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Abstract: Simulated moving bed (SMB) chromatography is a highly efficient adsorption-based
separation technology with various industrial applications. At present, its application has been
successfully extended to the biochemical and pharmaceutical industrial sectors. SMB possesses
the advantages of high product purity and yield, large feed treatment capacity, and simple process
control due to the continuous operation mode and the efficient separation mechanism, particularly
for difficult separation. Moreover, SMB performs well, particularly for multi-component separation
or complicated systems’ purification processes in which each component exhibits similar properties
and low resolution. With the development of the economy and technology, SMB technology needs
to be improved and optimized to enhance its performance and deal with more complex separation
tasks. This paper summarizes the typical variants or modifications of the SMB process through
three aspects: zone variant, gradient variant, and feed or operation variant. The corresponding
modification principles, operating modes, advantages, limitations, and practical application areas of
each variant were comprehensively investigated. Finally, the application prospect and development
direction were summarized, which could provide valuable recommendations and guidance for future
research in the SMB area.

Keywords: simulated moving bed; chromatographic separation; variants; three-zone SMB;
operation mode

1. Introduction

The simulated moving bed (SMB) concept was proposed by Broughton et al. of UOP in
1961 for the separation of xylene isomers in the petrochemical field. It was then gradually
applied to the sugar industry and chiral drug resolution areas [1–4]. The typical SMB
system is developed based on the True Moving Bed (TMB), which involves several fixed-
bed chromatographic columns. It divides into four zones by four inlet and outlet ports
(feed, raffinate, desorbent, and extract). Different from the TMB process, the counter-current
movement of the solid phase towards the fluid phase (as shown in Figure 1) is achieved
by the simultaneous synchronous switch of four streams [5–14]. Therefore, the problems
associated with the movement of the solid phase can be solved, such as particle attrition,
bed voidage variation, unstable flow rate, and bed expansion.

An illustration of the SMB process is shown in Figure 2. The feed stream containing
both strongly adsorbed (heavy) and weakly adsorbed (light) components enters the system
between zones II and III. With the column switching, the heavy component moves backward
into zone II with the solid phase, while the light component is desorbed by the eluent
and moves forward into zone III with the liquid phase, thus achieving the separation
purpose. Therefore, the II and III zones are normally called the separation zone, where the
operating conditions are set such that the two components move counter currently. After
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that, the heavy component is desorbed from the solid phase in zone I, which makes the
solid phase regenerate, so zone I is also called the solid phase regeneration zone, while the
light component is adsorbed in zone IV, which regenerates the liquid phase, so zone IV
is the liquid phase regeneration zone [15–17]. For efficient operation, the solid and liquid
phase regeneration zones are typically operated in co-current mode by setting the operating
parameters appropriately.
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SMB technology has its specific advantages for binary systems and complicated sys-
tems whose components have similar properties and as such are difficult to separate by
traditional methods. In recent years, with the development of the economy and the progress
of science and technology, the industrial requirements for energy consumption, solvent
consumption, separation efficiency, product specifications, and flexibility of process con-
trol become higher and more stringent. As a result, some new SMB modes have been
successively proposed. For example, the Varicol system based on the non-synchronous
switching of inlet/outlet ports proposed by Ludemann-Hombourger improves the per-
formance of SMB within a cycle, making the operation more flexible and the requirement
for the number of columns significantly reduced [18,19]. The SMB process with internal
flow rate changes realizes the redistribution of each component through the change of
flow rate. This technology can save solvent consumption, but the process control becomes
complicated [20]. Gradient SMB systems include the introduction of concentration, tem-
perature, and pressure gradient. The introduction of a gradient condition can realize the
reallocation of each composition, improve the efficiency of separation, and reduce the
solvent consumption; however, the implementation process is complicated, with a need
to ensure the synchronicity of the switch and the gradient change [21–23]. In addition,
the sequential simulated moving bed (SSMB) developed in recent years [24] divides a
switching of the traditional SMB process into three steps, and each step presents a different
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operation mode. SSMB has shown excellent performance and great potential in terms of
separation effect, process control, energy consumption and solvent consumption.

After years of research and development, diverse SMB-based variants have emerged
with different operating modes and application areas [25,26]. This paper mainly focuses
on an investigation of SMB variants and divides these into zone variant, gradient variant
and feed or operation variant. The framework structure of this review is shown in Figure 3.
According to the literature review and analysis, a detailed introduction and comparison
were completed, and the separation mechanism, switching modes, advantages and dis-
advantages and applications of each SMB variant were summarized. Finally, this work
can provide practical suggestions and references for SMB research works and industrial
applications (intended for both the expert and novice), meanwhile putting forward the
application prospect and future development direction.
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2. Zone Variant

As the conventional four-zone SMB technology is relatively mature, researchers at-
tempted to change the zone partition or structure to make the equipment simpler, mean-
while improving the separation performance (purity, productivity, etc.) or reducing operat-
ing costs [27–29]. The so-called zone variant is to reduce non-essential functional zones to
combine or delete one or several areas of the four-zone SMB. Usually, the separation zones
(zone II and zone III) are retained, and zone I (solid phase regeneration zone) or zone IV
(liquid phase regeneration zone) are modified. However, the reduction of the regeneration
zone means that the solid and liquid phases cannot be adequately regenerated and recycled,
leading to problems such as increased desorbent consumption [30–33]. In the following
sections, zone variant will be investigated from four aspects: one-column SMB, two-zone
SMB, three-zone SMB and bypass SMB; furthermore, their advantages, disadvantages, and
applications are analyzed, respectively.

2.1. One-Column SMB

One-column SMB was firstly developed by Wankat et al. [34,35] as a one-column
chromatography with multiple tanks like a four-zone SMB cycle. As shown in Figure 4,
the main principle is a four-step cycle. In the first step, the feed stream and the solution
in tank 2 are fed into the column, the less retained component (raffinate) is collected at
the output port, and meanwhile tank 1 is filled. In the second step, tank 1 is fed into the
column and tank 4 is filled. Then, in the third step, fresh desorbent and the solution of
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tank 4 enter into the column, while the more retained component (extract) is collected and
tank 3 is filled. In the final step, tank 3 and tank 2 work in the same way.

Processes 2023, 10, x FOR PEER REVIEW 4 of 21 
 

 

2.1. One-Column SMB 
One-column SMB was firstly developed by Wankat et al. [34,35] as a one-column 

chromatography with multiple tanks like a four-zone SMB cycle. As shown in Figure 4, 
the main principle is a four-step cycle. In the first step, the feed stream and the solution in 
tank 2 are fed into the column, the less retained component (raffinate) is collected at the 
output port, and meanwhile tank 1 is filled. In the second step, tank 1 is fed into the col-
umn and tank 4 is filled. Then, in the third step, fresh desorbent and the solution of tank 
4 enter into the column, while the more retained component (extract) is collected and tank 
3 is filled. In the final step, tank 3 and tank 2 work in the same way. 

 
Figure 4. Schematic diagram of one-column SMB. 

At present, there are few studies on this kind of SMB variant, and the one-column 
system exhibits obvious advantages and disadvantages. Specifically, it is cheap and flexi-
ble, and has the advantage if frequent desorbent changes are required. However, there is 
also a clear disadvantage that, due to the use of storage tanks, there is a mixing process 
during the whole operation and switching processes, which reduces the separation effi-
ciency. 

2.2. Two-Zone SMB 
Two-zone SMB is proposed by Lee et al. [36]; its structure is shown in Figure 5. In 

this system, only the separation zones (zones II and III of the conventional SMB) are re-
served, implying that the eluent will directly enter zone II, and the feed mixture will enter 
zone III. In the nth switching, the second half of the light component will move towards 
the end of zone III with the liquid phase and finally leave the column, while the heavy 
component moves backward with the solid phase and remains in zone II. At the n + 1st 
switching, the first column of the original zone II moves to the end of the zone III and 
becomes the last column of the zone III, so that the heavy component previously retained 
in zone II enters into zone III and leaves the column, while the first half of the adsorbed 
light component will immediately flow out from the exit, so that the two components can 
be collected separately. 

Figure 4. Schematic diagram of one-column SMB.

At present, there are few studies on this kind of SMB variant, and the one-column
system exhibits obvious advantages and disadvantages. Specifically, it is cheap and flexible,
and has the advantage if frequent desorbent changes are required. However, there is also a
clear disadvantage that, due to the use of storage tanks, there is a mixing process during
the whole operation and switching processes, which reduces the separation efficiency.

2.2. Two-Zone SMB

Two-zone SMB is proposed by Lee et al. [36]; its structure is shown in Figure 5. In this
system, only the separation zones (zones II and III of the conventional SMB) are reserved,
implying that the eluent will directly enter zone II, and the feed mixture will enter zone III.
In the nth switching, the second half of the light component will move towards the end of
zone III with the liquid phase and finally leave the column, while the heavy component
moves backward with the solid phase and remains in zone II. At the n + 1st switching, the
first column of the original zone II moves to the end of the zone III and becomes the last
column of the zone III, so that the heavy component previously retained in zone II enters
into zone III and leaves the column, while the first half of the adsorbed light component will
immediately flow out from the exit, so that the two components can be collected separately.
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Wankat et al. [37] designed another two-zone SMB using a two-step process, combining
zones I and II of the conventional SMB into a new zone I, and zones III and IV into a new
zone II. At first, the feed stream is introduced between zone I and zone II, while some
desorbent circulates from zone I to zone II, and the remaining desorbent is sent to the tank.
In the second step (no feed), the fresh desorbent and the desorbent in the tank are used
to produce the product. The raffinate and extract products are collected from zone I and
zone II, respectively. At the end of the second step, all the ports are switched and the whole
operation process is repeated.

In conclusion, the two-zone SMB has the advantage of low cost and is more economical
due to the isolation of two regeneration zones. In addition, relatively high purity can be
achieved from this simplified equipment. For example, in Lee’s work [36], compared
to the conventional SMB, the two-zone SMB improved the purity and recovery of the
fructose-rich product from 0.78% and 4.11% to 15.67% and 15.87%, respectively. As a
result, the separation cost was reduced due to the low material consumption and simple
column arrangement. Moreover, there still exist obvious disadvantages: (1) Although the
port switch of two-zone SMB is similar to that of conventional four-zone SMB, it cannot
achieve the countercurrent movement of the solid and liquid phases, so it is not available
for continuous operation. (2) The purity and recovery of the two-zone SMB is lower than
that of the four zone SMB, owing to the simplification. (3) The final purity cannot be easily
increased by increasing the number of columns in each zone.

2.3. Three-Zone SMB

The three-zone SMB is the most studied mode among these variants; the schematic
diagram is shown in Figure 6. In the typical three-step process, there is no desorbent cycle
loop so the liquid phase regeneration zone is isolated. The desorbent enters from the end
of zone III, and the binary mixture is fed between zones I and II. Finally, the heavy fraction
(extract) exits between zones II and III, and the light fraction (raffinate) exits from the front
end of zone I [38–41].
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2.3.1. Three-Zone SMB without Zone IV

Wang et al. [42] designed an open-loop three-zone SMB in which zone IV is isolated.
Then, this system is applied for the separation of Eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) using a 1-1-2 column configuration, as shown in Figure 7. Zone I is
completely independent and is used for elution. Zone II and zone III work as purification
and adsorption sections, respectively. The mixture is separated in zone III, and the raffinate
product EPA is obtained at the outlet (R port). The fluid phase is withdrawn in zone II to
improve the separation of the components adsorbed in zone III. The eluent is withdrawn
in zone I, and the extract product DHA is collected at the outlet (E port) to realize the
regeneration of the column. Under the control of the automatic system, zones I to III move
continuously along the fluid phase direction for one column length at each switching time.
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The results showed that, in the 2-2-2 mode, the purity of both DHA and EPA reached 99%
and the recovery was close to or at 100%. The solvent consumption was 1.11 L/g, which
was significantly lower compared with 1.46 L/g in the 1-1-2 mode [42]. In consequence,
this kind of variant could improve both the separation performance and the economical
efficiency of SMB.
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2.3.2. Three-Zone SMB without Zone I

Wei et al. [43] developed a three-zone SMB without zone I, which can simultaneously
achieve the high purity and low desorbent consumption. For instance, zone I is isolated,
and the desorbent directly enters zone II. During the switching time, due to the column
switching, the part of the solution that retains more components partially enters zone IV
and continues to move forward as the extract. The other part is at the first column in zone
II, as the raffinate, and is converted from a discontinuous to continuous liquid stream under
the action of the desorbent. The extractive residue and extractables were collected from
zone III and zone IV, respectively.

2.3.3. Port Variant

Lee et al. [44] proposed a new three-zone SMB system called three-port SMB (TT-SMB).
Actually, it is a combination of the above two three-zone operations. In the first step, the
extract port is closed, then the desorbent and feed solution are injected into the inlet of
zones I–IV and the feed node between zones II and III, respectively. When the extract port
is closed, the solution from zone III is the raffinate. In the second step, the raffinate port
is closed and the desorbent is supplied to the inlet of zone II. Since there is no raffinate
port, the stream from zones I to IV is the extract solution. The results showed that the
product purity was generally improved by 1–4%, the recovery was generally improved by
0.8–4.8%, and the productivity was increased by up to 13.8 g/L/h using TT-SMB compared
to conventional SMB.

2.3.4. Other Variants

Wankat et al. [39] put forward two ways to improve the operation of the three-zone
SMB, namely “partial withdrawal” and “partial feeding”. The “partial withdrawal” mode
is shown in Figure 8. In the first step, the obtained raffinate is recovered. In the second
step, the desorbent is recycled during the switching time. In the third step, the raffinate is
recovered and the cycle repeats. The “partial feed” mode is shown in Figure 9. Compared
to the other three-zone SMB, this system only has a pulse feed in the second step during
the switching time and no feed is introduced in the first and third steps. With the same
feeding method, the three-zone SMB improved the recovery by up to 8.87% and the purity
by up to 7.82% compared to the four-zone SMB.
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In summary, compared to the conventional four-zone SMB, the separation perfor-
mance in areas such as purity, recovery and eluent consumption of the three-zone SMB
is inferior due to the open-loop structure and the diluted raffinate stream. However, this
zone modification has several advantages: (1) Adsorbent consumption and the required
equipment units such as valves and pumps are reduced. The productivity of the three-zone
SMB becomes higher due to the saved amount of adsorbent. (2) The operation of three-zone
SMB is relatively simple. (3) The productivity, desorbent efficiency, product purity and
recovery can be improved by introducing the partial feed or partial withdrawal operation,
which effectively overcome the drawbacks of the three-zone SMB.

2.3.5. Applications for Three-Zone SMB

The application of three-zone SMB in biological separation was investigated by
Keβler et al. [45] and Kim et al. [46,47]. Keβler et al. studied the separation of IgG/lysozyme
mixtures and the purification of dimeric BMP-2 from multicomponent mixtures by us-
ing the three-zone SMB with a concentration gradient. The results showed that solvent
consumption was significantly reduced, and productivity was improved compared to the
conventional SMB. In Kim’s work, guanine and cytosine were successfully isolated from
nucleotides with the three-zone SMB method. The final product purity of cytosine and
guanine were achieved at 95% and 90%, respectively. Another work of Kim et al. used
three-zone SMB to isolate immunoglobulin Y (IgY) from eggs, and the final IgY purity of
98% was obtained. The above research results show the excellent separation performance
and development potential of three-zone SMB for bio-separation.

The application of three-zone SMB in enantiomeric drug separation was investigated
by Cunha et al. [48] Two enantiomers (L-PZQ and D-PZQ) of praziquantel (PZQ) were
successfully isolated using three-zone SMB. At least one enantiomer with high purity and
productivity could be obtained. However, there are few research works focusing on the
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enantiomeric drug separation by using the three-zone SMB, indicating that the variant still
has a great research potential in this area.

Yao et al. [49], Pangpromphan et al. [50,51] and Nam et al. [52] investigated the appli-
cation of three-zone SMB in the food separation process. Yao et al. constructed the first
asynchronous three-zone SMB for the separation of vanillin and syringaldehyde. They
finally obtained relatively high product purity and effectively improved the feed flow rate.
Pangpromphan et al. successfully separated Alpha-Tocopherol and Gamma-Oryzanol in
rice bran oil using three-zone SMB. A mathematical model of adsorption kinetics was con-
structed and the corresponding operating conditions were optimized. Optimization results
showed that the final purity of both products was quite high. The above examples reveal
that three-zone SMB is a very effective technology for the separation of food ingredients,
and meanwhile possesses high product purity and great modification potential.

2.4. Bypass SMB

Rajendran et al. [53] reported a new operation mode based on conventional four-zone
SMB, as shown in Figure 10. The feed solution enters the system between zones II and III,
and the extract and raffinate are recovered between zones I and II and between zones III
and IV, respectively. After the separation and purification, the feed streams of the binary
mixture are bypassed to the extract and raffinate streams with a certain volume. In this
way, the desired product purity can be obtained by conjunctively purifying and mixing.
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The advantages of bypass in SMB are high operating flexibility and good selectivity,
which makes it suitable for cases where the purity of the target product is not strictly
required. However, since this SMB mode is currently only targeted at producing spe-
cific products, its application range is narrow and the productivity is not significantly
improved compared to the conventional SMB. Therefore, there are few research works and
applications at present.

2.5. SMBs with More Than Four Zones

Generally, conventional four-zone SMBs only can handle the binary mixtures’ separa-
tion task. To separate multi-mixtures, more zones need to be added to break through the
limitations in terms of zone variants. The following is a brief description of the five-zone
SMB and the nine-zone SMB.

A five-zone SMB is a closed loop with multiple chromatographic columns in series,
generally equipped with two inlets (feed and desorbent ports) and three outlets (extrac-
tant 1, extractant 2, and extractive residue). The three inlets are assigned to low-affinity
substance A, medium-affinity substance B and high-affinity substance C. Usually, the inlet
is between zone III and zone IV, and low-affinity substance A is collected from the raffinate
port (between zone IV and zone V), while high-affinity substance C and medium-affinity
substance B are collected at the extract 1 port (between zone I and zone II) and extract 2 port
(between zone II and zone III), respectively. For example, Mun [54] and Xie et al. [55] have
successfully separated multiple components by designing and using a five-zone SMB with
high yields and purity. The nine-zone SMB can be regarded as a five-zone SMB in parallel
with the conventional four-zone SMB, and the whole system forms two closed loops with
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bypass stream. In Wooley et al.’s work [56], a nine-zone SMB was applied to extract two
sugars from the biohydrolysis product with a purity close to 100% and a recovery of 88%.

3. Gradient Variant

The performance of the conventional four-zone SMB could be optimized by adjusting
the adsorption behavior of each zone, which can be achieved by introducing a gradient
parameter to change the operating conditions, such as temperature or solvent composition.
Three kinds of gradient variants are frequently used: concentration gradient (or solvent
gradient), temperature gradient and pressure gradient. Among them, the concentration
gradient is most widely used and its operating conditions are relatively easier to achieve
and fewer restrictions exist. The latter two variants are applicable to specific fluid phases
and operating conditions.

3.1. Concentration Gradient

The separation in a conventional four-zone SMB is largely influenced by the adsorption
affinity (or isotherm parameters) of the two components. To improve the performance of
the SMB, the idea of distributing different isotherm parameters in different zones is applied
by introducing different solvent intensities in the desorbent and feed, which resulted in
different solvent intensities along the bed. Specifically, a concentration gradient is formed,
and the elution ability of zones I–IV is gradually decreased. The elution intensity in zone II
(between the extract port and the feed port) is greater than that in zone III (between the
feed port and the raffinate port). The solute can, therefore, move forward in zone II and
backward in zone III; thus, separation is achieved in these two zones. The solvent strength
is commonly controlled by the concentration of the organic modifier in the fluid phase.
The higher the concentration of the modifier, the lower the adsorption affinity (or isotherm
parameter). Therefore, the concentration of the modifier in the desorbent should usually be
set higher than the concentration in the feed material [57–60].

Wang et al. [60] used a concentration gradient SMB to separate paclitaxel and cephalos-
porin. The solvent composition, zone flow rate and switching time in the feed and desor-
bent were optimized using a non-dominated sequencing genetic algorithm with elite and
jump genes (NSGA-II-JG) and rate model simulations. Compared to conventional SMB,
optimal solvent gradient SMBs have substantially higher productivity and lower solvent
consumption. Meanwhile, gradient SMBs can further improve productivity by eliminating
limitations of flow rates in each zone.

Mun [61] applied the solvent gradient mode for the separation of phenylalanine and
tryptophan. The amino acid separation process of SG-SMB was optimized to maximize
the production efficiency under the constraints of pump capacity and purity. The inlet and
outlet flow rates, switching times and local distribution of liquid phase along the chromato-
graphic bed were optimized using genetic algorithms and rate model simulations. The
results showed that the yield was increased, the desorbent consumption was reduced and
the product concentration was increased compared to the conventional SMB. Specifically,
in this case, the productivity of amino acid was increased up to 110%, and meanwhile the
desorbent consumption was reduced up to 53%.

Compared to the conventional four-zone SMB, the concentration gradient SMB has
higher productivity and lower desorbent consumption and, meanwhile, relatively high
separation purity and efficiency could be obtained. Most operating designs employ an
open-loop structure; the eluent flows out from the end of zone IV and is no longer circulated
into zone I. However, in the concentration gradient mode, the mobile phase composition is
not constant, which leads to cyclic steady-state characteristics when the inlet and outlet
ports are switched periodically. Similarly, the internal adsorption equilibrium relationship
of the solute also shows cyclic steady-state variations, which will reduce the stability of the
system and thus make the process design more difficult.
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3.2. Temperature Gradient

Conventional SMB units are operated under isothermal and isobaric conditions with
constant adsorption intensities in all zones. Low adsorption intensities are favorable
for zones I and II, while high adsorption intensities are favorable for zones III and IV.
Therefore, it is desirable to introduce a gradient of adsorption intensity to improve the unit
productivity and solvent consumption performance of the SMB. For the liquid fluid phase,
the adsorption intensity can be effectively adjusted by changing the temperature [62–64].

Wankat et al. [62] combined the principles of SMB and thermal swing adsorption
(TSA) and developed a traveling wave mode thermally assisted moving bed. A heat
exchanger was used to control the fluid temperature, which resulted in a thermal wave
passing through the column. As shown in Figure 11, the fluid is heated or cooled before it
enters each adiabatic column, and the temperature within the column varies in each zone,
thereby affecting the solute adsorption capacity and optimizing the performance of the
SMB. Thermally assisted SMBs can be used to separate mixtures that are thermally stable
and where the isotherm significantly shifts with temperature.
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Yu et al. [65] investigated the feasibility of internal temperature gradient SMB for the
enantiomeric binary separation process by introducing the temperature difference between
feed and desorbent. The result demonstrated that a temperature gradient with a 20 K dif-
ference could significantly improve the productivity of the SMB device by 20%. In addition,
increasing the flow rate ratio in zone IV could effectively reduce the solvent consumption.

In conclusion, the advantages of temperature gradient SMB are: (1) There are no
restrictions on heat exchange rate, and the SMB and simulation system can be easily scaled
up. (2) The adsorption intensity of each zone can be adjusted by changing the temperature
to enhance the separation performance of the SMB. Nevertheless, some disadvantages are:
(1) Although the traveling wave mode solves the serious heat transfer limitation problem,
the external dead volume is increased by heat exchanger, and thus the hysteresis time is
increased. (2) As the isotherm of separation mixture is certainly affected by temperature,
its application scope is limited.

3.3. Pressure Gradient

The pressure gradient mode is, currently, mainly applied to supercritical fluid sim-
ulated moving beds (SF-SMB). Morbidelli et al. [66] designed a pressure gradient SMB,
in which different pressure levels were applied in the four zones. Pressure control valves
were, respectively, installed after each column and between the outlet and inlet valves,
which could adjust different pressure values in the two adjacent zones. As a result, the
Henry’s constant of the components and their retention times were increased due to the
decreased density of the supercritical fluid phase with decreasing pressure. Thus, the
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separation process could be optimized by introducing a decreased pressure gradient from
zone I to zone IV to form a decreased gradient in the elution intensity of the fluid phase.
When a pressure gradient is used, the product purity is increased by up to 2.3% and the
productivity is increased by 0.29 g/kg compared to the isobaric mode.

Since the fluid phase of this variant uses supercritical fluids instead of conventional
organic solvents, it has the obvious advantage of being green and environmentally friendly;
meanwhile, the desorbent cost is lower than conventional SMB. However, it is not widely
applicable due to the special fluid phase.

4. Feed or Operation Variant

Another modification method is to improve the performance of the conventional SMB
by only changing the feed or operation mode, without altering the SMB configuration. Ten
different variants are investigated below, which can be used either alone or in combination
of two or more to improve the separation performance of SMBs in applications.

4.1. ModiCon

“ModiCon” feed mode, also called varying concentration feed model. Schramm et al. [67]
proposed adjusting the feed concentration with a certain rule within the transition cycle
appropriately. Then, the concentration spectral band changes its movement rate as it
flows through the feed port and is usually applicable to nonlinear adsorption. Compared
to conventional SMB, the ModiCon could regulate the feed concentration and increase
productivity by about 50% and reduce solvent consumption by about 25% [64]. In the
Langmuir adsorption model, the higher the concentration, the faster the concentration
point moves. For the more retained component, when it passes through the inlet, its flow
rate can be reduced by reducing the feed concentration, so that the less retained component
with higher purity can be obtained [68,69].

When the ModiCon mode is used exclusively, the improvement of SMB performance
is not obvious. Therefore, it usually needs to be combined with VariCol or other pro-
cesses to improve the separation performance. After this combination, the separation
efficiency can be improved and the solvent consumption can be reduced compared to the
conventional SMB.

4.2. VariCol

VariCol, the asynchronous switching mode, is shown in Figure 12. In VariCol mode,
only one inlet or outlet is switched within each switching time and each port is switched
independently. This makes the length of the zone different for each stage; that is, the
length of each zone is not fixed, and changes over time. According to the characteristics
of the mixture and the spectral band distribution of the separation process, the column
length can be adjusted timely to make the distribution reasonable and the separation more
efficient [70–75].
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Supelano et al. [76] compared the separation performance of three SMB modes, Mod-
iCon, VariCol, and ModiCon + VariCol, in terms of maximum throughput for a given
product purity by using the resolution of guaiacol glycerol ether as an example. It was
found that the separation performance was not significantly improved when only the
ModiCon feed mode was applied, while when both ModiCon + VariCol feed modes were
used in combination the throughput, number of columns, and the separation efficiency
were obviously improved compared to the conventional SMB, due to the larger zone I and
zone II.

Zhang et al. [72] conducted a systematic multi-objective optimization study of the SMB
and VariCol processes for the chiral resolution of racemic pindolol using the NSGA-II-JG
algorithm. The result showed that, under the condition of higher feed concentration and
lower feed flow rate, a relatively high product purity can be obtained without consuming
more desorption agent and, meanwhile, a better performance can be obtained by increasing
the number of columns. When the VariCol process was used, the product recovery was
generally improved by 0.15–0.56% and the product purity was generally improved by
0.1–0.52% compared to the conventional SMB [72]. It was finally proven that the VariCol
process outperforms conventional SMB in terms of desorbent consumption with the same
separation requirements.

Lin et al. [77] designed and optimized the operating conditions for the enantiomeric
separation of aminoglutamine by SMB and VariCol methods using a mass transfer-diffusion
model, while considering the intraparticle mass transfer resistance and axial dispersion
effects. It was also verified that the separation performance of VariCol process was superior
to the conventional SMB.

In summary, the VariCol process allows more flexibility in the chromatographic col-
umn use and breaks the limitations of constant zone length and constant solids flow rate.
Compared to the conventional SMB, the VariCol mode can obtain higher productivity and
lower desorbent consumption.

4.3. PowerFeed

PowerFeed is the separation process with variable feed flow rate. When the mixture
solution flows through the feed port position, the feed flow rate is changed in each switching
interval, which affects the components’ movement rate in each zone by changing the
concentration spectrum band. In this way, different components in a mixture are gradually
separated [78–80].

The PowerFeed mode is similar to the ModiCon mode mentioned above, in which
both methods achieve the separation purpose by changing the concentration of the spectral
band. The ModiCon changes the feed concentration directly, whereas PowerFeed changes
the concentration by adjusting the flow rate [81–83]. Similarly, PowerFeed generally needs
to be used in conjunction with other modes to improve the separation performance.

The three feed variant modes mentioned above, ModiCon, VariCol and PowerFeed,
have one thing in common; all of them improve the performance of SMB by increasing
the degrees of freedom. All three types of feed modes can lead to improved separation
efficiency and performance, and the performance can be further improved by effectively
combining these three variants.

4.4. Intermittent Simulated Moving Bed (ISMB)

ISMB is fully known as intermittent SMB. In the ISMB process, as shown in Figure 13,
each switching time ts is divided into two sub steps with durations αts and (1−α)ts,
respectively. In step 1, the ISMB also contains two inlets and two outlets, while zone IV is
isolated. In step 2, all inlets and outlets are closed, and the liquid phase circulates along
the column with the same flow rate in all four zones, thus redistributing the concentration
profiles and adjusting the position of each component [84,85].
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Mazzotti et al. [86–88] proposed a three-column ISMB as a new semi-continuous
chromatographic process. Higher throughput can be achieved while using fewer columns
due to the timely recycling of less retained components. The experiments were conducted
for the binary separation process, and the ternary separation by using the three-column
ISMB cascade chromatography was studied and designed. The final product purity of
up to 97.8% was obtained with a productivity of 2.10 g/L/h and a solvent consumption
of 12 g/L, which proved better than that of the conventional SMB process. The cascade
operation could provide greater flexibility, better simulation accuracy, and improved purity
and performance of the ISMB.

In conclusion, better concentration distribution could be obtained by reasonably
designing the time interval in the ISMB process. In addition, complex separation tasks such
as ternary separation can be conducted, which indicates the great application potential of
ISMB. In summary, the main advantages of ISMB are: (1) High separation efficiency and
performance can be obtained with a simple operation mode. (2) High operating flexibility.
(3) The feasibility in multiple mixtures’ separation process.

4.5. Sequential Simulated Moving Bed (SSMB)

SSMB is called sequential simulated moving bed, and its process is shown in Figure 14.
SSMB divides the conventional SMB into three phases: “feeding”, “circulation” and “elu-
tion”. In the feeding phase, the feed solution and eluent, respectively, enter zones III and
I simultaneously, while zones II and IV are isolated. In the second phase, all inlets and
outlets are closed, and all the columns are connected into a closed loop. The liquid phase is
circulated in this system and redistributes the concentration profiles. In the third “elution”
phase, the eluent is passed into zones I to III, while zones IV is isolated. The extract products
are collected in both the feed and elution phases, and the raffinate products are collected
only in the feed phase [26,89].

For example, Li et al. [26,90] applied SSMB to the separation of glucose and fructose
and compared the separation performance to the conventional SMB. The results revealed
that the solvent consumption of SSMB was significantly less than that of SMB for the
same purity and recovery requirements, which further proved the technical and economic
superiority of the SSMB process [90]. In addition, the feasibility of SSMB for the separation
and purification of xylo-oligosaccharides (XOS) under different constraints and objectives
with multi-objective optimization was also investigated.

SSMB is not only an improvement of the conventional SMB, but also a modification
of the ISMB. The main advantages are: (1) High utilization of the mobile phase and low
water consumption can effectively reduce the cost, so the SSMB is suitable for industrial
production. (2) When separating some specific mixtures, the separation performance of
SSMB is significantly higher than that of SMB. (3) The back mixing problem existing in the
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separation process of SMB can be effectively solved by SSMB. (4) Ternary separation can
be achieved by adding the inlet and outlet ports. In addition, SSMB also possesses some
disadvantages: (1) The operation is more complicated and increases the control difficulty.
(2) The utilization rate of the stationary phase is lower. (3) The flow rate ratio (m value) is
influenced by various factors and is not constant during the switching time, which indicates
that the SSMB cannot be directly designed by using the m value.
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4.6. Pseudo-SMB

Pseudo-SMB is a new SMB technology mainly used to separate ternary mixtures. The
process can be seen as a combination of the true moving bed and simulated moving bed.
There are two main steps. The first step is similar to the TMB process, where the ternary
mixture (A, B and C) is injected into the inlet and the desorbent (D1) is also injected, with
the aim of separating component B, which has an intermediate affinity for the desorbent.
The second step is similar to the SMB process, and closes the device with only the desorbent
(D2) injected from the inlet in order to collect the components A and C, respectively. In the
process of separating ternary mixtures, the pseudo-SMB is relatively easy to operate and
has advantages for small-scale ternary separation [26,56,91–93].

4.7. Outlet Swing Stream (OSS) SMB

Gomes et al. [94] proposed an unusual SMB in which the flow rates of zones II and
III were kept constant based on the conventional SMB, and the flow rates of each outlet
(extract, raffinate and desorbent) were artificially manipulated to dynamically adjust the
flow rates of zones I and IV for the separation operation. It can effectively improve the
product purity and reduce the desorbent consumption [26].

4.8. Backfill-SMB (BF-SMB)

To improve the separation and chromatography performance of conventional SMB,
Kim et al. [95] proposed a strategy called backfill-simulated moving bed (BF-SMB). A
part of the product is refilled into the SMB from the feed node or intermediate node as
a feed to simulate a TMB-like effect, enriching the main components near the product
extraction node, thereby improving the separation of the SMB performance. This strategy
can effectively improve product purity without compromising recovery and desorbent
consumption [17,95].

4.9. SMB Cascades

Complex separation tasks such as the separation of ternary or more multiple mixtures
can be handled by properly connecting multiple SMBs working in succession. This process
is called SMB cascades, also known as tandem SMB. It is generally operated using two
(or more) consecutive SMB units. A ternary (or multiple) mixture is fed from the inlet
into the first SMB unit, and after separating a single material the remaining mixture is
introduced into the second SMB unit for further separation. If the initial feed has only
three mixtures, two SMB cascades will separate them all; if there are more than three, a
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third SMB unit will need to be passed through, and so on. Since each unit is independent
of the others, it is possible to set independent parameters without unit interfering. After
the cascade operation, the separation performance is greatly improved compared to the
conventional SMB. However, it is important to note that the more SMBs are cascaded, the
more diluted the sample becomes, and thus the productivity is reduced. Therefore, the
idea of bypass SMB, as mentioned before, can be used for proper priming to ensure sample
purity [26,96,97].

4.10. SimCon

Song et al. [98] proposed a novel SMB strategy called SimCon. Under the constraints
of the maximum allowable pressure or flow rate, the feed flow and product flow are
simultaneously controlled. This operation can make the flow and pressure fluctuations
in the column as small as possible to improve the performance of the SMB. The SimCon
operation consists of three steps. In the first step, when the desorbent is injected, only the
raffinate port is opened. In the second step, all inlet and outlet ports are opened, which is
consistent with the conventional SMB process and is called an intermediate step. In the final
step, only the raffinate port is closed, and the other ports are opened [17]. Experimental data
have confirmed that, compared with conventional SMB, SimCon operation can increase the
product purity by 3.2%, the recovery rate by 3.1%, the productivity by 0.9 g/L/h, and the
desorbent consumption by 0.04 L/g [98]. The separation performance and process cost can
be effectively optimized by the SimCon strategy.

In conclusion, changing the different feeding or operating modes can effectively
improve the separation efficiency, reduce the solvent consumption, or increase the product
purity; a brief description of three main variants is listed in Table 1. Through these changes,
while improving the performance of the equipment, SMB can also handle more challenging
separation tasks, improve flexibility, or make the operation simple.

Table 1. A summary and comparison of three SMB variants.

Modification
Mechanism Switching Mode Advantage Disadvantage Classification

Zone variant

Non-essential
functional zones
are reduced by

combing or
deleting one or

several columns.

Three-zone SMB
possesses a unique

three-step switching
mode; the others’ is

similar to the
conventional SMB.

The economical
efficiency is

improved due to
the simplified
device and the

better separation
performance.

The solid and
liquid phases

cannot be
adequately
regenerated

and recycled.

One-column SMB,
two-zone SMB,

three-zone SMB,
bypass SMB, and
SMBs with more
than four zones.

Gradient variant

The adsorption
behavior of each

zone is adjusted by
introducing a

gradient
parameter.

Similar to
conventional SMB
switching mode,

basically.

Higher
productivity,

purity, and lower
desorbent

consumption can
be achieved.

Poor stability, high
design difficulty,

may only be used
under limited

conditions.

Concentration
gradient,

temperature
gradient and

pressure gradient.

Feed or
operation variant

The feed or
operation mode is
changed without
altering the SMB

configuration.

For VariCol mode,
only one inlet or

outlet is switched
within each

switching time, and
each port is switched

independently.
SSMB has unique

three step switching
mode. Others’ are
similar to that of

conventional SMB.

High utilization of
mobile phase and

low water
consumption.

Complicated and
multiple systems
can by separated
by this variant.

The operation and
optimization

works become
more complex due

to the internal
instability.

ModiCon, VariCol,
PowerFeed, ISMB,

SSMB,
Pseudo-SMB, OSS,

BF-SMB, SMB
cascades, SimCon.
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5. Conclusions

In this paper, three significant types of SMB variants were introduced and analyzed.
First, modifications of the conventional SMB process based on zone structure changes were
reviewed. In most zone variants, the separation performance and process economy could be
improved by simplifying the operating zone construction. Secondly, gradient variants of the
SMB process were investigated, in which SMB’s performance was effectively enhanced by
introducing concentration, temperature, or pressure gradients with a result of altering the
adsorption behavior of each zone. Finally, the SMB variants with different feed or operation
modes were researched. This revealed that the separation performance could be adjusted
by using ModiCon, VariCol and PowerFeed modes, alone or in combination, or choosing
new SMB technologies such as ISMB, SSMB, Pseudo-SMB, OSS, BF-SMB, SMB cascades,
and SimCon. According to the literature review and analysis results, it can be concluded
that: (1) The use of new SMB technology or the combination of ModiCon, VariCol, and Pow-
erFeed modes have a promising application in the future. (2) Multi-component separation
by using new SMB technology will also be an important and challenging research direction.
(3) The combination of the new SMB methods and multi-objective optimization (MOO)
strategy can effectively improve the separation performance of SMB, which will simplify
the process design and provide valuable guidance for practical industrial applications.
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