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Supercritical carbon dioxide systems for sustainable and efficient

dissolution of solutes: a review

Xing Kang' - Liuhao Mao' - Jinwen Shi’
Hui Jin' . Liejin Guo'

Abstract

-Yanbing Liu" - Binjiang Zhai' - Jun Xu? - Yuzhou Jiang'3 - Eric Lichtfouse' -

Green chemistry aims at replacing toxic solvents by safer solvents such as supercritical carbon dioxide (scCO,),
which displays zero surface tension, outstanding transport properties, high diffusivity, and tuned solubilization by
changing the pressure and temperature, or adding cosolvents. Nonetheless, the practical application of scCO,-based
technologies under supercritical conditions requires sophisticated systems for optimal operation. Here, we review
scCO,-based systems with focus on dyeing, extraction, chromatographic, and cleaning systems. All scCO,-based systems
consist of a CO, supply and pump part, a cosolvent providing part, and a parameters controlling part, yet there are
different reaction vessels depending on solute types and practical functions. Developing more normalized,
intelligentized, and durable scCO,-based systems should render the scCO,-based technologies be more economic,

controllable, flexible, and suitable for wider applications.

Keywords Apparatus - CO, - Equipment - Green solvent - Reactor - Supercritical fluid

Introduction

Since the chemist Anastas (1999) introduced the concept
of “green chemistry” in 1990s, avoiding the utilization of
toxic reagents and solvents has become the tendency in the
manufacture and chemical industries (Cao and Su 2021).
Toxic solvents have been widely used in industrial processes
despite the high risk of contaminating the environment
(Anastas and Eghbali 2010; Aravindhan et al. 2017). How-
ever, the solvents cannot be absolutely avoided due to their
vital role for dissolving components, promoting mass and
heat transfer, and accelerating the reaction process (Moham-
mad and Inamuddin 2012; Cheng et al. 2023). Accordingly,
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there is an urgent need for more environmentally friendly
and efficient solvents (Pacheco-Fernandez and Pino 2019).
Supercritical carbon dioxide (scCO,) as a sustainable and
efficient solvent with mild critical temperature of 304.1 K
and critical pressure of 7.4 MPa has attracted increasing
attention in recent years (Liu et al. 2006; Qi et al. 2018;
Ramsey et al. 2009). ScCO, with low viscosity, zero surface
tension, high gas-like diffusivity, and high liquid-like density
has becoming an attractive solvent that can be widely used in
various fields (Bai et al. 2019; Lebedev et al. 2015). Moreo-
ver, scCO, can be completely miscible with the gas solutes,
while the solubility of the liquid and solid solutes in scCO,
can be adjusted by flexibly varying the temperature and pres-
sure as well as adding cosolvents during the scCO,-assisted
reaction process (Chauvet et al. 2017; Kang et al. 2020).
The use of scCO, as the solvent also has the advantages of
easy recompression, complete separation with the solutes
by simply depressurization, and recycled utilization of CO,
(Machado et al. 2013; Sihvonen et al. 1999). ScCO, has been
widely applied for dissolving various types of solutes, such
as dyes, target solutes in other solvents, component solutes
to be separated or purified, and contaminants to be removed,
among which especially for non-polar solutes, based on dif-
ferent scCO,-based technologies, i.e., dyeing technology,
extraction technology, chromatography technology, and
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cleaning technology, respectively (Aslanidou et al. 2013;
Friedrich and Pryde 1984; Rezaei and Temelli 2000). It is
also worth noting that scCO,-based technologies are lim-
ited since scCO, lacks polarity and capacity to form specific
solvent—solute interaction, and several studies have found
that the addition of a small amount of proper cosolvent can
effectively improve its solvent power for part of non-polar
solutes (Li et al. 2003; Ting et al. 1993; Gﬁglij—Ustiindag
et al. 2005; Zulkafli et al. 2014; Patil et al. 2018).

Recent reviews on scCO,-based technologies mainly
focus on the reactions that performed assisted by scCO, as
the solvent. Gonzalez et al. (2014) comprehensively pre-
sented the perspectives of scCO,/green solvent biphasic
systems to offer a good insight into the practical usages and
potential applications of the scCO,/green solvent biphasic
systems. Abou et al. (2018) highlighted the great role of
scCO,-based technology in textile dyeing processes, which
shows a detailed introduction about scCO,-assisted dyeing
applications. Moreover, Sharif et al. (2014) introduced the
common experimental designs using in the supercritical
fluid extraction process and further analyzed the influential
factors. Speybrouck et al. (2016) systematically summarized
the advantages of using scCO, as the mobile phase, such as
short equilibration time, high flow rate, and very low solvent
consumption, for analytical and preparative chiral super-
critical fluid chromatography. Additionally, Meziani et al.
(2017) comprehensively elaborated novel scCO,-assisted
cleaning applications in the semiconductor cleaning process
and introduced the recent advances of the scCO,-assisted
cleaning applications in the emerging technologies. All of
these offer a valuable view in the aspects of scCO, as a
green solvent for flexible and efficient dissolution of vari-
ous types of solutes. However, it is worth noting that the
practical application of scCO,-based technologies under
supercritical reaction conditions requires sophisticated sys-
tems for optimal operation. Although many different types
of scCO,-based systems have been built, there is actually no
reported review detailing various scCO,-based systems used
for different sccCO,-based applications.

Herein, compared to most reviews that focused on the
reactions that performed assisted by scCO, as the solvent,
this review summarizes the current research status of the
scCO,-based systems for flexible and efficient dissolution of
different types of solutes, such as dyes, target solutes in other
solvents, component solutes to be separated or purified, and
contaminants to be removed, based on different scCO,-based
technologies and related systems, i.e., dyeing system, extrac-
tion system, chromatograph system, and cleaning system.
Additionally, this review also introduces the similarity and
difference among the systems which matched with different
practical production requirements in each application, and
further successively points out the perspectives and valu-
able directions for future development in both fundamental

research and commercial applications of the scCO,-based
systems. The outline of this review is shown in Fig. 1.

Dyeing systems

The traditional printing and dyeing technology are mainly
based on water as the solvent, which has the disadvantages
of water consumption, energy consumption, and environ-
mental pollution (Banchero 2013). As a consequence, Saus
et al. (1993) invented the supercritical fluid dyeing technol-
ogy. The supercritical fluid dyeing technology has shown
excellent characteristics in overcoming the waste of water
resources and serious waste pollution, and the most promi-
nent supercritical fluid used for supercritical fluid dyeing is
scCO, (Abou et al. 2015; Banchero 2013; Jaxel et al. 2020;
Kazarian et al. 1997). ScCO, shows extremely high solu-
bility and affinity of dyes; as a result, it could be used as
medium to carry dyes to dye the fabrics. After dyeing, CO,
and the unused dyes will be separated and recycled, which
avoided the pollution at the source (Abou et al. 2018a, 2020;
Banchero 2020).

Moreover, the scCO, dyeing technology does not have
the washing and drying process that existed in the traditional
dyeing technology, and not need to add dispersant, leveling
agent, retarder, and other auxiliary agents during the dyeing
process, which not only improves the production efficiency,
but also reduces energy consumption, thus improving the
economic efficiency (Abou et al. 2021; Agrawal 2015; Goiii
et al. 2021). Therefore, developing the application and cor-
responding systems of scCO, dyeing technology will inject
vitality into the printing and dyeing industry. The critical
factors of scCO, dyeing systems are reasonable design of
the high-pressure dyeing vessel that can satisfy the dye
homogenously dispersed and dissolved in scCO,, and then
uniformly absorbed and diffused onto the fabric to realize
the dyeing requirements. Meanwhile, separators should be
designed for removing excess dye and residue. Actually,
there are two types of scCO, dyeing methods, namely static
dyeing and dynamic dyeing. The systems used in the above
two scCO, dyeing methods are generally divided into static
dyeing system, dynamic beam dyeing system, and dynamic
jig dyeing system, respectively, which will be summarized
and reviewed separately in the following.

Static dyeing system

Static scCO, dyeing systems are typically applied in labora-
tory-scale scCO, dyeing process. Static scCO, dyeing sys-
tems are simply composed of CO, supply part, pressure- and
temperature-controlling part, high-pressure dyeing vessel,
and separator. In the traditional static scCO, dyeing system,
the fabric, dye, and cosolvent are usually placed together



Dyeing system

/1 Supercritical
‘1]l / dyeing process

Solute: Dyes

Chromatograph

Modifiers Control & data acquisition

Autosampler

BPR

Column oven

CO, Binary

pump

Waste

Solute: Component solutes to be separated or purified

Fig. 1 Sustainable-solvent-supercritical carbon dioxide (scCO,)-based
systems for flexible and efficient dissolution of solutes. This report
reviews scCO,-based systems for sustainable and efficient dissolution

into the dyeing vessel, and then, CO, will be injected by
the high-pressure pump. By adjusting the temperature and
pressure to achieve the scCO, dyeing conditions, the dye
will be continuously dissolved and diffused onto the fabric
to complete the dyeing process. The core of the traditional
scCO, dyeing system is the agitation device for promoting
the movement of the dyeing solution in order to enhance the
dyeing uniformity.

The typical static scCO, dyeing system is shown in Fig. 2
(Penthala et al. 2019). Here, the fabric, dye, and cosolvent
are usually placed together into the dyeing vessel, and then,
CO, will be injected by the high-pressure pump. By adjust-
ing the temperature and pressure to achieve the scCO, dye-
ing conditions, the dye will be continuously dissolved and
diffused onto the fabric to complete the dyeing process.
The dyeing vessel usually equips with an agitation device
to promote the movement of the dyeing solution in order to
enhance the uniformity. After the reaction, the excess dye
will be collected into the residual dye trap and CO, will also
be recycled. Moreover, horizontal stirring of the fabric can
overcome the influence of gravity during the dyeing process
than the vertical stirring and thus further improve the color
presentation uniformity; also, the small volume and easy
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of different types of solutes, based on different scCO,-based technol-
ogies and associated systems, i.e., dyeing system, extraction system,
chromatograph, and cleaning system. BPR: backpressure regulator

operation of the systems are also important factors for the
practical applications of the scCO, dyeing systems. Aiming
at the issue, Mo et al. (2020) designed an integrated static
scCO, desizing system (Fig. S1), where the high-pressure
autoclave is firstly pre-cooled down and then the fabric
will be put in the autoclave. Subsequently, the autoclave is
heated by the oil bath until it reached the target temperature
and stirred continuously until realizing the dyeing process.
Finally, the cooling water circulation will be turned on until
the pressure of the autoclave decreases to the atmosphere
pressure. Compared with the traditional static scCO, dyeing
system, this system is equipped with an integrated heating
and cooling tube, which can control the temperature and
pressure more accurately. There are also two Z-shaped stir-
ring shafts at both ends of the autoclave, and therefore, it is
more conducive to promote the movement of dyeing solution
than the vertical stirring and thus to make the dyeing process
more homogeneous and efficiency.

The static scCO, dyeing system has been widely used in
laboratory-scale dyeing experiments to study the effect of
parameters, such as temperature, pressure, and time, on the
dyeing of different fabrics during the scCO, dyeing process.
However, due to the absence of fluid circulation during the



Fig.2 Typical static supercritical carbon dioxide (scCO,) dyeing
system: 1. CO, cylinder, 2. circulated cooling bath, 3. high-pressure
pump, 4. heating bath, 5. temperature controller, 6. dyeing vessel, 7.
stirrer, 8. pressure regulator, and 9. separator. The fabric, dye, and
cosolvent are usually placed together into the dyeing vessel, and then,

static scCO, dyeing process, the diffusion rate of dyeing
solution and the dyeing efficiency is poor, even if the stir-
ring device is used. Therefore, scientists have developed
the dynamic scCO, dyeing technology, detailed in the next
section.

Dynamic dyeing system

Static scCO, dyeing system is lack of dyeing fluid circula-
tion resulting in limited diffusion rate of dyeing solution and
poor dyeing efficiency, even if the stirring device is used.
Aiming at the issue, dyeing solution circulation device is
designed in dynamic scCO, dyeing system for continuously
circulating the dye between the dyeing vessel and the dye-
stuff vessel, ensuring that the dye enters the high-pressure

Fig. 3 Dynamic supercritical

carbon dioxide (scCO,) dyeing

system. During the dynamic

scCO, dyeing process, the dis- . 3

CO, will be injected by the high-pressure pump. The dye will be con-
tinuously dissolved and diffused onto the fabric to complete the dye-
ing process. Reproduced with permission of Elsevier from Penthala
et al. (2019)

dyeing vessel with a saturated state. The continuous circula-
tion of dyeing solution can strengthen the mass transfer pro-
cess, thus improving the dyeing efficiency. Compared with
the static scCO, dyeing system, the dynamic scCO, dye-
ing system equips with a dyeing solution circulation device
(Fig. 3) (Penthala et al. 2020). During the dynamic scCO,
dyeing process, the dispersed solid dye is packed into the
dyestuff vessel and dissolved by scCO, and then circulated
by the syringe pump passing through the filter into the dye-
ing vessel. The dyeing solution circulation can continuously
circulate the dye between the dyeing vessel and the dyestuff
vessel, ensuring that the dye enters the high-pressure dyeing
vessel with a saturated state. The continuous circulation of
dyeing solution strengthens the mass transfer process, thus
improving the dyeing efficiency.
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According to whether the fabric has reciprocating motion
in the dyeing vessel, dynamic scCO, dyeing systems can be
divided into two types, i.e., scCO, beam dyeing system and
scCO, jig dyeing system, which will be introduced sepa-
rately in the following.

Dynamic beam dyeing system

The dynamic scCO, beam dyeing system is one of the most
widely used dynamic scCO, dyeing systems. The critical
factors of dynamic scCO, beam dyeing systems are porous
beam and associated pipe connections in the high-pressure
dyeing vessel. Porous beam is designed with a barrel with
evenly distributed holes for uniformly forcing the dyeing
fluid into the fabric under supercritical conditions. Mean-
while, the associated pipe connections can ensure the con-
tinuous circulation of the dyeing fluid during the scCO,
dyeing process.

The basic structure and dyeing process is shown in Fig. 4
(Kim et al. 2018; Reji et al. 2019). Before dyeing, the fabric
will be wrapped around the dye beam and then placed in the
center of the dye vessel, which is connected with the inlet of
the dyeing solution. The dyeing solution flows through the
fabric by the holes on both sides of the dye beam and circu-
lates by virtue of the circulating pump. Moreover, the flow-
ing direction of the dyeing solution can be changed by the
reversing device to ensure the dyeing uniformity of the inner
and outer layers of the fabric. The dynamic scCO, beam
dyeing system has the characteristics of small dyeing vessel,
simple structure, and convenient loading, which is beneficial
for dyeing cloth and yarn. However, it also has certain limi-
tations. With the increased amount of dyed fabric, the radius

Fig.4 Structure and working
process of dyeing vessel in the
dynamic supercritical carbon
dioxide beam dyeing system
(Kim et al. 2018). Before dye-
ing, the fabric will be wrapped
around the dye beam and then
placed in the center of the dye
vessel, which is connected with
the inlet of the dyeing solu-
tion. The dyeing solution flows
through the fabric by the holes
on both sides of the dye beam
and circulates by virtue of the
circulating pump

Clean fabric is rolled onto
a perforated dye beam and
loaded into the dye vessel

Liquid CO, is released into
the dye vessel.

Heat and pressure change
the liquid CO, to supercritical
CO,.

Supercritical CO, and | |Fresh CO, is pumped
dye are forced through | |through the machine
the fabric via a | [sending used CO, to the

perforated beam.

of the dyed fabric wound on the dye beam will also increase,
thus enhancing the resistance of the dyeing solution passing
through the fabric. As a result, the dyeing speed will slow
down and the uniformity will be influenced.

The dyeing efficiency of the traditional dynamic scCO,
beam dyeing systems is restricted by the gravity and the
limited volume of the dyeing vessel. Designing horizontal
beam dyeing vessel by employing the rotational drive shaft
can efficiently avoid the gravity influence, and increasing
the dyeing vessels to realize simultaneous multiple dyeing
process leads to improved dyeing efficiency. Aiming at the
issue, Gao et al. (2015) designed a high-efficiency scCO,
beam dyeing system with two beam dyeing vessels, which
can dye two batches of fabrics independently and simulta-
neously. The horizontal beam dyeing vessel equips with the
rotational drive shaft to ensure the continuous rotation of the
wrap beam (Fig. S2a and b). This system can overcome the
gravity influence during the dyeing process, thus achieving
the high uniformity and production efficiency. The mobile
driver section outside the vessel can actuate the movement
of the cover, and the hydraulic lock device can fast lock the
dyeing vessel cover to keep the air tightness of the whole
dyeing process. Moreover, the double dyeing vessel system
can overcome the defects that single-vessel system needs
repetitive heating and gas venting to anew loading fabrics; as
aresult, the cost and CO, gas consumption can be decreased.

It is worth noting that there are various types of textiles
in the practical dyeing production, such as fabrics, skeins,
garments, and balls. In the above systems, the fabrics are
wrapped around the beam to achieve the dyeing process.
However, the traditional beam cannot accommodate the
loading need of skeins, garments, and balls; for that, they
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cannot be effectively wrapped around the beam. Consider-
ing the issue, the frame of the traditional beam dyeing vessel
should be improved and specially designed for realizing dif-
ferent dyeing requirements. Zheng et al. (2015a) designed a
special beam dyeing system to accomplish the uniform dye-
ing of loose fibers (Fig. S2c and d). The frame was designed
as a tubular structure with inner porous cylinder, distributing
porous tube and media channel to meet the need of the liquid
flow, which made the best use of space in the dyeing vessel.
It is worth noting that the system works with two dyeing
modes. One is “inner dyeing/outer dyeing” mode that the
fluid flows from the top of the dyeing vessel to penetrate
fibers inside and then flows out at the bottom of the dyeing
vessel, and another is “outer dyeing/ inner dyeing” mode
that the dyeing solution enters from the bottom, adsorbed
and dyed fibers from the outside of the dyeing frame. The
alternant working modes can not only decrease the eddy of
the dyeing solution but also increase the surface contact area
of the dyeing solution and fibers, thus enhancing the dyeing
rate and levelness.

Moreover, in the traditional skein dyeing system, it is
easy to produce friction between the yarns due to the lack
of pores, thus influencing the dyeing uniformity. For this
reason, Zheng et al. (2016) designed a scCO, skein dye-
ing system with double-ply parallel skein frame (Fig. S3a).
During the process of scCO, skein dyeing, one part of the
dyeing fluid flows through the beam to the skein frame and
penetrates the skein from the middle to both sides, while
another part enters the skein frame from the CO, overflow
port, and then penetrates the skein from the bottom to top,
thereby effectively improving the leveling performance of
the skein. Besides, the dyeing demand of wool ball is large in
the industrial dyeing systems but cannot be wrapped around
the beam as ordinary fabrics, and the gravity factor has a
great influence on the uniformity of wool ball dyeing. In
order to change the gravity distribution and improve the dye-
ing uniformity of wool ball, a dynamic scCO, wool ball dye-
ing system was constructed (Fig. S3b) (Zheng et al. 2017a).
There are four limit covers in the vessel, among which the
first limit cover is used to control the amount of total wool
balls and the other three limit covers are used to stratify the
whole wool balls. The limit covers can be layered inside the
dyeing vessel as needed in practical production. In addition,
there are many micropores distributed on the limit cover,
which can not only load the wool balls, but also ensure the
circulation of dyeing liquid. The different dyeing vessel can
be chosen according to actual dyeing needs of the fabric for
efficient dyeing.

In the scCO, beam dyeing system, the dyeing uniformity
of the fabric can be improved by reversing the flow direction
of the dyeing liquid. However, reversing the flow direction
of the dyeing liquid required the dyeing system having the
reversing pipeline of high-pressure fluid, which increases

the risk of the dyeing process. As a result, scientists have
developed the dynamic scCO, jig dyeing system, detailed
in the next section.

Dynamic jig dyeing system

In the scCO, beam dyeing system, the dyeing uniformity of
the fabric can be improved by reversing the flow direction
of the dyeing liquid. However, reversing the flow direction
of the dyeing liquid required the dyeing system having the
reversing pipeline of high-pressure fluid, which increases the
risk of the dyeing process. Meanwhile, forcing the fabric to
have reciprocating motion in the high-pressure dyeing ves-
sel can effectively improve the dyeing uniformity and effi-
ciency. Dynamic scCO, jig dyeing system was improved on
the basis of the beam dyeing system, which added the fabric
roller, guide roller, and the driver device in the dyeing ves-
sel to realize the reciprocating motion of the fabric (Fig. 5).
The fabric is wound around multiple guide rollers from one
fabric roller and then connects to another fabric roller. While
the supercritical fluid is dynamically circulated in the dyeing
system, the fabric wound around the roller is also recipro-
cated in the dyeing vessel. After the dye dissolves in the
supercritical fluid, the dyeing liquid will pass through and
penetrate the fabric, which truly realizes the dynamic dyeing
between the fabric and the dyeing solution. Generally speak-
ing, the structure of the dynamic scCO, jig dyeing system
is compact and reasonable, and the dynamic scCO, jig dye-
ing process combines the properties of supercritical fluid
dyeing process and the characteristics of traditional water
dyeing process, thus greatly improving the dyeing quality
and efficiency. Nevertheless, the dynamic scCO, jig dyeing
system has the disadvantages that the process of fabric wrap-
ping and unloading is inconvenient and therefore needs to

be further improved.
Fabric
Roller

Dye Cell

Dyed
Fabric

Fig.5 Dynamic supercritical carbon dioxide (scCO,) jig dyeing sys-
tem. The fabric is wound around multiple guide rollers from one fab-
ric roller and then connect to another fabric roller. While the super-
critical fluid is dynamically circulated in the dyeing system, the fabric
wound around the roller is also reciprocated in the dyeing vessel



Zhang et al. (2020) designed a horizontal scCO, jig dye-
ing system as shown in Fig. S4. This system equips with a
supercritical fluid distributor between the guide rollers, from
which the fabric can be penetrated evenly when it passes
by. There are also two motors to drive the fabric rollers to
unwind and rewind, respectively, as a constant speed during
the dyeing process. After dyeing, the shell of the dyeing
valve will slide along the guide rails, so that the fabric can
be unloaded easily. Gao et al. (2022) further improved the
system as shown in Fig. S5. The position of the guide rollers
was changed and the dyeing liquid distributor was designed
as the shape of conveyor belt, which make this system can be
used in both ordinary jig dyeing and scCO, jig dyeing. For
the ordinary dyeing, the fabric in the closed valve will not be
polluted by the external debris, thus creating a cleaner dye-
ing environment. Furthermore, in the scCO, dyeing system,
the unique valve space distribution and compact wrapping
structure make the contact between the fabric and the dye-
ing liquid more sufficient, so that the dyeing uniformity and
efficiency are improved.

For better contact between supercritical fluid and the
fabric, Wang et al. (2014) improved the traditional scCO,
jig dyeing system with spray nozzle in the dyeing vessel
(Fig. S6). During the dyeing process, while the fabric is
moving on the guide roller, scCO, dissolved with the dye
will be sprayed out by the nozzle. After the rapid decompres-
sion and expansion, the dyeing liquid will pass through the
fabric to accomplish the dyeing process, and then, scCO,
with the remaining dyes will enter the recovery device and
can be reused after the separation. Compared with the sys-
tem where the dyeing liquid is controlled by the distributor,
the spray nozzle can dye the fabric more precisely and in
detail. Moreover, according to the specific dyeing require-
ments, the positions of the spray nozzle and the recycler
can be adjusted, so as to realize single-side or double-side
dyeing of the fabric. The scCO, spray dyeing system has the
characteristics with simple structures, safe and convenient
to operate, good dyeing levelness and continuity, and so on.
However, the scCO, spray dyeing system generally relies on
the high-pressure dyeing nozzle, so when scCO, is directly
sprayed on the fabric without any protection measures, the
fabric will be easily damaged by the high-pressure fluid jet.
In order to overcome the disadvantages, Wang et al. (2012)
designed a new type of scCO, spray dyeing system (Fig. S7).
The system consists of squirrel-cage dyeing vessel and roll-
ing dyeing rollers, which can realize dynamic contact dyeing
between scCO, and the fabric. Moreover, the dyeing fabric
is supported by the rolling dyeing rollers, which effectively
eliminates the deformation and tension damage caused by
the high-pressure fluid jet and traction force. Furthermore,
for the light and deformable fabric dyeing, Yang et al. (2014)
improved the scCO, spray dyeing system by combining the
advantages of jig dyeing system and spray dyeing system

(Fig. S8). This scCO, spray dyeing system drives and circu-
lates the fabric by the guide cable and eliminates the com-
plex nozzle systems that avoids damage of the light fabrics.
This scCO, spray dyeing system not only increases the con-
tact area between the dyeing solution and the fabric, but also
reduces the energy consumption of the circulation pump,
especially suitable for high-volume dyeing production of
deformable fabrics.

In a summary, the scCO, dyeing systems are generally
divided into static dyeing system, dynamic beam dyeing sys-
tem, and dynamic jig dyeing system, according to whether
the dyeing liquid and the fabric are dynamically circulated
during the dyeing process. Static dyeing system is mainly
consisted of CO, cylinder and pump, temperature and pres-
sure controller, and the dyeing vessel. Static dyeing system
is easy to operate and suitable for using in the laboratory-
scale dyeing experiments to study the effect of parameters
on the dyeing of different fabrics during the scCO, dyeing
process. Dynamic dyeing system additionally adds a cir-
culation system and a recycling device on the basis of the
static dyeing system. Moreover, the dynamic beam dyeing
system and the dynamic jig dyeing system show difference
on the dyeing vessel, which matched with the specific dye-
ing requirements. Dynamic dyeing system has higher dye-
ing efficiency and is more suitable for large-scale practical
industrial production. Different types of fabric dyed in dif-
ferent scCO, dyeing systems and the corresponding dyeing
conditions are summarized in Table 1.

Moreover, it is worth noting that scCO, dyeing process
may affect the properties of the dyeing fabric, which gener-
ates the resulting need for the design and operation of the
scCO, dyeing system. The scCO, dyeing process contains
the rapid pressurization and depressurization step, and the
depressurization rate turns into an important factor affect-
ing the properties of the dyeing fabric. Zheng et al. (2017b)
investigated the influence of the depressurization rate on the
properties of yak hairs and found that the breaking strength
and the elongation at break of the yak hairs both increased
with the increasing depressurization rate. The result may
attribute to the rapid air flow during the pressurization step
and depressurization step during the scCO, dyeing process.
The pressurization process is realized by operating the fixed-
frequency high-pressure pump, while the depressurization
process is achieved by the valve control leading to relatively
irregular pressure decreasing rate. Consequently, the torsion,
bending, and shearing action for the yak hair strengthens
when the depressurization rate increases, especially in the
depressurization step during the scCO, dyeing process.

Meanwhile, the surface fiber morphology may also be
affected during the high-pressure process, of which the sur-
face of the dyeing fabric may be altered to be rougher with
the appearance of stripes and wrinkles. Zheng et al. (2015b)
observed the same conclusion when studying the influence



Table 1 Fabric dyed in different scCO, dyeing systems and the associated dyeing conditions

Fabric Type of dyeing system Temperature (°C) Pressure (Mpa) Time (min) References
Cotton Static 30-120 12-30 30-120 Zhang et al. (2017)
Cotton Dynamic 60-120 20 60-180 Yang et al. (2017)
Cotton, wool, silk Static 110 26 Not reported Liu et al. (2018)
Cotton, wool, silk Dynamic 130 20 Not reported Yan et al. (2020)
Wool Static 120 20 90 Zhang et al. (2016)
Wool Dynamic 70-120 15-35 30-180 Zheng et al. (2017a)
Yak hair Dynamic 80-120 21-25 40-80 Zheng et al. (2017b)
Polyester, cotton Dynamic 80 18 60 Gao et al. (2015)
Polyester Dynamic 60-140 15-35 20-100 Xiong et al. (2017)
Polyester Static 120 25 60 Abate et al. (2020)
Polyester Static/Dynamic 100-120 24 60 Zheng et al. (2016)
Nylon 6, Polyester Dynamic 100-130 15-25 60-120 Abou et al. (2018b)
Nylon 6, Polyester Static 100-130 15-25 60-180 Abou et al. (2019a)
Nylon 6 Dynamic 80-120 5-15 60-180 Abou et al. (2015)
Polypropylene Dynamic 100-130 15-25 60-180 Abou et al. (2018c)
Polypropylene Static 110-130 15-25 60-120 Abou et al. (2019b)
Zipper tape Dynamic 90 23 60 Huang et al. (2017)
Zipper tape Dynamic 70-110 14-25 20-65 Huang et al. (2019)
Ultra-high-molecular- Static 120 28.85 60 Zhou et al. (2023)
weight polyethylene fiber
Wood Static 45-100 10-30 900 Jaxel et al. (2020)
Ramie fiber Static 70-130 12-20 90 Liu et al. (2006)

of depressurization rate on the morphology of the wool fiber,
and the results investigated that the fiber damage and bright-
ness variation would be higher with the increased depressur-
ization rate. The phenomenon can be attributed to the burst
of water droplets by the fast pressure release, which can be
effectively overcome by precisely controlling and slowing
down the depressurization rate. As a consequent, for avoid-
ing the deterioration of mechanical and physical properties
of the dyeing fabric, the scCO, dyeing system should be
equipped with depressurization rate controlling device to
precisely release the pressure with a fixed frequency in con-
trol. Moreover, the depressurization rate should be set at
different values when dyeing different fabrics for obtaining
optimized properties.

In addition, particles formation on the dyeing fabric dur-
ing the scCO, dyeing process has also been observed in sev-
eral research. Gao et al. (2015) found the particles presented
on the surface of the dyeing fabric after the scCO, dyeing
process attributed to the deposition of active compounds in
the dye solution. Abate et al. (2019) reported the particles
formed on dyeing fibers due to the oligomer crystals pro-
duced by the migration of these molecules to the surface,
which was caused by CO, penetration and high-temperature
process. The same phenomenon was also observed in nico-
tinamide dyeing for viscose fabric and azo-based dispersed
dyes for dyeing wool and cotton fabrics. However, it is worth

noting that no obvious presence of the formed particles was
detected when using the gallic acid with higher diffusion
rate due to its smaller size than other dyes in the same con-
ditions. Enhancing the fiber swelling by suitable operation
of the scCO, dyeing system can lead to a better penetration
of the dye into fabric instead of deposition at the surface of
the fabric. Consequently, for avoiding the particle deposi-
tion of the high molecular weight compounds on the dyeing
fabric during the scCO, dyeing process, the scCO, dyeing
system should be designed with depressurization controlling
device to precisely release the pressure in the dyeing vessel
for avoiding the nucleation, or operating suitable supercriti-
cal fluid flow patterns in the dyeing vessel to enhance the
diffusion rate of the dyes into the fabric. Moreover, it is also
important to design the scCO, dyeing system with recircula-
tion filter for filtration of the recirculation current to effec-
tively eliminate the suspended particles, as well as improve
the CO,/dye separators for better separation efficiency of
CO, and the dye.

Overall, scCO, dyeing technology has been identified
as an attractive alternative to water-based dyeing. The low
mass transfer resistance and high diffusion rates observed in
scCO, assist dye penetration into the fibers causing a reduc-
tion on dyeing times. Besides, CO, completely vaporizes
by depressurization, and therefore, no subsequent drying or
solvent removal operations are required. The rational design



of scCO, dyeing system is the key of scCO, dyeing technol-
ogy applied in practical production. However, current scCO,
dyeing systems have the problems that different types of
fabric and dyes, the geometric design of the dyeing vessel,
and the flow conditions of scCO, will all influence the dye-
ing uniformity during the scCO, dyeing process. Therefore,
carrying out the computational simulation of fluid dynamics
of scCO, flow in different types of scCO, dyeing systems
is necessary for analyzing the effect of operation conditions
on the dyeing uniformity during the scCO, dyeing process,
as well as for contrapuntally designing the dyeing condi-
tions of different types of fabrics. Moreover, the residual dye
particles in the pipelines of the systems during the scCO,
dyeing process will pollute the fabric after the dye changes
in the subsequent dyeing process. Designing novel separa-
tor that can provide lower pressure drop corresponding to
higher separation efficiency is crucial for solving the CO,
recontamination and color reproducibility problems. In addi-
tion, visualization of the scCO, dyeing process is crucial for
judging the color presentation degree and dyeing quality,
which requires visual scCO, dyeing systems should be more
focused and developed for the future improvement of the
scCO, dyeing systems.

Extraction systems

With the increasing demand of natural products, more selec-
tive and effective extraction technology is required to extract
the ingredients from raw materials (Reverchon and Senatore
1992). The supercritical fluid extraction (SFE) technology
has been developed as a substitute for traditional solvent-
based techniques (Sahena et al. 2009). SFE is referred to
a process in which the extracted component is separated
or dissolved from the raw materials by the supercritical
fluid according to their dissolution properties (Spanos et al.
1993). The solubility of the extracted components can be
maintained by varying the temperature and pressure above
the critical point (Zougagh et al. 2004). The SFE technology
has the advantages of selective extraction, high extraction
efficiencies, easy separation, short processing time, and low
impact on the environment, which paves the way to selec-
tively and mildly extract the ingredients from the natural
materials (Attard et al. 2016). When scCO, is used, many
components can be extracted in a short time, and there is no
residual solvent after the extraction process (Herrero et al.
2010). During the scCO, extraction process, the liquid-like
density provides a good solvating power, while the gas-like
high diffusivity and low viscosity lead to the deep penetra-
tion into the matrix. As a result, the rate of mass transfer
into scCO, is higher than that into the liquid (Chassagnez-
Mendez et al. 2000; Silva et al. 2017; Vladic¢ et al. 2021).
In addition, scCO, can be applied in the extraction of both

polar compounds and non-polar compounds. ScCO, as non-
polar compound is a good solvent for non-polar compounds
extraction, such as essential oils, hydrocarbons, and organic
pesticides (Chassagnez-Mendez et al. 2000; Fornari et al.
2012; Mouahid et al. 2013; Tyskiewicz et al. 2018). Moreo-
ver, the addition of polar cosolvents, such as ethanol and
methanol, can effectively increase the solubility of polar
compounds in scCO,, thus overcoming the disadvantages
of low affinity with polar compounds (Devi and Khanam
2019; Fujii et al. 2018; Soh et al. 2019). With more and more
extensive application of scCO, extraction, the corresponding
systems are also improved continuously.

ScCO, extraction process typically requires continuous
production proceeded under high-pressure conditions, and
therefore, the rational design of scCO, extraction system has
become the research focus in recent years. ScCO, dyeing
systems should satisfy the requirements that the components
to be extracted can be effectively dissolved into scCO, under
desired constant temperature and pressure conditions, and
scCO, should be evenly distributed and fully contacted with
the extract at any cross section of the extraction vessel to
ensure the extract purity, which can be realized by equip-
ping backpressure regulator (BPR) and high-pressure sealed
screw feed device, respectively. ScCO, dyeing systems can
be divided into batch extraction system and semicontinuous
extraction system. Moreover, multiple-separator extraction
systems were designed to realize multiple extraction of the
same or different components for obtaining improved extrac-
tion efficiency. Different types of scCO, dyeing systems will
be introduced separately in the following.

Batch extraction system

ScCO, batch extraction systems are the traditional extraction
systems that most widely used in laboratory-scale extrac-
tion of various types of components. ScCO, batch extraction
systems should be designed with high-pressure vessel, tem-
perature- and pressure-controlling device, and the separator
to collect the extracted components. Moreover, when adding
the raw materials into the extraction vessel and taking out
of the extracted components from the extraction vessel, the
extraction vessel needs to be opened and closed frequently.
In order to realize facilitate operation and shorten operation
time, the extraction vessel should equip with quick-open-
ing device. ScCO, dynamic extraction systems are simply
designed and easy to operate and can maintain the constant
extraction conditions in the extraction vessel, which is ben-
eficial to measure the extraction rate and extraction influ-
ence of parameters, such as extraction temperature, pres-
sure, scCO, flow rate, concentration, and particle size of
raw materials.

Naikoo et al. (2021) used the typical batch scCO, extrac-
tion system to extract fat-soluble vitamin A from retinol



(Fig. 6). The system is composed with CO, tank, refrig-
erator, high-pressure pump, heating device, extractor, and
cosolvent tank that can be set according to actual needs.
The scCO, extraction process is as follows. Liquid CO, is
firstly cooled at low temperature by the refrigerator and
mixed with the cosolvent of methanol, and then, CO, and
the cosolvent are further mixed through the spiral tube.
Before entering the extractor, CO, will be preheated to the
desired extraction temperature and then enters the extractor
to react with retinol for the extraction of fat-soluble vitamin
A. This typical scCO, extraction system has been widely
used due to its properties of simple, extensively applicable
and easy to control. Mouahid et al. (2013) used this scCO,
extraction system to study the extraction modeling curves of
four different microalgae, which aims to verify that Sovova
equation could be applied to all microalgal extraction cases.
Khaw et al. (2019) used the system for scCO, extraction
of freeze-dried leaf juice from Carica papaya and further
investigated the maximal extract activity at the best small-
scale extraction parameters. Gydri et al. (2019) extracted
the aroma compounds from herbs and spices by this static
scCO, extraction system. It was found that the extraction
efficiency, the number of extracted compounds, and the
quality of product from scCO, extraction are all higher than
those from classic maceration. Chassagnez-Mendez et al.
(2000) studied the influence of temperature and cosolvent on
turmeric extraction by this typical scCO, extraction system.
Moreover, different types of components extracted in batch
extraction system and the corresponding extraction condi-
tions are summarized in Table 2.

Semicontinuous extraction system

In the traditional batch extraction systems, high CO,
flow rate can increase mass transfer driving force, thus

Fig.6 Batch supercritical car-
bon dioxide (scCO,) extraction
system designed by Naikoo et al
(2021). Liquid CO, is firstly
cooled at low temperature by
the refrigerator and mixed with
the cosolvent, and then, CO,
and the cosolvent are further
mixed through the spiral pipe.
Before entering the extractor,
CO, will be preheated to the
desired extraction temperature
and then enters the extractor to
react with retinol for the extrac-
tion of fat-soluble vitamin A

CO, tank
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improving the extraction rate and reducing the extraction
time. However, high CO, flow rate also leads to inade-
quate contact between the extract components and scCO,,
which greatly affects the extraction efficiency. Meanwhile,
the extraction vessel needs to be opened and closed fre-
quently to load the raw materials during the static extrac-
tion process, thus leading to complex extraction operation
and long extraction time. Aiming at the issue, semicon-
tinuous extraction systems are improved on the basis of
batch extraction system by adding BPR and CO, recycling
device to realize static and dynamic alternating extraction.
The critical factors of semicontinuous extraction systems
are rational design of the extraction vessel for simultane-
ously realizing maintaining constant high pressure in the
extraction vessel and also ensuring the continuous flow of
the raw materials and extracted components into and out
of the extraction vessel, which can be realized by utiliz-
ing high-pressure sealed screw feed device for extracting
components from solid extracts and by employing high-
pressure injector to extract liquid components.

The traditional batch extraction system has been improved
by adding BPR and a CO, recycling device to allow smooth
alternating of static extraction and dynamic extraction, and
to realize CO, recycle (Fig. S9) (Ghoreishi et al. 2009). Dur-
ing the scCO, extraction process, after CO, is injected into
the extraction column, the BPR will be set to the appropriate
working pressure. Simultaneously, the temperature will be
maintained through the coil preheater and oven. When the
required pressure and temperature are reached in the extrac-
tion column, the pump and the valve will be disconnected.
Subsequently, scCO, can dissolve the ingredients during
the static extraction time, and then flow at the set rate after
extraction. The dissolved ingredients are trapped in the col-
lection vessel and CO, is recycled by the circulation device.
The alternating static extraction and dynamic extraction
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Table 2 Components extracted in batch extraction system and the associated extraction conditions

Temperature (C) Pressure (Mpa) CO, flow rate (L min~") References

Target compound Source
Lycopene and B-carotene ~ Tomato skins 80
Fat-soluble vitamin A Retinol 30-50
Carotenoids Carrots 70
Neutral lipids Microalgae 60
Lycopene Dried pomace of tomato 40-80
Total carotenoids Dried pomace of tomato 40-80
Selective cytotoxic activ-  Freeze-dried leaf juice of ~ 35-50
ity on squamous cell Carica papaya
carcinoma
Lycopene Tomato skin 40-100
Aroma compounds Herbs and spices 50
Polyphenols Grape waste 50.5
Curcumins and essential Rhizomes of turmeric 40 and 45
oil
Limonin, limonin-17-f- Grapefruit seeds 50
D-glucopyranoside, and 50
flavonoid naringin 60
Tocopherol Pomegranate 50
Anthocyanins, proantho- Raspberry pomace, cran- 60
cyanidins, flavonols, berry pomace, blueberry
catechins, and benzoic pomace
and cinnamic acids
Furocoumarins Celeriacs 35-80
Pigment components, such Chlorella vulgaris 60-80
as lutein, p-carotene,
chlorophyll a, and chloro-
phyll b
Fatty oil Flaxseed 50
Sunflower oil Sunflower seeds 40-80

30 6.7 Sabio et al. (2003)
9-23.5 Not reported Naikoo et al. (2021)
55.1 2 Sun and Temelli (2006)
40 2.5-4.2 Mouahid et al. (2013)
3046 Not reported Végi et al. (2007)
38-46 Not reported Vagi et al. (2007)
8.5-25 Not reported Khaw et al. (2019)
20-50 0.0025 Topal et al. (2006)

18 Not reported Gyéri et al. (2019)

25 0.85 Lazze et al. (2009)

25 and 30 Not reported Chassagnez et al. (2000)
48.3 5 Yu et al. (2007)

41.4 5

41.4 5

30 Not reported Liu et al. (2009)

20 and 25 0.042 Laroze et al. (2010)
12-25 0.0026-0.0028 Jarvenpii et al. (1997)
20-50 0.0025 Kitadai et al. (2009)
30 Not reported Pradhan et al. (2010)
20-60 0.001-0.006 Salgin et al. (2006)

process can increase the scCO,-assisted extraction time, thus
improving the extraction rate and efficiency.

Soh et al. (2019) used the semicontinuous extraction
system to study how the pressure, temperature, and flow
rate influence the scCO, extraction of patchouli oil. It was
found that higher pressure and flow rate would increase the
extraction rate, while higher temperature had an inverse
effect for the extraction process. Fujii et al. (2018) devel-
oped an analogous system, in which the cosolvent was
replaced with liquid solution to form the liquid—CO, emul-
sion in the micro-mixing device, thus increasing the mass
transfer from liquid to scCO,. This system could fast and
continuously extract vanillin from aqueous vanillin solution
and also could be applied in other aqueous liquids contain-
ing hydrophobic compounds. Moreover, Cornelio-Santiago
et al. (2017) measured the scCO, extraction solubility of oil
from green coffee by the semicontinuous extraction system.
Fornari et al. (2012) extracted the essential oil from different
herbs and plants using the semicontinuous extraction sys-
tem. Devi and Khanam (2019) utilized the semicontinuous
extraction system for the extraction of w-3 a-linolenic and

®-6 linoleic acids from hemp seed in scCO, and further opti-
mized the process parameters. Andersen and Bruno (2003)
used this semicontinuous extraction system to extract metal
B-diketonate complexes from aqueous solutions, which over-
came the limited mass transfer between the CO,-soluble
chelating agent and the water-soluble metal ion.

Multiple-separator extraction system

The volume of the extraction vessel also limits the extrac-
tion efficiency in the practical production process. ScCO,
extraction systems are mainly small or medium sized; for
that, big volume of the extraction vessel requires high CO,
consumption and long pressurization time and also increases
the operation difficulties. Aiming at the issue, multiple
extraction vessels and separators can be employed to fur-
ther improve the extraction efficiency. Multiple extraction
vessels can be connected in series to extract the same com-
ponents repeatedly for enhancing the extraction purity and
also can be connected in parallel to extract the same com-
ponents for improving the extraction rate or extract different



components in different extraction vessels simultaneously.
Moreover, multiple separators are equipped connected with
the multiple extraction vessels to separate the same or differ-
ent components correspondingly and also can evaluate the
separation extent and extraction efficiency.

Rochfort et al. (2020) and Srinivas et al. (2017) further
improved the above system to achieve multicomponent sepa-
ration and evaluate the separation extent (Figs. 7 and S10).
The improved system is equipped with an automatic back-
pressure regulator (ABPR) for automatically regulating the
temperature and pressure in the extraction vessel and also
added three independent-heated cyclone separators for fur-
ther separation of the ingredients. Moreover, the temperature
and pressure in three cyclone separators are independently
and accurately controlled by three manually adjusted BPR,
which not only could measure the separation extent of dif-
ferent categories in each cyclonic separator, but also could
evaluate the extraction efficiency of the same category by
combining the ingredients together.

In addition to the continuous improvement of the extrac-
tion process, the design of the extraction reactor is also
critical. The original design of the Nottingham reactor is
based on a syringe compressor that can convert liquid CO, to
scCO, (Fig. 8a) (Qamar et al. 2021). ScCO, enters from the
top of the extraction chamber where glass wool and stain-
less steel filter are used to separate the ingredients from the
raw materials. However, the disadvantage of this extraction
reactor is that a large amount of ingredients will remain
on the glass wool which reduces the extraction yield seri-
ously, and there is also a problem of raw material pollution

Separators

Extractors

Condenser

Cco,
reservoir

Fig.7 Supercritical carbon dioxide (scCO,) extraction system with
independent separators (Srinivas et al. 2017). The temperature and
pressure in three cyclone separators are independently and accurately
controlled by three manually adjusted backpressure regulator (BPR),
which not only could measure the separation extent of different cat-
egories in each cyclonic separator, but also could evaluate the extrac-
tion efficiency of the same category by combining the ingredients
together

to be resolved. In order to solve the above problems, after
the extraction is completed, the extraction chamber will
be removed from preconditioning chamber and inverted to
depressurize with the help of bracket (Fig. 8b). Because the
extraction chamber is completely depressurized at O bar,
the ingredients can be separated with a larger extent, thus
improving the extraction efficiency. However, the problem
of serious raw material pollution has not been completely
resolved. Therefore, the helix reactor with low-pressure reg-
ulation chamber was designed (Fig. 8c) (Qamar et al. 2021),
where the backpressure is directly regulated by the liquid
CO, cylinder and the preconditioning chamber. During the
scCO, extraction process, CO, enters and extracts from the
bottom of the extracting chamber and then the extracted
components are separated from the raw materials by the
built-in standard filter at the top of the extracting chamber.
After the extraction is completed, CO, dissolved the matrix
will enter the separating chamber, where the pressure is
about 50 bar to avoid the piston effect of dry ice. Finally, the
ingredients will be collected in the extract collecting glass
tube. The helix reactor can not only improve the extraction
efficiency, but also avoid the raw material contamination
problems, which is suitable for extraction requirements with
high quality and high extraction rate.

To sum up, the scCO,-assisted extraction systems are
split into typical static extraction system, static and dynamic
alternating extraction system, and multiple-separator extrac-
tion system. The typical static extraction system is con-
sisted of CO, supply and pump device, temperature- and
pressure-controlling device, and the extraction vessel. Static
and dynamic alternating extraction system is improved on
the typical static extraction system by adding BPR and CO,
recycling device. Static and dynamic alternating extraction
system has high extraction efficiency and is widely used for
most of the extraction requirements. The multiple-separator
extraction system is added with several independent-heated
cyclone separators on the basis of the typical static extrac-
tion system and can realize multicomponent separation and
evaluate the separation extent.

Overall, scCO, extraction technology has obtained
increasing attention in the fields of fractionation of liquid
mixtures and solid material extraction due to its fascinating
properties of high density, low viscosity, zero surface ten-
sion, and adjustable properties by manipulating the pres-
sure and temperature. Now, more and more attention has
been paid on the development of scCO, extraction processes
and corresponding systems and also attracted interests of
industries on scCO, extraction techniques. However, cur-
rent scCO, extraction systems also face several challenges
to be further solved and thus more suitable to apply in the
practical industry production. In scCO, extraction process,
the particle size of raw materials will affect the extraction
efficiency, of which the contact area between the extracted
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Fig.8 a Supercritical fluid extraction Nottingham reactor. Super-
critical carbon dioxide (scCO,) enters from the top of the extrac-
tion chamber where glass wool and stainless steel filter are used to
separate the ingredients from the raw materials. b Sample-containing
chamber inverted and placed on stirrer for the depressurization. After
the extraction is completed, the extraction chamber will be removed

component and scCO, will increase when the particle size
of raw materials decreases, thus leading to enhanced extrac-
tion efficiency. However, small particle size of raw mate-
rials will not only result in serious blockage of the sieve
pore, but also cause the plug of the filter at the exit of the
extraction vessel. Meanwhile, when the extracted compo-
nents are powder materials, the pressed powder under high
pressure and temperature will seriously wear the seals of the
high-pressure extraction vessel, which requires the seals of
the high-pressure extraction vessel possessing strong wear
resistance to maintain the stable pressure during the whole
scCO, extraction process. Moreover, in scCO, extraction
process, the water cannot be thoroughly removed, thus

atmospheric pressure

from preconditioning chamber and inverted to depressurize with the
help of bracket and ¢ schematic representation of the Helix reactor
(Qamar et al. 2021). After the extraction is completed, CO, dissolved
the matrix will enter the separating chamber, and the ingredients will
be collected in the extract collecting glass tube

accumulating more and more water with the cycle, which
may influence the extract purity and efficiency. The exist-
ing scCO, extraction system usually equips with drain hole
or relies on adding desiccant, which has the disadvantages
of poor water removal effect and inconvenient replacement
of the desiccant. Improving the scCO, extraction system
with unique water removal device will effectively enhance
the extract purity and efficiency. It is also worth noting that
dynamic scCO, extraction system can improve the extrac-
tion efficiency due to the circulation of scCO, compared
with static scCO, extraction system. However, the dynamic
scCO, extraction system has the problems that the pressure
fluctuation in the high-pressure extraction vessel will be



caused by CO, circulation process. Therefore, improving
the dynamic scCO, extraction system with pressure precisely
controlling device to maintain the constant pressure during
the whole extraction process is necessary.

Chromatographic systems

The availability of efficient analytical separation tools is
critical to the pharmaceutical industry; as a result, various
chromatographic techniques, such as high performance liq-
uid chromatograph (HPLC), gas chromatograph (GC), and
supercritical fluid chromatograph (SFC), are commonly used
for the purpose. Among them, SFC has attracted attention
in recent years (Tavares and Lancas 2000; Van et al. 2018;
Zheng et al. 2020). When the temperature and pressure of
the mobile phase in SFC are higher than the critical point,
the solvating power of the mobile phase will be changed to
achieve the separation of certain components (Desfontaine
et al. 2015; Gao et al. 2017; He et al. 2018). The param-
eters of temperature, pressure, and modifier content dur-
ing SFC process, compared with GC and HPLC processes,
can be controlled independently or cooperatively (Heiland
et al. 2019; Lu et al. 2006; Planeta and Roth 2004; Zheng
et al. 2020). Moreover, the supercritical fluid with gas-like
viscosity and diffusivity can still maintain high separation
efficiency at high mobile phase velocities, and its liquid-
like density and solvating power can also provide fast trans-
fer and good solubility of analytes, which is beneficial for
chromatography and purification in food or pharmaceutical
analysis (Ehlers et al. 1998; Hawthorne and Miller 1986;
Taylor 2009). Among the supercritical fluid, scCO, with the
characteristics of low solvent toxicity, low critical tempera-
ture, chemical inertness, and nonflammability has become
the preferred mobile phase in SFC technique. Furthermore,
the addition of modifiers can overcome the limited solubil-
ity of polar compounds in non-polar scCO,, thus greatly
expanding the application in pharmaceutical field (Gere
1983).

SFC utilizes scCO, as the mobile phase during the chro-
matography process and employed porous solid particles
in the chromatography column. When the mobile phase
carrying the samples continuously impacts the station-
ary phase, the components to be separated in the samples
will be simultaneously subjected to the thrust and gravity
of the mobile phase. Due to the combined action of these
two forces, the mobile phase carrying the samples will go
through “adsorption-elution-adsorption-re-elution” process
repeatedly. If a substance in the sample is closely bound to
the stationary phase, the repressor force will be high, and the
migration rate will be slow. Otherwise, the migration rate
will be fast. Then, the speed of each substance movement
will be different due to the difference of repressor force,

thus leading to different staying time of each substance in
the chromatography column, so as to realize the separation
of each component in the samples. SFC systems are gradu-
ally developed to become commercialized. In the 1980s, the
SFC systems were mainly divided into two types, i.e., open
tubular capillary column (GC-like chromatograph) system
and packed column (LC-like chromatograph) system, which
were exclusively home-made by retrofitting GC or LC sys-
tem for around 20 years (Pyo 2001). In 1992, HP supplier
invented a new SFC system with a dynamic compressibility
compensation and electronic BPR. Since then, more suppli-
ers offered different SFC systems, such as Shimedzu, Jasco,
and Fluitron, which has been commercialized successfully.

Open tubular capillary column system

Novotny et al. designed the open tubular capillary column
SFC in 1981, which was a fused-silica capillary tube with
50 pm inner diameter and coated with polymer as the station-
ary phase. The open tubular capillary column SFC system is
equipped with syringe pump for delivering and pressurizing
CO,, injection valve for introducing samples, GC-like oven,
wall-coated open tubular column, fixed restrictor for main-
taining the mobile phase at supercritical state and flame ioni-
zation detector (FID) (Fig. 9a) (Saito 2013), and the open
tubular capillary column SFC system has been exclusively
marketed and patented by Lee Scientific.

The open tubular capillary column SFC system is
equipped with syringe pump, injection valve, GC-like oven,
wall-coated open tubular column, fixed restrictor, and flame
ionization detector (FID) (Fig. 9a) (Saito 2013), and the open
tubular capillary column SFC system has been exclusively
marketed and patented by Lee Scientific. In this system, the
backpressure is controlled by the restrictor with a certain
flow rate, which can ensure the system pressure above the
critical pressure of CO, to keep supercritical state. However,
under the circumstances, pressure as the most important
parameter will be restricted by the flow rate, which cannot
be changed independently. Therefore, the optimum flow rate
cannot be obtained at the optimum pressure. In addition,
when the organic modifiers are used to increase the polarity
of scCO,, excessive baseline background will be produced
and thus limit the application of standard FID detectors (Pyo
and Lee 1999). Thus, the open tubular capillary column SFC
systems declined rapidly in the early 1990s.

Packed column system

It is worth noting that almost all SFC research works were
proceeded by utilizing packed column SFC before the open
tubular capillary column SFC was introduced. Pack column
SFC was LC-like instrument while open tubular capillary
column SFC was more like GC. Although open tubular
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Fig.9 a Typical gas chromatograph (GC)-like open tubular column
supercritical fluid chromatograph (SFC) system. FID. Flame ioniza-
tion detector. Reproduced with permission of Elsevier from Saito
(2013); b typical liquid chromatograph (LC)-like packed column
SFC system. PU1. Liquefied CO, delivery reciprocating pump with
chilled pump heads, PU2. Modifier solvent delivery pump, RF. Safety
relief valve that prevents over pressure, INJ. Injection valve, PDA.

capillary column SFC processes longer columns that yield
more theoretical plate numbers, pack column SFC renewed
the interest of researchers due to its more uniform packing
materials, smaller diameter, and the ability to pack narrower
fused-silica columns compared with open tubular capillary
column SFC. The typical packed column SFC system is

Photodiode array, PT. Pressure transducer, BR. Backpressure regula-
tor. Reproduced with permission of Elsevier from ref. (Saito 2013);
¢ SFC-4000 analytical chromatograph designed by Jasco; d 1260
Infinity II analytical SFC system designed by Agilent Technologies;
e Prep 150 AP preparative SFC system designed by waters; f Nexera
UC Prep preparative SFC system designed by Shimadzu

developed from HPLC chromatograph by adding photodiode
array (PDA) UV detector, pressure transducer, and electronic
BPR (Fig. 9b) (Saito 2013).

The typical packed column SFC system is developed
from HPLC chromatograph by adding photodiode array
(PDA) UV detector, pressure transducer, and electronic



BPR (Fig. 9b) (Saito 2013). During the packed column
SFC chromatography process, the pressure transducer can
monitor the real-time pressure, which will be compared with
the set pressure by BPR. Afterward, by adjusting the flow
resistance of the regulator, the actual pressure can maintain
equal to the set pressure to keep the stability of chromatog-
raphy process. Comparing with the open tubular capillary
column system, the packed column system can control the
pressure independently without the restriction of the mobile
phase flow rate. Moreover, Saito et al. (1988) designed a new
type of electronically controlled BPR with small volume
applied in packed column SFC system, realizing efficient
chromatography without cross-contamination between dif-
ferent components. Sugiyama et al. (1985) used the packed
column SFC system hyphenated with SFE system to evaluate
the extraction and chromatography performance of caffeine
from the coffee beans. The SFE system is directly connected
to the SFC system, which allowed online introduction to
the SFC column, and the PDA is used to monitor the signal.
Nowadays, various detectors, €. g., mass spectrometer, can
connect online with SFC system.

In the recent years, various key system manufacturers,
such as Shimadzu, Jasco, Agilent Technologies, Thar Tech-
nologies, Thermo Fisher Scientific, and Waters Corporation,
launched their state-of-the-art system, which included both
analytical and preparative SFC system.

Analytical supercritical fluid chromatography

As for the analytical SFC system, SFC-4000 analyti-
cal chromatograph designed by Jasco is equipped with a
temperature-stabilized pump that can ensure the optimum
conditions for pumping liquid CO, (Fig. 9¢). This system
neither requires complicated pretreatment of CO,, nor needs
a chiller to cool the pump heads. There are also automatic
stop-valves for controlling the input and output of CO,,
as well as the precision BPR for maintaining supercritical
conditions with pressure fluctuations. Besides, this system
is also equipped with three ovens for different temperature
zones, and with one diode array for high-sensitivity com-
ponent identification and component identification positive
confirmation toward enantiomeric separation. These features
lead to a significant improvement on the detection perfor-
mance compared with that from the previous SFC system.
Moreover, the ACQUITY Ultra Performance Convergence
Chromatograph (UPC?) system developed by Waters is
improved based on the previous traditional SFC system. In
the UPC? system, both the CO, chilling and compression
take place inside a pump with an integrated device. This
system also equipped with an active component to further
increase the backpressure and with an independent pump
heads cooling device achieved by a Peltier module, real-
izing accurate control of the pressure and temperature,

respectively. The 1260 Infinity I SFC system designed by
Agilent Technologies has presented broad power range to
support pressure up to 600 bar at flow rates up to 8.3e —5 L/s
for extended application reach and the patented feed injec-
tion technology guarantees outstanding injection precision
and LC-like reproducibility (Fig. 9d).

Preparative supercritical fluid chromatography

The successful commercially available preparative SFC
system—Prep 150 AP SFC system from Waters offers col-
umn switching, automated sample handling, and tracking
and fraction collection in an open-bed format (Fig. 9e). This
SFC system utilizes scCO, as its main mobile phase in com-
bination with one or more organic solvents, which provides
routine compound purification with fast separations, high
resolution and high throughput for drug discovery labs. The
stacked injection capability of system is also available for
the purification of large amounts of materials delivered by
multiple injections and for allowing for multiple peaks col-
lected into separate vessels. In short, the Prep 150 AP SFC
system can provide lower pressure drops across the column,
faster equilibration, lower cost per sample, and reduced sol-
vent and thus is reproducible and applicable to a wide range
of compounds relevant in the pharmaceutical, food and
environmental field, life sciences, and chemical materials.
Besides, the semi-preparative SFC system—Nexera UC Prep
designed by Shimadzu is equipped with the patented gas-lig-
uid separator (Fig. 9f), which can decrease flow rate with-
out increasing the pipe diameter by splitting flow through
multiple channels. CO, is discharged externally, while the
liquid travels along the column and drips directly into the
collection vessel without dispersing or spattering the eluate.
These features can successfully reduce sample dispersion
and carryover and also achieve high recovery rates, so that
the high recovery rates can be obtained regardless of flow
rate or modifier concentration, even for volatile compounds
such as the fragrance linalool. Nowadays, commercialized
analytical and preparative SFC systems are developing rap-
idly and have been applied for analysis and purification in
various fields, and they will attract more and more interests
of scientists in future.

Through the introduction of the foregoing, the SFC sys-
tems are mainly divided into open tubular capillary column
system and packed column system, which all have the com-
mon components of CO, cylinder, syringe pump, and tem-
perature- and pressure-controlling device, but they present
the difference on the reaction column. Moreover, it is worth
noting that the SFC systems have been commercialized of
both analytical and preparative SFC system.

Overall, SFC has been revived attributed to the intro-
duction of a new generation of columns and instruments
from major suppliers of chromatographic instrumentation.



Particularly, using CO, as the mobile phase in SFC pos-
sesses the advantages of short equilibration time, high flow
rate, and low solvent consumption. However, SFC also faces
the challenges of high consumption of CO,, difficult collec-
tion of the solute, and so on. The consumption of CO, can
be high at high flow rate, such as 3 kg/min for the Supersep
3000 of Novasep supplied by a CO, tank, and a B50 cylinder
can only supply this system for 11 min. Therefore, recycling
and reusing CO, by properly tuning the temperature and
pressure of CO, downstream from the vessel can effectively
reduce CO, consumption. Consequently, it requires SFC
equipped with separate and recovery device to realize good
recovery of the solute and pure CO, without contamination
of CO, by the solute and without dissolved solvent inside.
The technique designed by Novasep realized the requirement
by cleaning the recycled gaseous CO, by a flow of liquid
CO,. Moreover, preparative SFC also face the challenge of
the solute collection. The separation of CO, and the modi-
fier dissolved the compound inside is realized by depressur-
izing the mobile phase in downstream of the BPR, which
leads to a 500 times higher expansion in the volume. The
significant expansion can cause the remixing of the com-
pounds that results in the difference between the final frac-
tion purity and the observation with the UV detector. The
volume expansion will also cause aerosol spray leading to
low recovery of the solute and contamination in the device.
Aiming at the issue, using cyclone at high-pressure for frac-
tion collection realized by the centrifugal force to complete
the modifier separation can effectively improve the recovery
of the solute, which has been used by some suppliers such
as Jasco, Novasep, and Sepiatec. Berger also developed a
phase separator to control the depressurization process to
collect the modifier under low pressure, during which CO,
will depressurize from supercritical fluid state to gas state
without aerosol formation. The improved SFC with phase
separator has been used by Multigram II and Multigram III
devices for batch purifications and Autoprep for series of
compounds purification. Moreover, Shaimi designed a new
process to collect the solute under atmospheric pressure in a
series of vessels, which can realize the purification of several
compounds consecutively. The process relies on two collec-
tion heads, of which one collects the solute and another is
flushed by the solvent for cleaning it before collecting the
next fraction.

Cleaning systems

The cleaning of metal devices, optical and laser components,
precision mechanical parts, and electronic assemblies for
contaminants removal are extremely important and neces-
sary in the manufacturing industry (Meziani et al. 2017).
The traditional industrial cleaning mainly uses organic

solvent cleaning and water solution cleaning. The organic
solvent cleaning usually employs volatile solvents and hal-
ogen-containing chlorofluorocarbons as the solvent, which
causes serious damage to the ozone layer and the atmosphere
(Allafi et al. 2021). Meanwhile, the water solution cleaning
has the problems of complex surfactant accession, long dry-
ing time, treated metal easy to rust, secondary pollution, and
also inevitably increasing the treatment costs. As an alterna-
tive, scCO, with low viscosity, zero surface tension, high
gas-like diffusivity, and high liquid-like density has becom-
ing an attractive solvent that can be widely used for cleaning
of the precision devices (Matz and Reidy 2005). Moreover,
scCO, can easily reach the hard-to-reach surfaces of the
parts with complex geometry and can be absolutely released
without any residue. The solvating power of scCO, can be
adjusted by varying the temperature and pressure as well as
adding the cosolvents (Korzenski et al. 2005; Lawandy and
Smuk 2014; Weibel and Ober 2003). More importantly, the
scCO,-assisted cleaning process can be completed simulta-
neously with drying process, which greatly saves the treat-
ment time and cost in the practical production.

At present, scCO, cleaning technology has been applied
in several fields, such as precision machinery industry,
medical system industry, electronics industry, and optical
industry, and therefore, the scCO, cleaning systems have
also attracted increasing attention. ScCO, cleaning systems
are designed based on the traditional wet-cleaning systems
and employ CO, as the cleaning medium to complete the
cleaning process under supercritical conditions, and then,
the separation of CO, and contaminants and the drying of
the cleaned samples are realized through decompression
process. The critical factors of scCO, cleaning systems are
reasonable design of the high-pressure cleaning vessel to
maintain the contaminants stably dissolves into scCO, and
not produced repeated pollution due to the parameters fluc-
tuation during the scCO, cleaning process, which requires
high tightness of the cleaning vessel and precise controlling
device of the cleaning conditions. Moreover, ensuring no
reattaching of the original dissolved contaminants on the
surface of the cleaned samples during the separation and
drying process is also important to obtain high cleaning
efficiency. In the recent years, scCO, cleaning systems at
laboratory scale and commercial scale both developed rap-
idly, which will be introduced separately in the following.

Laboratory cleaning system

The typical laboratory scCO,-assisted cleaning system is
shown in Fig. 10 (Ventosa et al. 2008), which consisted of
gas cabinet, high-pressure pump, heat exchanger, cosolvent
delivery part, and reaction chamber. Ventosa et al. (2008)
studied scCO,-assisted cleaning for removal of the postetch
residues and oxidized copper formed in the post-via after
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ashing processes by employing this scCO,-assisted cleaning
system. During the scCO,-assisted cleaning process, CO,
is firstly pumped and pressurized up to the target pressure
and maintained in the process chamber for the residence
time. Then, the cosolvent will be pumped and mixed with
CO, with a fixed proportion, and the mixture will flow into
the chamber containing the sample to be cleaned when the
mixture reaches the supercritical condition. The samples will
be continuously rotated with a fixed rotate speed to enhance
the mass transfer, thus speeding up the cleaning process.
The scCO,-assisted cleaning process was divided into two
steps, i.e., scCO, with cosolvent cleaning process and indi-
vidual scCO, flowing process for removing the cosolvent
and drying of the samples. Finally, CO, will be released to
the room pressure and drove to the exhaust, and the cosol-
vent will be collected to the vessel. Ito et al. (2004) used the
scCO,-assisted cleaning system for scCO,-assisted clean-
ing of the air filters and found that the removal efficiency
of dioctyl phthalate can highly reached 100%. Wang et al.
(1999) explored scCO,-assisted cleaning of the residuals
of Ni (or Sn/Pb) ions from the surface of electroplated ter-
minations and simultaneously realized batch cleaning and
flow cleaning with this scCO,-assisted cleaning system by
employing the metering valve at the exit of the reaction
chamber to control the flow rate of CO, and also using a
BPR to adjust the pressure to the target level. The results
showed that scCO,-assisted cleaning ability was superior
than that of the deionized water cleaning and found that
higher temperature and pressure led to noticeably improved
cleaning ability of scCO,. Moreover, the scCO,-assisted

cleaning ability can be further improved through the agita-
tion by ultrasonic transducers set in the cleaning chamber
(Kohli 2015).

Lin et al. (2010) further optimized the typical laboratory
scCO,-assisted cleaning system by adding the boil-off ves-
sel located downstream from the cleaning vessel and the
syringe-type high-pressure pump subsystem. Different from
the typical scCO,-assisted cleaning process, after the sam-
ples soaked and rotated in the scCO, and cosolvent mixture
under the supercritical condition, CO, mixed with contam-
inants will be flushed out of the cleaning vessel through
continuous flow of pure CO, in a first-in—first-out (FIFO)
process, in which pure CO, is pushed by the syringe-type
high-pressure pump subsystem at a constant flow rate. The
stabilized temperature and pressure in the cleaning vessel
during the FIFO flushing and soaking process make the
solvent power maintain unchanged, thus minimizing the
contamination leftover. After the cleaning process, the con-
taminants will be left in a filter subsystem. It is worth not-
ing that the decompression process should be slow enough
for guaranteeing the temperature in the cleaning vessel will
not be too cold due to the Joule-Thomson effect, and the
temperature in the boil-off vessel should always maintain
slightly higher than the saturated vapor pressure during the
decompression process, thus avoiding the bubbles formed
that may stir up the contaminants by gravity at the bottom
of the cleaning vessel. As a result, most of the bubbles will
be formed in the boil-off vessel. Lin et al. (2010) used this
improved scCO,-assisted cleaning system to study the clean-
ing ability of the compressed Martian air mix (consisting of
95% CO,) under supercritical condition for removing the



trace amounts of microbial and organic contaminants from
spacecraft material surfaces. The results demonstrated that
scCO,-assisted cleaning technology can achieve the cleanli-
ness levels of 0.01 pg/cm? or less for the cleaning of hydro-
phobic contaminants, which shows great potential for future
Mars in situ cleaning.

Commercial cleaning system

With the increasing attractive attention of scCO,-assisted
cleaning technology, various key system manufacturers
launched their commercialized scCO,-assisted cleaning
systems. The TC-SFE-50-1-120S laboratory scCO,-assisted
cleaning system manufactured by Suofuer is shown in
Fig. 11a (Li et al. 2015; Liu et al. 2014). TC-SFE-50-1-120S
laboratory scCO,-assisted cleaning system is consisted of a
1-L cylindrical stainless steel cleaning vessel with a length
of 360 mm and a diameter of 60 mm, which can be oper-
ated at temperatures from 15 to 300 °C and pressures up to
50 MPa. The TC-SFE-50-1-120S laboratory scCO,-assisted
cleaning system also has two series-wound separators used

Fig. 11 a TC-SFE-50-1-120S

laboratory supercritical carbon (a)
dioxide (scCO,)-assisted clean-
ing system manufactured by
Suofuer. The TC-SFE-50-1-
120S laboratory scCO,-assisted
cleaning system also has
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tors used for the recovery of
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and CO,. Reproduced with
permission of Elsevier from Liu
et al. (2014), and b commer-
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for the recovery of the cosolvent, contaminants, and CO,.
During the scCO,-assisted cleaning process, gaseous CO,
will be transformed into liquid state by condensation and be
preheated to the target temperature and then enters the stain-
less steel cleaning vessel pumped by the high-pressure pump
to the pre-set pressure. The temperature in the cleaning ves-
sel is measured by the thermocouple contacted with the fluid
inside the vessel to +2 °C, and the pressure is measured by
the piezometer with an accuracy of +0.2 MPa. The flow rate
of CO, and pressure in the cleaning vessel can be controlled
by both the pump and the heated micro-metering valve. Fur-
therly, the contaminants in the separator can be recovered,
recycled, or reused, if suitable, or the contaminants can be
disposed as an individual component without any waste-
water, solvents, or other residues that may complicate the
subsequent treatment process.

The commercial scCO,-assisted cleaning system is shown
in Fig. 11b. The commercial scCO,-assisted cleaning sys-
tems have the low operating and waste disposal costs, but
installed costs are from $100,000 for small-capacity (1-L
volume) system to several hundred thousand dollars for
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large-capacity (30-L volume) system, and the installed costs
increase with the size, the complexity of the components,
and the required automation degree. However, the subse-
quent contaminants treatment cost in the scCO,-assisted
cleaning process is lower than that of solvent or water solu-
tion cleaning technologies, since the waste residue treated
by the scCO,-assisted cleaning process is 100% contaminant
without any other residues or solvents. Consequently, for the
contaminants readily soluble in scCO,, the scCO,-assisted
cleaning is undeniably competitive with the solvent or water
solution cleaning technologies (Kohli 2015).

Through the introduction of the foregoing, the
scCO,-assisted cleaning system consists of CO, cylinder
and pump, cosolvent delivery device, temperature and
pressure controller, and the cleaning vessel. Moreover, the
scCO,-assisted cleaning system can be further improved by
employing the separators which are used for the recovery of
the cosolvent, contaminants, and CO,. The scCO,-assisted
cleaning system has been commercialized and widely used
for the practical industrial cleaning process. ScCO,-assisted
cleaning technology can meet the contaminants cleaning
requirements without compromising the component prop-
erties of the devices, and the corresponding scCO,-assisted
cleaning systems will attract more and more attentions and
be applied in practical productions.

Overall, ScCO, cleaning technology has been considered
a precision cleaning technology applied in many different
industries, especially attractive for cleaning intricate parts
with complex geometries due to its fascinating properties
of gas-like viscosity, liquid-like density, and low surface
tension, leading to high wettability. ScCO, cleaning system
has developed rapidly in both laboratory and industry scale.
Nevertheless, ScCO, cleaning system also faces several
challenges and problems to be solved and further improved
for better applying in the practical production. Firstly, when
cleaning a large quantity of particulate contaminants in the
scCO, cleaning system, the blockage can be easily caused at
the valves and pipe joints due to the aggregation of particle
contaminants, which can lead to local pressure surges in the
pipelines and thus result in serious safe problems. Conse-
quently, installing CO, flow regulating device to precisely
control the CO, flow rate and particulate contaminants dis-
solution in scCO, can effectively improve the cleaning effi-
ciency. The second challenge of scCO, cleaning system is
that when separating scCO, and the contaminants by reduc-
ing the temperature and pressure after the scCO, cleaning
process, the solubility of contaminants will decrease due
to the transformation of CO, from supercritical state to gas
state, which may lead to reattaching of the original dis-
solved contaminants on the surface of the cleaned samples.
Aiming at the issue, low-pressure vessel can be added after
the high-pressure cleaning vessel for separating CO, and
the contaminants, while the high-pressure cleaning vessel

can be maintained at constant pressure to avoid reattaching
of the contaminants. Moreover, cleaning for large-volume
precision instruments still needs to be explored due to the
limitations of current volume of the high-pressure cleaning
vessel. Developing larger and more flexible scCO, cleaning
system for cleaning various types of instruments can realize
wider applications of scCO, cleaning system in the practical
industrial production process.

Perspective

ScCO,-based technologies with unique advantages have
achieved great achievements for dissolving various types of
solutes. Although great progress of scCO,-based systems
has been made, there are still numerous challenges to be con-
ducted, which also means the valuable directions for future
development in both fundamental research and commercial
applications of scCO,-based systems.

First, the standard of various scCO,-based systems for
different applications should be more unitized and normal-
ized. The current scCO,-based systems for dissolving dif-
ferent types of solutes have similar components composi-
tion but present the difference on the reaction vessel due
to the specific requirements for dissolving different types
of solutes. More unitized and normalized standard of the
systems can realize flexible switching of different functions
by changing different reaction vessel for dissolving different
types of solutes.

Second, the premiumization and intelligentization of
scCO,-based systems are expected to be realized in future.
Most of the current scCO,-based systems mainly depend on
the manual operation, such as setting the amount of cosol-
vent, controlling the working conditions, and judging the
degree of reaction completion. The manual intervention may
influence the accuracy and repeatability of the reaction pro-
cess, especially under supercritical conditions where minor
changes of the temperature/pressure during the reaction
process may lead to major variation of the scCO, solubility.
Therefore, improving the premiumization and intelligentiza-
tion and reducing the manual intervention of scCO,-based
systems for more precisely controlling the properties of
scCO, during the reaction process are in urgent need.

Third, the long-term stability and durability of
scCO,-based systems should be focused and further
improved. The CO, compression process usually accom-
panied with obvious exothermic process, which may affect
the normal operation of the CO, pressure pump. Mean-
while, the CO, decompression process is along with endo-
thermic process, thus leading to freezing around the pipe-
line, which may cause the blockage in pipelines and the
damage of reducing valve. Moreover, the scCO,-assisted
reactions usually should be maintained at a residence time



under the high-pressure conditions, which greatly requires
high air tightness of the reaction vessel. Improving the
long-term stability and durability of scCO,-based systems
can ensure the stability during the reaction process and
reduce the system cost.

Conclusion

Supercritical carbon dioxide (scCO,) as a sustainable and
efficient solvent has been widely applied for dissolving
various types of solutes. This review comprehensively and
systematically summarized the sustainable-solvent-scCO,-
based systems, including dyeing system, extraction system,
chromatograph system, and cleaning system, for flexible and
efficient dissolution of different types of solutes, i.e., dyes,
target solutes in other solvents, component solutes to be sep-
arated or purified, and contaminants to be removed, respec-
tively. Based on the detailed introduction of scCO,-based
systems for dissolving different solutes, it can be found that
CO, supply and pump part, cosolvent providing part, and
parameters controlling part are commonly included in the
scCO,-based systems. However, the reaction vessel presents
difference depending on the specific dissolving requirements
and practical functions. Additionally, this review also intro-
duces the difference between the systems, which matched
with different production requirements in each application
and can be flexibly chosen to apply in the practical produc-
tion. Through the analysis of the foregoing, focusing and
further improving scCO,-based systems for flexible and
efficient dissolution of various types of solutes based on the
application scenarios will render scCO,-based technologies
be more economic, controllable, flexible, and suitable for
wider practical application in future. This review can pro-
vide a comprehensive understanding for the construction
of scCO,-based systems and supply valuable reference for
further development and practical industrial applications of
scCO,-based technologies.
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