithium Ions [2]

This process took place industrially at Lonza Company to pro-
duce a lithium-based salt used as a stabilizing agent in lithium
ionic battery cells and as an antistatic agent in touch screens.
The production is realized via a reactive extraction process, in
which Li ion, present as LiOH, is extracted from its feed aque-
ous solution by an organic phase. The latter comprises of tri-
ethylamine-based compound TEA-A as an extractant, where A
refers to the anionic part of the compound, dissolved in a
nitrile diluent such as acetonitrile. For this process, a produc-
tion-size unit CINC V 10 (CS-250) was assigned. By exchang-
ing the triethyl-ammonium TEA+ cation with Li+, the desired
salt is produced and resides in the organic phase. Thanks to fast

reaction kinetics, the resulted con-
version was almost 100 %. By
applying minor adaptions, alike
salts based on Na+ or K+ ions can
also be manufactured in the same
process.

Other metals-related works have
been reported as well. In [138], the
isolation of lithium from salt-lake
brine containing magnesium and
boron was investigated using cus-
tomized CE. INET ACCs, in turn,
were applied in the separation of
indium from iron [139], and in the
isolation of V5+ ion from both
industrial V-Cr slag [140] and
leaching solutions [141]. Further-
more, Fabex ACC was imple-
mented for the separation of silver
nanoparticles [63]; HL-20 ACC for
the removal of calcium and magne-

sium from lithium concentrated solutions [142]; and rotating
packed bed for the co-current cobalt extraction from Ni-rich
solutions [143].

3.5 Other Applications

In this section, research work employing CEs in miscellaneous
chemical industries other than those mentioned above is pre-
sented. Starting with two patents applying Westfalia separator,
the first introduces a method to clarify the fermentation solu-
tion, the must, during wine production [144], while the second
suggests an approach to pretreat crude oils and raw fats, used
in biodiesel production, to remove slimy substances and free
fatty acids [145]. Another patent proposes an approach to re-
move alcohols and water from the raw materials in the synthe-
sis of methyl cyclopentadienyl manganese tricarbonyl, which is
a gasoline-octane-number enhancer [146]. The proposed tech-
nique was supported by an application example using Robatel
LX 204. The focus in [147], on another hand, is on separating
ethylbenzene from octane by means of an ionic liquid extrac-
tant. There, 50-mm ACC was employed, though the specific
type is not mentioned. Authors in [148] used rotating packed
bed to investigate the co-current dye extraction from aqueous
solutions, whereas CINC V 02 was utilized, elsewhere, in the
epoxidation process of olefins [149].

Moving to the industry, at Lonza company, several industrial
practices have been reported using CINC V 10 device [2]. First,
it was employed in the dechlorination process of organic sol-
vents, whereby they are washed with 25 % sodium hydroxide
solution to scrub chlorides. By this, Cl content was successfully
reduced from 100 to 10 ppm. Another application is in a
chlorination process occurring in an aqueous stream and pro-
ducing an organic phase, which needs to be separated. Imple-
menting those centrifuges not only greatly improved the two-
phase separation, but also showed remarkable effects in the
downstream rectification unit, reflected in minimized corro-
sion and improved separation. Lastly, when fermentation
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Figure 28. Three-stage cascade of CINC V 05 for the separation of phosphoric acid sludge [134]
(with permission from ACS).
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broths need to be purified to isolate side products, the proc-
essed mixture contains many surface-active molecules render-
ing the phase separation difficult. Incorporating those centri-
fuges in the process yielded a sufficiently pure product, such
that no further treatment was required.

4 Hydrodynamic Studies on Annular
Centrifugal Contactors

It would be beneficial to begin this section by pointing out that
some of the relevant works, as shown later, have considered the
liquids flow regime in ACCs’ annulus to follow Taylor-Couette
type. Although this may give useful insight in understanding
the hydrodynamics within the annular mixing region, but ac-
cording to several authors, Taylor-Couette flow does not accu-
rately represent liquid motion in the specific annulus of ACCs.
Before providing the reasoning behind this, here is a brief over-
view about Taylor-Couette flow.

Building on the work of Couette, Taylor studied the flow
regimes of a viscous fluid placed within two independently
rotating concentric cylinders [150]. He found that increasing
the rotational velocity would cause a transition from a circular
Couette flow, characterized with having only azimuthal veloc-
ity, to the formation of highly-structured vortices spinning in
opposite directions, the so-called Taylor vortices. To character-
ize this flow, he proposed a non-dimensional Taylor number
Ta that describes the ratio of centrifugal to viscous forces. In
the case of ACCs, where flow occurs between a rotating inner
cylinder and a stationary outer one, the mathematical expres-
sions of Ta and Re read:

Ta ¼ rin rout � rinð Þ3w2

n2 (6)

Re ¼ rinw rout � rinð Þ
n

(7)

where rin is the outer diameter of inner rotor, rout is the inner
diameter of the outer stationary housing, that is (rout – rin) is
the annulus gap, n is the kinematic viscosity of the fluid, and w
is the angular velocity. An important point to mention here is
that the typical apparatus used in
Taylor-Couette flow studies con-
sists of two concentric cylinders of
the same height, with the annulus
in-between fully filled with liquid.

However, this cannot be trans-
ferred to the ACCs’ annulus flow
for the following reasons [150].
First, there is an additional axial
component of flow in the ACCs’
annular zone, as liquids descend
under gravity. Second, air is present
in the annulus, creating free gas-
liquid surface that forms an upper
boundary; thereby, air can be easily
entrained in the turbulent liquids.

Thirdly comes the geometrical difference: the inner rotor in
ACC does not extend all the way to the bottom of the housing,
and the vanes at the bottom also have considerable effects on
the annular flow. In this context, the author in [21] argues that
in view of air entrainment in the annular liquids and the high
turbulence in this region, flow can be only slightly structured.
In the following, anyhow, studies adopting Talyor-Couette flow
or setup will be explicitly referred to.

Starting with a study relevant to ACCs’ operation, an optical
investigation of the behavior of liquid-liquid segregation in a
centrifugal field was carried out by means of a stirred centrifu-
gal batch settling cell (SCBSC) [40]. As shown in Fig. 29a, it
consists of an outer rotary ring equipped with eight baffles to
enhance turbulence, and an agitator consisting of a six-blade
paddle stirrer and a displacer to relocate liquids farer from the
center and eliminate gas pockets. Each of these two parts is
powered by a separate electrical motor, whereby both motors
rotate in same direction with adjustable speeds. For optical ob-
servations, a high-speed video camera is focused on the glass
window in the front surface, as shown in Fig. 29b. In this cell,
the dispersion can experimentally be generated by applying a
differential rotational speed Dn between the cell ring speed nC

(basic speed) and agitator speed nS, whereas the liquid-liquid
segregation can be initiated by setting back both speeds on a
par. In other words, once dispersion is formed, nS is switched
back to the basic speed within 20 ms to start the separation,
where liquid phases relocate again according to their densities
and the camera simultaneously starts recording.

It was found that the higher nC is, the greater Dn should be
to start dispersion, and with increasing Dn, the thickness of dis-
persion band also increases. The same tendency was observed
for a negative Dn. In the two tested systems, n-butanol/water
1:1 and cyclohexane/water 1:2, the organic phase was dis-
persed, making the sedimentation happening from the outer to
inner radius, opposite to coalescence. Sedimentation and coa-
lescence curves were constructed and compared with those
derived in the gravitational field for the same systems from
[151], Fig. 30. It turned out that these curves, when normalized,
are comparable regardless of the applied force field. In a fol-
low-up contribution [152], this behavior was demonstrated in
consecutive photos, along with the corresponding sedimenta-
tion and coalescence curves.
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Figure 29. a) A schematic view for SCBSC unit; b) the experimental setup [40] (with permission
from IChemE – Elsevier).
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Speaking more specifically about the hydrodynamic features
of ACCs, the total liquid holdups in the low-mix CINC V 02
were studied and determined by calculating the differences in
weight of the supply and receive vessels, using water/heptane
system [47]. Equal flowrates of both phases from 10 to
50 mL min–1 were applied with rotational frequencies from 30
to 60 Hz. It was found that the total liquid holdup varied be-
tween 160 to 178 mL. By breaking down these figures for indi-
vidual phases, the total aqueous phase holdup accounted for
119 to 123 mL, while the organic 41 to 55 mL. Those results in-
dicate that the total holdups are very slightly affected by flow-
rates within the considered range, and that only about half of
the geometrical volume of the device, 322 mL, is filled with
liquid, while the rest is air distributed in both chambers.

Applying the same settings, total liquid holdups in the indi-
vidual chambers for high- and low-mix configurations of CINC
V 02 were also determined via a shut-down procedure. A varie-
ty of organic solvents with water were tested. Results show a
rather constant total holdup within the rotor at about 170 mL
(90–100 mL for the heavy phase and 60–70 mL for the light
phase on average). The ratio between phases was a function of
the selected heavy phase weir and mixture properties. Regard-
ing the annulus, the total holdup adds up to 10 mL (5 mL each)
in general, with unexplained deviations up to 25 mL. A note-
worthy point is that, for all the above results, 100 mL min–1 was
the highest applied total flowrate, whereas the maximum
throughput of V 02 is 1.9 L min–1. Therefore, more investiga-
tion can be done to see how the results change for higher flow-
rates, and for different mixtures. Furthermore, in an individual
experiment at 30 Hz and 50 mL min–1 each, Fig. 31, liquids ac-
cumulation in the system reached steady state after about 300 s,
i.e., around three residence times.

Then, the study addressed residence time distribution RTD
within high-mix CINC, using equal flows of 20–50 mL min–1,
frequencies of 30–50 Hz and different organic solvents [47].
The tracers in aqueous and organic phases were NaOH 15 %
and acetophenone respectively, and were injected stepwise and
detected by special probes in the inlets and outlets. Due to
some tailing in the response curves, authors assumed the pres-

ence of a stagnant (dead) zone within the device, located either
in the upper part of the centrifuge or more likely in the collec-
tor rings where the outgoing liquids short-cut this region near
the outlet. For this reason, the tanks-in-series model with a
dead zone fitted the data better than the same model without
it.

Additionally, phase inversion was investigated with respect
to rotational frequency (30 to 50 Hz) and O/A phase ratio (by
independently changing flowrates from 20 to 80 mL min–1)
[47]. To detect the inversion point, conductivity measurements
were used in a modified high-mix CINC V 02. It seemed that
phase inversion depends not only on frequency and flow ratio,
but also on the tested system. That is, toluene was continuous
while n-heptane and chloroform were dispersed over the entire
operational window. For the solvents DCM (dichloromethane),
DCE (1,2-dichloroethane) and 1-octanol, phase inversion oc-
curred and was dependent on both operational variables, par-
ticularly the frequency. For example, in water/DCM system,
the dispersed organic phase becomes continuous at lower phase
ratio if higher rotational frequency is applied.

Finally in the same study, the drop size distribution was de-
termined using CINC V 02 equipped with focused beam reflec-
tance measurement (FBRM) technology at 294 K [47]. By ap-
plying three different systems: water with heptane, toluene and
DCE, the most frequent drops were found to be less than
50 mm. Then, the dependence of Sauter mean diameter, Eq. (8),
on organic flowrate from 20 to 50 mL min–1 was investigated at
30 Hz and 50 mL min–1 water flowrate using water/DCE system
(Fig. 32). First, it slightly increased when organic flowrate was
reduced from 50 mL min–1, then at a certain flow, a sudden in-
crease occurred, which was attributed to phase inversion. Also,
at 50 mL min–1 (1:1), the effect of rotational frequency was ex-
amined from 30 to 50 Hz. Due to air entrainment interfering
FBRM measurements, the system was modified to that used in
[108], and as expected, the population of small drops increased
with higher frequencies. The authors then calculated the inter-
facial area at different frequencies using the following equa-
tions:

dvs ¼
PN

1 nid3
iPN

1 nid2
i

(8)
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Figure 30. Sedimentation and coalescence curves for n-buta-
nol/water system in gravitational field (dotted line) and centrifu-
gal field of SCBSC unit (dashed line) [40] (with permission from
IChemE – Elsevier).

Figure 31. Mass accumulation versus time in low-mix CINC V 02
determined by gravimetry, where (£) heptane and (*) water.
Settings: Forg = Faq = 50 mL min–1, f = 30 Hz, T = 70 �C [47] (with
permission from Elsevier).
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a ¼ 6e

dvs
(9)

where dvs is the Sauter mean drop size calculated from FBRM
measurements, and e is the volumetric fraction of the dispersed
phase obtained by assuming the holdup ratio of the two phases
is equal to their flowrates ratio. At all frequencies, the specific
interfacial area exceeded the typically observed one in stirred
tank vessels. The maximum was observed at 50 Hz (Fig. 33)
after which the curve seems to show a plateau, suggesting that
interfacial area may become independent of the frequency after
some upper limit. This is presumably due to the dynamic equi-
librium between drops breaking and coalescing, according to
authors. This result falls in line with the outcomes of [153],
where the mixing efficiency was found to increase proportion-
ally with rotational speed, and then gradually level off with fur-
ther increments.

Continuing on drop size investigations, in [154], Phase Dop-
pler Particle Analyzer (PDPA) technology was used to charac-

terize drop size in the Taylor-Couette setup described above.
The observed mean droplet size was in the range of 28–206 mm
as a function of power consumption and holdup fraction of the
dispersed phase. A similar study also investigated the influence
of the annulus width of Taylor-Couette apparatus on hydraulic
performance, including drop size distribution [155]. In ACCs’
devices, three centrifuges with diameters 30, 75, and 250 mm
were used to develop correlations of Sauter mean diameter in
two ways: measuring it using coulter-counter and calculating it
in terms of dispersed phase holdup volume and the effective in-
terfacial area [156]. The authors concluded that the drops in
the annulus are spherical and range from 1 to 50 mm. The same
research group also developed correlations for the volumetric
mass transfer coefficient and separation capacity using the
same three ACCs [157].

An interesting work in this regard utilized sophisticated laser
technique and high-speed camera to determine the drop size
distribution in a CINC V 02 device with transparent acrylic
housing [158]. Unprecedentedly, not only the size distribution
of dispersed phase droplets was considered but also that of en-
trained air bubbles, and the dependence of both on frequency,
O/A ratio and vertical position in the annulus. The organic pol-
ydimethyl siloxane (PDMS) phase was dispersed in tap water
and dyed red to distinguish its droplets from air bubbles. It was
found that size distribution of both organic droplets and air
bubbles is well described by the log-normal distribution func-
tion. This distribution narrows and shifts toward smaller diam-
eters with increasing rotational speed (Fig. 34a) whereas O/A
ratio showed a limited impact on it for a constant total flow-
rate. When it comes to the vertical position, similar trends were
observed. Namely, the closer the air bubbles and organic drop-
lets are to the bottom, the smaller their size is and the narrower
the distribution becomes, indicating more uniform droplet size
in the vanes region (Fig.34b). A noteworthy comparison was
made in this work between the mean drop diameter obtained
from Taylor-Couette apparatus of geometry close to CINC V
02 [159] and Sauter mean diameter obtained in this study, and
both data agreed qualitatively. Due to its inverse proportional-
ity with Sauter mean diameter, Eq. (9), interfacial area in unit
volume showed similar but opposite functionalities.

Elaborating on interfacial area, researchers in [160] used
chemical reaction method, to statistically generate a model cor-
relating it with process variables: flowrates of two phases and
rotational frequency. The chosen reaction was the saponifica-
tion of pure n-butyl formate (A) with sodium hydroxide dis-
solved in RO-water, with an excess of hydroxide to simplify
model equations required to calculate interfacial area experi-
mentally. Here, the reaction occurs in the heavy aqueous phase
and, thus, requires compound A to transfer to it. This reaction
was carried out in CINC V 02 under a nitrogen atmosphere
and temperatures below 300 K.

A remarkable finding was that the influence of the organic
flowrate on interfacial area was insignificant, opposite to aque-
ous flowrate and frequency. To quantify these effects, the data
was modelled (R2 = 0.9775), as follows:

Amod ¼ �11:14þ 0:612f � 0:0685Faq � 6:76 · 10�3f 2

þ 1:1 · 10�3F2
aq (10)
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Figure 32. Sauter mean drop size for pure DCE and water as a
function of the organic flow rate: (Faq = 50 mL min–1, f = 30 Hz)
[47] (with permission from Elsevier).

Figure 33. Specific interfacial area and Sauter mean drop size
in the annular zone at 50 mL min–1 for both phases of the sys-
tem: water and DCE with the solutes DNB-leu and cinchona al-
kaloid [47] (with permission from Elsevier).
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where f is the frequency of the rotor (Hz) and Faq is the flow-
rate of the aqueous phase (mL min–1). The interfacial area de-
pendence on frequency at constant Faq is illustrated in Fig. 35,
showing a maximum at 40–50 Hz. Similar to that discussed in
Sect. 3.1, such behavior is explained as a balance between two
counteracting effects: the extent of mixing in the annulus and
the volume of the dispersion band in the rotor. That is, increas-
ing the frequency will first intensify the annular mixing creat-
ing higher interfacial area, but after the maximum, the impact
will be more on reducing the volume of dispersion band, thus
lessening the area again.

Now regarding aqueous flowrate effect, the higher the flow-
rate, the larger the interfacial area. This was argued that higher
liquid velocities in the centrifuge create more turbulence and

cause the dispersed region to expand. However, such influence
is limited by the maximum hydrodynamic capacity of the
device, after which no separation is possible. According to au-
thors, the fact that the aqueous flowrate affects the interfacial
area while the organic one does not, suggests that the organic
phase was continuous while the aqueous was dispersed [160].

The calculated specific interfacial area within the centrifuge
for all experiments ranged between 3.2 · 102 to 1.3 · 104 m2m–3,
based on total holdup volume determined experimentally in a
previous study at 1.8 · 10–4 m3 [47]. These numbers as such
make it clear that CINC is not only comparable to a CSTR, but
also outperforms a spray or packed column or impinging jet re-
actor [160].

Moving to another aspect, the internal designing features of
ACCs and their influence on the hydrodynamics have been the
theme of several works. For the 20-mm INET centrifuge [57],
effects of heavy phase weir, dimensions of rotor and annulus
and clearance between bottom vanes and rotor on the hydraul-
ic performance have been investigated. The geometry of
bottom vanes in CINC V 02 was, in turn, the focus in a series
of works [161–163]. There, with the aid of several sophisticated
techniques, the free surface flow in the annulus was studied
and then characterized for three different geometries of the
bottom vanes, and the experimental outcomes were supported
with computational fluid dynamics (CFD) simulations.
8-curved, 8-straight, and 4-straight vane structures were tested
and it was demonstrated that vane geometry has significant im-
pact on flow and liquid height in the annulus. For example, the
4-straight vane structure resulted in greater mixing and higher
height of liquid in the annulus, increasing thereby the expected
residence time of the liquids within the mixing zone.

Later, a similar study on CINC V 05 also proved that 4-vane
configuration offers more annular turbulence in addition to
longer residence time [164]. Such outcomes might be of partic-
ular importance to consider when optimizing ACC design, in
cases like low-kinetics extraction processes (need higher reten-
tion time and turbulence) or easily emulsified mixtures (require

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 312

Figure 34. a) Droplet size distribution of organic dispersed phase PDMS in water at different rotational speeds; b) Droplet size distribution
dependence on normalized vertical position in the annulus, where Htot is the total distance from the bottom to an average height of liq-
uids in the annulus and h is the distance from the bottom to the measurement location [158] (with permission from John Wiley and Sons).

Figure 35. The total interfacial area versus rotational frequency
at constant aqueous flow rate of 30 mL min–1. Dots: experimen-
tal, Solid line: Eq. (10) [160] (with permission from Elsevier).
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less turbulence) to select the most suitable vane geometry for
each application.

The separation zone of ACCs was, on the other hand, the
theme of several CFD simulation studies. Starting with the axial
vanes in rotor interior, the influence of their shape on perform-
ance was explored by considering two designs: straight and
curved vanes [165]. The study showed via simulations that
curved vanes lead to lower pressure drop, therefore, lower
power consumption of the ACC. In [166], the rotor interior of
CINC V 02 was simulated and the findings confirmed several
hydraulic characteristics of this region, such as the existence of
a column of air along the axis and siphon formation above the
heavy-phase weir at high flow rates. Emphasizing more on the
pumping action of the rotor, authors of [167], using rotors of
different diameters, found that rotor pumping capacity in-
creases with its speed, diameter and inlet aperture diameter.

Other inclusive works extended the CFD simulations scope
to cover both mixing and separation zones of ACCs. Using
CINC V 02 geometry in [168], the two chambers were investi-
gated in OpenFOAM�, and, later, a hybrid multiphase solver
was developed [169] with the goal to predict liquid-liquid inter-
facial area and droplet size distribution, thus mass transfer effi-
ciency. Similar approach has been followed elsewhere using the
dimensions of 70-mm INET ACC [170]. Authors in [171] in-
troduced a technique that can be helpful to verify future CFD
results, where non-invasive Computer Tomography was ap-
plied on a 3D-printed ACC. Using an X-ray source and line
detector, 2D and 3D cross-sectional images could be con-
structed depending on scanning method. For the first time, it
was possible to visualize complex flow interactions not only in
the annulus but also inside the separation chamber.

Residence time distribution also has its share in literature
[172–174]. In these cited works, the results from experiments
and CFD simulations were compared at different rotational
speeds, annulus dimensions and rotor diameters, in addition to
studying the presence of helical baffles in the annulus. The re-
ferred-to works consider the mixing in the annulus to follow
Taylor-vortex type of flow, and the same consideration was
adopted in an extensive work focusing on the annular mixing
zone [41].

For more information about the CFD topic, interested re-
searchers are referred to a thorough review focusing on these
simulations in ACCs [175]. Additionally, an extensive hydrody-
namic study on Rousselet-Robatel BXP012 is available [150], as
well as several reports addressing the hydraulic tests of CINC
V 02 [176–178], V 05 cleaning-in place type [179], V 05, and V
10 [177, 180]. Hydraulic studies on the latest 20-mm INET
ACC have been also reported [181, 182].

5 Conclusions

In light of this wide assortment of commercialized CEs, it is
hard to find a solvent extraction application where no variant
is applicable. From physical to chemical applications, it was
shown that, in general, CEs can be at least comparable, and in
many cases, superior to currently-used equipment. Even for
systems involving solids, ACCs proved, against the odds, their
feasibility to such processes, be it heterogeneously catalyzed re-

actions or even mere liquid-solid separations. Accenting this
versatility and broad applicability of CEs was indeed a main
aim of this work.

On the other hand, a few works demonstrated that, in terms
of efficiency, CEs’ performance falls behind that of counterpart
batch processes. That being said, the overall feasibility of CEs
cannot be based merely on a one-factor evaluation. Efficiency
numbers can be significantly improved by simply increasing
the number of stages in CEs’ cascades. More specific questions,
therefore, should be put forth and answered. For example, can
the increase in CAPEX due to the added stages be compensated
elsewhere, like decreasing production time? Batch processes in-
volve intrinsic losses in service time that must be considered
when comparing them with CEs. This includes the downtime
between batches and potential long operation cycles when
gravity settling of liquids is slow. Besides that, the typical draw-
backs of a batch process, such as variation in quality from
batch to batch, workforce demand and less controllability can
all be key evaluation factors. Incorporating all those details in
our consideration will bring us to the conclusion whether a
change to CEs is recommended or not, or maybe a combina-
tion of both is better.

Relevant research can indeed make it easier for manufactures
to work out those issues. Despite the considerable and wide-
range works presented above, there are still large gaps to fill to
universally characterize CEs’ performance and establish more
informed answers for feasibility questions. For this, several
points hereafter are proposed to consider in future investiga-
tions:
1) Most studies compared systems consisting of a single tech-

nology. In other words, intermediate solutions combining
different type of devices in one setup have not been cov-
ered. A drastic change from a cascade of CSTRs to another
of CEs, for example, might not be the optimum choice for
a two-phase chemical application, whereas a hybrid system
of both may be a better trade-off, allowing to merge the in-
herent strengths of different apparatuses in one system.

2) Concerning ACCs, the residence time adopted in screened
literature was taken as a total one, calculated from total
holdup to total liquid flowrate. It might be more meaning-
ful to relate the results to the residence time of individual
phases, particularly the shorter one. In that, it has been
shown that holdups of the two phases are not equal even
though the flowrates are. This implies that one phase is re-
siding less in the device than the other, rendering its specif-
ic residence time more representing for the real contact
time, as being the only time available for the solute to
change phases.

3) With connection to the previous point, when calculating
the interfacial area using Sauter mean diameter, Eq. (9), the
dispersed phase holdup fraction was taken similar to the
fraction of feed flowrates [47, 158]. Although that may hold
true for well-mixed reactors [47], it may be questionable in
CEs since equal flowrates clearly did not lead to equal hold-
ups. For this, it is better to determine the specific holdup of
the dispersed phase and divide it to the total holdup to cal-
culate that fraction.

4) More work can be done on the hydrodynamic part of CEs.
For instance, liquid holdups in ACCs were determined only

www.ChemBioEngRev.de ª 2022 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev 2022, 9, No. 3, 286–318 313

 21969744, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cben.202100035 by K

IZ
 der U

niversitat U
lm

, W
iley O

nline L
ibrary on [16/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



for a small operation window up to 100 mL min–1 total
flowrate using specific mixtures. Accordingly, the influence
of higher flowrates on holdup ratios in both chambers as
well as the impact of physical properties of mixtures are
both significant areas to investigate to better understand
the operation.

5) The modular design of ACCs has already been highlighted,
particularly for INET centrifuges. Yet, the focus was only on
major constituents of the device, i.e., motor, rotor, and
housing. Other parts also prove essential for operation, such
as mixing zone extensions or bottom vanes. If alternative
modules of these parts can be flexibly interchanged, ACCs
can be better customized for each specific application. Ad-
ditive manufacturing can play a major role in this respect.

6) A remarkable finding from this survey is that almost no lit-
erature has discussed the potential of those compact de-
vices in modular plants, although their competence was
clear in many challenging separations as well as their flex-
ibility to suit wide range of applications. In this regard,
research can be done to investigate the same cascades to
process two or more products of the same family, like pro-
ducing different types of biodiesel or separating different
sets of enantiomers. Such outcomes reveal CEs’ suitability
for modular plants and support the trend of modulariza-
tion.

7) Solid-containing applications are now a novel direction to
invest efforts in after the successful studies conducted in
this field. Not only ACCs but also GEA� and Alfa Laval�

devices can be very good candidates for such applications.
8) Critical separations are of special importance to further un-

veil the capabilities of CEs. Separations involving low-sta-
bility solutes can be an example. It is worth mentioning
here that penicillin extraction and alike antibiotics’ have
been performed only using Podbielniak or Westfalia se-
parator, but no similar application using ACCs has been
reported. If the latter proves better, this can be valuable for
pharmaceutical industry.

9) Biphasic reaction systems, especially those characterized
with slow kinetics, are fundamental tools to identify feasi-
bility boundaries of CEs. They can tell when the character-
istic limited residence time of CEs becomes the bottleneck
of the process, and that can pave the way to quantify those
boundaries.

10) Finally, to our knowledge, no study tried to simulate a CE’s
setup on a commercial simulator. The reason could be the
absence of an already-established model for such devices.
This makes the modelling and simulation of CEs setups
another attractive domain to work on.
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Thomas Grützner studied
Process Engineering in Nürn-
berg and Clausthal and holds a
Diploma from TU Clausthal.
During the following doctorate
at the Institute of Thermody-
namics and Thermal Process
Engineering (Prof. Dr.-Ing.
Hans Hasse) at Stuttgart Uni-
versity, he developed a new
process for the production of
trioxane in collaboration with
BASF. In 2006, he moved to
Switzerland and started an in-

dustrial career in the R&D department of Lonza AG in Visp
where he headed the competence center of thermal process-
es for the past years. By 2017, he returned to academia and
took over the group of thermal process engineering at Ulm
University. His work focuses on energy efficient, modular
and flexible thermal processes.

Acknowledgment

We thank DAAD (Deutscher Akademischer Austauschdienst)
and German Scholars Organization for the financial support of
our project. Open access funding enabled and organized by
Projekt DEAL.

Symbols used

a [m2] interfacial area
Amod [m2] modelled interfacial area
dd [m] diameter of droplet
dvs [m] Sauter mean diameter
ee [–] enantiomeric excess
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f [Hz] frequency of rotation
Faq [m3s–1] volumetric flowrate of aqueous phase
kL [mol m–2s–1] mass transfer coefficient for molar

fractions driving force
r [m] distance from central axis
Re [–] Reynolds dimensionless number
rin [m] outer diameter of inner rotor
rout [m] inner diameter of housing
rpm [min–1] revolutions per minute
Ta [–] Taylor dimensionless number
nr [m s–1] droplet velocity in a centrifuge
Yi [–] extraction yield

Greek Letters

h [–] Stage efficiency
mc [Pa s] Dynamic viscosity of continuous

phase
n [m2s–1] Kinematic viscosity
rc [kg m–3] Density of continuous phase
rd [kg m–3] Density of dispersed phase
w [rad s–1] Angular velocity

Abbreviations

ACC annular centrifugal contactor
ACE annular centrifugal extractor
ADE American Department of Energy
ADH alcohol dehydrogenase
ANL Argonne National Laboratory
C cinchona alkaloid compound
CAPEX capital expenditure
CCCS continuous centrifugal contactor separator
CCS centrifugal contactor separator
CE centrifugal extractor
CEA French Alternative Energies and Atomic Energy

Commission
CFD computational fuid dynamics
CINC Costner Industries Nevada Corporation
CSTR continuous stirred tank reactor
DCE 1,2-dichloroethane
DCM dichloromethane
ECG (-)-epicatechin-3-gallate
EVOO extra virgin olive oil
FAEE fatty acid ethyl ester
FAME fatty acid methyl ester
FBRM focused beam reflectance measurement
FDH formate dehydrogenase
GFRP glass-fiber reinforced plastic
INET Institute of Nuclear and New Energy Technology
ISPR in situ product recovery
PDPA phase doppler particle analyzer
REE rare earth elements
RTD residence time distribution
SCBSC stirred centrifugal batch settling cell
SRL Savannah River Laboratory
TOA tri-n-octylamine

TRPO tri-alkyl phosphine oxide
UVP unpressurized vertical extractor
VOC volatile organic compound
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