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Abstract: Long a thermodynamic curiosity, supercritical fluids (SCFs) have gradually gained ground
in today’s life, generating an increasing number of new, efficient processes in diverse industrial
sectors and fueling active R&D programs. Indeed, the versatility of SCFs allows them to serve a wide
variety of applications. The list includes not only food processing, biofuel production, extraction of
biomolecules marketable as medicines, cosmetics and nutraceuticals, but also emerging technologies
for the production of electrical power, based on supercritical or transcritical thermodynamic cycles.
This jointly authored article will provide a review of important applications covered by our laborato-
ries in the agri-food, chemical and energy sectors. We will then try to detect recent trends and outline
future prospects.

Keywords: supercritical fluid; supercritical CO,; supercritical water; extraction; synthesis; biodiesel;
agri-food; electrical power

1. Introduction

Supercritical fluids (SCFs) have long remained an object of curiosity, even mystery, for
generations of students tackling the rigorous science of thermodynamics.

However, for several decades, they have given rise to numerous and innovative appli-
cations, generating dynamic R&D activities. Indeed, the uses of SCFs have grown consider-
ably and to date cover multiple processes in fields as diverse as chemical syntheses [1], food
ingredients [2], primary energy conversion [3], polymers [4], pharmaceuticals [5], cosmet-
ics [6], biomaterials [7], microelectronics [8], waste management [9], soil decontamination,
cleaning of various material substrates, and recently, in electric power generation [10].

In this very broad set of applications, SCFs fulfill different roles: as solvents in ex-
tractions, as reaction media or reagents in synthesis and as working fluids in energetic
cycles. We will focus primarily on three important classes of processes that are studied in
our laboratories: extraction, synthesis and thermal energy conversion, the corresponding
industry sectors being agri-food, chemistry and energy. Supercritical CO; will be the main
SCF covered but other fluids, especially water, will be discussed as well.
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The primary objective of this jointly written article is to explore the wide operational
spectrum of SCF processes and, based on our respective laboratory experiences, to review
achievements and prospects in quite distinct applications. In this regard, bringing together
in the same article topics as dissimilar as chemical and electrical processes seemed a priori
an unusual undertaking. However, this is not illogical because, in both areas, the unique
performances of these processes are due to the distinctive physical and chemical behavior
of SCFs and are underpinned by similar properties, especially density.

As a first approach to the subject, we will provide a brief historical and bibliographic
summary, propose a classification of applications and outline some key theoretical con-
siderations. Indeed, a historical summary will be useful to see how SCF processes have
gradually emerged and to properly contextualize current R&D. A classification will help us
establish the most comprehensive list of mature and new applications. Finally, recalling
some basic notions and highlighting important theoretical points will reveal the key factors
underlying process performance; we will also show that, despite their differences, the
numerous applications enabled by SCFs have common theoretical foundations.

Finally, from a forward-looking perspective, we will discuss recent trends in the
development of SCF-based processes, both at the industrial and R&D levels, and attempt
to anticipate possible future evolutions and R&D directions.

In this article, we will use the following notations: the adjectives “supercritical” and
“subcritical” will be abbreviated to “SC” and “sbc” respectively; SCF will be the acronym
for supercritical fluid; supercritical water will be designated as SCW or SC-H,O and SFE,
SFCs, SFS and SFAs will designate respectively the following classes of process: extractions;
general chemical processes; syntheses and analytic applications.

The simulations of SC thermodynamic cycles were performed using ProSimPlus3®, a
steady-state simulation and optimization software from Fives ProSim (Labege, France).

2. Brief History and Bibliography of SCFs

At the beginning of the 19th century, Charles Cagniard de la Tour discovered by
chance the existence of the critical point (“CP”) by observing that the splashing noise,
caused by a flint rolling in a sealed gun barrel partly filled with a liquid, disappeared
above a certain temperature. Then further studies by Thomas Andrews, Michael Faraday,
Johannes Natterer and others [11,12], led to a preliminary interpretation of the CP as the
point above which a gas can be no longer be liquefied. However, one will have to wait for
the 20th century to see concrete applications.

In the early 1900s, chemist Vladimir Ipatiev designed a dedicated high-pressure vessel
and investigated a wide selection of SFCs, including: SC-C,Hy4, SC-CCly, SC-NHj3 etc. He
was nicknamed “the father of catalysis” [13].

In the 1940s, Charles and Georges Friedel used SC-H,O to synthesize high purity
quartz crystals from a solution of alkaline silicates. In the mid-1950s, Zhuze proposed the
first series of SCF applications for the processing of coal, petroleum and wool [13].

In 1962, E. Klesper and A. H. Corwin invented the supercritical chromatography [14],
after observing that, when used as mobile phases, SCFs enable ultrafast and highly efficient
separations thanks to their high diffusivity and solvation strength. Developments initially
focused on chiral molecules, then on the separation of complex and chemically closed
substances present in nutrients, drugs, biomass, biological and environmental extracts,
which still require long and tedious HPLC analytical protocols [15].

In 1966, H. C. Stevens filed US. Patent 3,248,415 in which he applied SC conditions to
copolymerize CO, and ethylene oxide into polycarbonates [12].

In the years 1970-1980, Kurt Zosel invented decaffeination of coffee beans with SC-
CO,, the first green SFE process which saw massive development and allowed for the
gradual banning of toxic chlorinated solvents. In one of his numerous patents, he described
as many as 84 possible SFE applications, in which he used SC-CO,, SC-C;Hy, SC-N,O
and SC-NHj to produce extracts as diverse as petroleum paraffins, dairy fats, chlorophyll
extracts (from spinach), etc. [16,17].
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The end of the 1960s had seen the discovery of SC-CO; as a possible thermodynamic
fluid to produce electrical energy thanks to a few inspired researchers, namely: G. An-
gelino in Italy [18-20], E. G. Feher in the United States [21,22], D.P. Gokhshtein and G. P.
Verkhivker in the former USSR [23]. These thermodynamicists predicted that this novel
technology would procure strong efficiency gains and significant reductions in component
sizes. However, due to the radical novelty of that technology and technical difficulties
inherent to closed, high-pressure circuits, developments really began in the 2000s [24].

In the 1970s, SC-H,O (or “supercritical steam”) was introduced as a working fluid in
SC boilers to produce electrical power, resulting in important increases in efficiency [25].

The Allam thermodynamic cycle based on SC-CO; was introduced in the 2010s; it
promises a major step forward towards decarbonized electricity production along with
efficient energy conversion [26-30].

The year 2000 saw the development of SFCs and SFRs in multiple areas: (i) production
of biofuels, including green syntheses of biodiesel with SC-MeOH [31-33]; (ii) extractive
recovery of non-edible sugars to synthesize second generation ethanol [34]; (iii) advances
in polymer manufacturing using SC-CO; [35]; (iv) production of nanoparticles of inorganic
materials and drugs [36] and (v) various thermodynamic cycle configurations for the
production of electricity [37].

Today, there are many other SCF processes, mature, under development or still specu-
lative.

Among mature ones, SC-CO; is currently used in various applications: for EOR
(enhanced oil recovery) and within refrigeration cycles. Among developing ones, there
are namely: sterilization [38] and dry cleaning of sensitive mechanical parts [39], namely
electronic wafers [40].

SC-H,0O (or “SCW?”) also lends itself to multiple processes, which are extensively
reviewed in the reference [41]:

- Inorganic syntheses (SFS) that yield high value products (namely nano electronic
components [42]).

- Water electrolysis under SC conditions, to directly produce compressed dihydrogen:
this process would be advantageous for feeding future H, energy chains, but it is
energetically costly due to the elevated Tc and Pc data of SC-H,O (374 °C; 221 bar) [43].

- The processing of fossil fuels (crude oil; coal; kerogen; sand oil) or biomass [44].

- Supercritical water oxidation (SCWO), which is a clean, green process to decompose
toxic wastes [45].

Although this article will mainly focus on SC-CO,, we will briefly discuss SCW
processes in Section 3.

- Supercritical combustion is a rather futurist concept in which a fuel or a propellant
(hydrocarbon or cryogenic fluid) would be used in its SC state to power diesel or
rocket engines, decreasing ignition delays and accelerating combustion, resulting in
less fuel consumption and less NOx emissions [46].

Table 1 shows a list and classification of the many SCF-based processes in use or under
investigation to date. It only provides high level information: the few references cited are
essentially to introduce the different subjects. It will be supplemented by more precise data
in Sections 4-6.
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Table 1. Preliminary list of outstanding SCF processes.
Application SCF Process Name Objective Result (melud or Refs.
Area Installation)
Flagrances and
CO, Extraction Recover valuable molecules flavors; drugs; [47-50]
nutraceuticals
Physics COy; H,O Purification Remove impurities Detoxicated [51-53]
2; Ho products )
Impregnation Finish textile
CO, Dyeing Change texture/color fabrics [45-55]
Polyme.rs ; [56-60]
CO, Synthesis Improve syntheses nanoparticles
Pharmaceuticals [61]
. . . Ceramics;
H,O Synthesis Make inorg. (nano)objects nanoelectronics [62]
CO,-ROH Transesterification Reac't alCOhFﬂ with Biodiesel Cf Section 5.1.1
triglycerides
Chemistry -
RCOOMe(Et) Interesterification Rea'ct eStelj with Biodiesel Cf Section 5
triglycerides
Reform hydrocarbons CH30H from CHy [63,64]
Recover Monolr: ;Ezsfrom [65,66]
H,0 Hydrolysis/Pyrolysis/ P
2 Oxidation (SCWO) Detoxicate solvent
wastes or
Decompose hazardous [45,67,68]
substances
Biology CO, Sterilization Disinfect Safe medical tools [69,70]
O.ﬂ and Gas CO, Enhanced Oil Recovery Recover fossil products More Petroleum [71]
industry
. . Decarbonized
Environment CO, CCS Sequester CO; in SC state [72]
processes
Laboratory CO,—CrHm Chromatography Separate/identify /quantify =~ Substance analysis [73]
Heat-to-Power Water, CO, Electrical . ConverF heat into Power plants [18_3.0]
power generation electric power Cf Section 6
Fuel-to-power Fossil fuel Combustion in SC cond. Produce mech. power Engine car, rockets [46]
Power-to-Gas Water Electrolysis Split water into H, and O, Hydrogen [43]
Heating Generate calories Heat pumps [74]
Thermal CO,, C3Hg o -
Conditioning Refrigeration Generate frigories Refrigerators; air [75]

condition

3. Technical Keys

This section will first give a simplified description of supercritical fluids and analyze

3.1. Definition and Specificities of the Supercritical State
3.1.1. Definition and Properties of SCFs

why the specifics of this physical state open a wide range of original applications with
advantageous performances.

According to its usual definition, the critical point (CP) of a fluid is the thermodynamic

For T > Tc and P > Pc, the fluid is said to be supercritical (“SC”).

state in which the densities of the gas and liquid phases become equal, and their interface
disappears. The critical pressure (Pc) and temperature (Tc) data of the two most used SCFs
are: (31 °C—73.8 bar) for CO, and (374 °C—221 bar) for H,O.
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3.1.2. Specificities of SCFs

The viscosity of an SCF is close to that of a gas. Its density is close to that of a liquid.
Surface tension is a property that applies to liquid/gas contacts: it is zero for any SCF
which is therefore completely miscible with gases. Its interfacial tension, a property that
applies to liquid/solid contacts, is very small.

The different physical states of a compound can be schematically differentiated by
comparing the values of (i) the kinetic energy of molecules (which increases with tempera-
ture) and (ii) their potential energy (which comes from structural bonds, H-bonds and Van
der Waals forces). The latter are attractive dipolar interactions that change in function of
intermolecular distances.

Figure 1 schematizes the structures of the different phases of carbon dioxide. In a
solid, the constitutive elements (atoms, molecules or ions) form rigid networks and do
not move. In liquids, molecules move stochastically but tend to associate to form short-
lived “clusters”: this increases viscosity and surface tension, thereby decreasing general
diffusivity [76]. The transition to the supercritical state by increasing temperature causes an
expansion and increases the kinetic energy of the molecules, which tends to break most of
these clusters. This reduces viscosity and increases both diffusivity and interfacial tension,
resulting in better “wetting” and easier penetration into exogenous particles or drops.

P - bar

*
(4

e &
e Real Gas
- > W W

Perfect Gas o
-56.6°C 31.1°C

Figure 1. Schematic representation of molecular density of a fluid in different states.

However, as shown by Monte Carlo and Molecular Dynamics simulations, SCF
molecules nevertheless tend to form some clusters around solutes, which promotes sol-
vation [76,77]. During extraction processes, a high molecular density (achieved by high
pressures), is necessary to keep the solute and solvent molecules in contact and ensure the
solvation effect. In fact, as shown below, high pressures increase the density of the SCFs
and enhance their solvation power.

Finally, the miscibility of SCFs with gases turns some heterogeneous reactions into ho-
mogenous ones, thus eliminating interphase transport resistance and accelerating kinetics.

3.1.3. The Versatility of SCFs in Processes

Two factors contribute to making SCFs versatile process fluids.
The first is their ability to perform a plurality of functions in distinct applications:

- Asasolvent in extraction or purification processes;

- Asareaction medium in chemical syntheses (during which external substances react
together);

- Asareagent, the SCF being itself engaged and consumed in chemical reactions;

- Asworking fluid in thermodynamic cycles: for refrigeration or to produce mechani-
cal/electric power.



Processes 2024, 12, 2402

6 of 49

The second is linked with their unique properties, some relating to mass and heat
transfer, others to the ability to solubilize a number of solid or liquid substrates in variable
concentrations.

To delve deeper into these important aspects, we will examine the key roles played by
the most important of these physicochemical properties in different processes. For this, we
will take SC-CO; as a paradigm but will see that the conclusions drawn generalize to all
SCFs, namely to SC-H,O.

Among these properties, density is very important and will be discussed first.

3.2. Why Does Density Play a Key Role in All SCF Applications?
3.2.1. Density Is a Key Factor in Solubilization Processes

A useful solubility indicator was introduced in 1936 by Joel Hildebrand for subcritical
liquids and solids. This is the “Hildebrand solubility parameter” (HSP, also noted “5”),

which is defined as [78]:
AUN®  /AHv—RT\%
0= (Vm) ~ (Vm ) M

This definition involves the latent heat of vaporization (AH,, expressed as a molar
enthalpy) and the molar volume (Vm), the numerator being the “cohesive energy density”
(AU) which is the energy that would be necessary if one wanted to extract a unit volume
of molecules from the bulk of a given compound (solute or solvent) and transfer it to an
ideal gas state. In most of the databases reporting thermodynamic properties, the solubility
parameter is given at the reference temperature of 25 °C. To overcome the interactions of
neighboring molecules inside this bulk, this virtual operation would require supplying
some energy which equals the heat of vaporization of the compound divided by its molar
volume in the condensed state. Interestingly, HSP data have the dimension of P/2 and
are expressed in MPal/2. For e.g., for a solute (“su”) to be soluble in a solvent ("sv”),
it is necessary that equivalent interactions are created between the su and sv molecules.
Therefore, substances having similar 6 values (e.g., 65y and 0, differing by less than 2
MPa'/2) should be compatible with each other; in other terms: “like dissolves like” [79].
This compatibility criterion governs different physical processes: (i) solvation (solute in
solvent); (ii) miscibility (liquid with liquid); (iii) swelling (polymer in solvent). The HSP
is therefore a useful but merely qualitative solubility indicator, especially for nonpolar
materials, i.e., organics and polymers.

In their development of very high-pressure chromatography, Giddings et al., extended
this concept to SCFs used as solvents. Based on theoretical considerations and the dimen-
sion [MPal!/2] of HSP parameters, they established a relationship between the 8scg on one
hand, and the critical pressure and density (pcr) on the other hand [79,80]:

PCl/Z
dscr = K( Py >'p ()

where K is a constant that they determined using experimental data. It is worth mention-
ing that we owe this fundamental equation to researchers who, in the 1960s, pioneered
supercritical chromatography [80].

To highlight the relevance of Equation (2), Figure 2 shows the iso-density lines of
SC-CO; in a P-T diagram. It indicates that the density and, correlatively, the HSP decrease
as T increases. However, very importantly, both density and solvation power increase as P
increases: this effect constitutes a distinctive property that allows SCFs to compete with
organic solvents in extractive applications, when brought to high pressures. This point will
be prevalent throughout this article.
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Figure 2. Density of SC-CO; as a function of P and T with correspondences between SC-CO, and
selected organic solvents, in terms of HSP.

As an illustration, Figure 2 shows the correspondence, at high pressures, with some
selected organic solvents in terms of HSP data (Equation (1) was used for organic solvents
while Equation (2) was used for SCFs). However, it must be mentioned that usual SCF
processes are in fact conducted at much more moderate pressures (typically 80-200 bar)
and, to compensate for the limited solvation strength of CO, in this pressure range, it is
usual to add limited amounts of a cosolvent (often ethanol or methanol) which acts as a
“polarity modifier. Nevertheless, it will be shown in Section 4 (Table 2) that pressures of up
to 300 bar (30 MPa) are now used on an industrial scale.

Table 2. Commercialized SC-CO, extraction plants operating nowadays.

Business Type Company Country Raw Material Year Extractor Capacity
Decaffeination plant SKW /Degussa Germany Tea 1986 3 x 8 m3
Decaffeination plant Lavazza Italy Coffee 1992 3 x20m3

Multipurpose extraction . . 1 x200L
plant Suprex/Trumpf Czech Republic Spices and herbs 1993 (55 MPa)

Rice treatment Five King Cereals Taiwan Rice 1997 3 x 6m3

. . Hops, herbs and 3 x 80L
Extraction plant Extract Solutions New Zealand nutraceuticals 2001 (55 MPa)

. . . 2 x 2600 L

Oil extraction plant U-max Korea Sesame oil 2003 (55 MPa)
Purification plant Sabaté/Diamant France/Spain Cork 2004 3 x 8500 L
Purification plant Diam-Bouchage Spain Cork 2010 3 x 9000 L
Purification plant Diam-France France Cork 2015 3 x 20,000 L

Extraction plant for Plant Lipids . .
spices and herbs Private Limited India Spices and herbs 2017 3 x300L

Extraction plant for . . . . Frankincense, dabai, 2x10L
natural substances Curtin University Malaysia gaharu, black pepper 2017 (100 MPa)

World’s largest hops Hopfenveredlung Germany Hops extract 2021 8 x 4200 L

extraction plant

St. Johann GmbH
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Another limitation of the HSP concept is that it has a mere thermodynamic basis
(Equation (1)) and does not take into account some processes which precede solubilization,
especially the collapse of the structure in the case of a solid solute. This point will be
covered in Section 3.5.

In summary, the HSP of a given SCF solvent is determined either by its density p or
by its pressure P as there is a tight correlation between both properties: it has actually
become customary to plot SCF properties as a function of temperature and density instead
of temperature and pressure.

Tables of HSP values exist for many industrial compounds, including feedstocks for
polymer syntheses (monomers) [81]. Other more complex solubility parameters have
been proposed. For example, the model designed by Hansen involves three parameters ;
ascribed to three molecular effects: molecular attraction, dispersion forces and hydrogen
bonds, respectively [82]. It is often considered more precise than the Hildebrand system
but is considerably more complex to use.

3.2.2. Density Is Also Key to Efficiency in Thermal Power Production

Interestingly, density also plays a key role in the energy balance of power cycles used
to produce electricity and is a major factor determining their efficiency.

Figure 3 shows a supercritical Brayton cycle using SC-CO; as the working fluid in a
P-T diagram similar to that of Figure 2, along with plots of the iso-density lines [83].

600'wrvrl/rx/'r/v'llrllxl AL B R R B
_P-bar(\o, o /l/
4 >
7y
&

)] .
500 & ¥ o /{ Iso-Density (p) - kg/m? /
200 & /| swe= [ SWe o
/ Q?Q +24 m3/kg '\‘ﬁ 700 71 m3/kg
300 B / Heating 500 C
P,=225bar{ -/- -/- 7/— 2 ;
200 / j/
Compression || SW¢ = SWe =
o +46mikg 17.4

0

Expansion

1
1
1
1
I
l
1
1
CP: 31.1°C - 73.8 bar |
3 !
- R . 1
_____ / Cooling '/ H T-°C
1
H
1

100

1 J }
]&/ | | | l% I | | 1 | 1 | 1 | | I | | | |

70

| | |

20 200 300 400 T+ =500°C

Figure 3. Pressure—temperature diagram of a SC-CO, Brayton cycle with the values of the specific
mechanical energies involved during the expansion (SWe) and compression (SWc) stages.

In this cycle, we took (T—, P—) = (45 °C, 75 bar) and (T+, P+) = (500 °C, 225 bar):
the notations P— and P+ (respectively, T— and T+) designate the low and high pres-
sure/temperature levels of the Brayton cycle. This cycle is truly supercritical since all its
stages take place above the CP and there is consequently no condensation stage.

The importance of density comes from Equation (3), which expresses the mechanical
energy “SW” consumed (respectively produced) when reversibly compressing (respectively
expanding) 1 kg of the working fluid by one unit of pressure [30]:

SW
SW = (dp> =1/p 3)

“SW” stands for Specific Work per unit of pressure (in m3/kg. i.e., the reversal of
density) and 6w is the specific mechanical energy (in J/kg) exchanged by the system with
its environment, per kg of fluid, when the pressure changes by one unit.
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As per usual thermodynamic conventions, dw is counted positively for a compression
and negatively for an expansion, so that SW is positive, both during compressions (‘SWc”)
and expansions (“SWe”).

Equation (3) is therefore essential in any thermodynamic cycle as it determines its
energy balance: when the density increases, the corresponding work decreases and vice
versa. This key role played by density in the efficiency of power cycles is a point rarely
mentioned.

Figure 3 (which refers to a supercritical Brayton cycle) can be interpreted as follows:

- Compression consumes fewer work because p is high, so that SW. is low: in average
3.5 m®/kg in the present example.

- Expansion produces much more energy because p is low, so that SWe is high: in
average 12.3 m3/kg.

Overall, in such a supercritical cycle, the expansion stage produces about 3.5 times
more energy than the compression consumes. In comparison, this factor is only two for
contemporary Brayton which uses air as the working fluid and operates in subcritical
conditions; yet, these cycles are driven by the most modern gas turbines which are fired
above 1350 °C, a temperature level much higher than that of 500 °C taken for the Brayton
SC-CO; cycles under consideration.

Other remarkable features of supercritical power cycles will be discussed in Section 6.
We will see that this technology, although still in development, is important as it has the
potential to (i) reduce the carbon footprint of the electrical sector and (ii) enable faster
electrification worldwide thanks to reduced installation costs.

3.3. How Do Other SCF Characteristics Influence SCF Processes?

In addition to density, other properties have significant impacts on the speed of mass
and heat transfers as well as on the kinetics of the different steps of extractions and chemical
reactions.

To provide a comprehensive view, Figure 4 schematizes the progress of any extraction
process which proceeds in four steps whatever the type of solvent. The latter is either a
chemical solvent or SC-CO; in contact with a porous substrate which is, for example, a
piece of solid biomass containing an extractable substance.

Intefr{acial Pores p ... tables Diffusion inside pores
i
(1) =
SCF o
Bulk =
EI
Phas @ ®
= = = 3
g "o a8 "o
(1): Interfacial film formed. (2): Diffusion in pores.
Property: oy Properties: D ¢ - p

a8
(3): Extractables dissolve. (4): Back diffusion.
Properties: 6 - p -¢, Properties: D ¢ - p

Figure 4. The four steps of an extraction process. The arrows represent solvent migrations.
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- The first step is the wetting of the solid: an interfacial film of SCF molecules forms
along its surface, the corresponding property being the SCF/solid interfacial tension,
noted “oy¢”.

- Then, the SCF begins to diffuse into the pores, the relevant properties being its self-
diffusion coefficient (Dsej¢) and its dynamic viscosity (p). This phenomenon involves
Fick diffusion, in which SCF molecules collide with each other and possibly Knudsen
diffusion, in which the same molecules collide with the walls of the pores, when the
latter are extremely narrow.

- Inthe third step, the SCF reaches the extractables and dissolves them. . . or not. Indeed,
as it will be explained in Section 3.5, for solubilization to occur, it is necessary that the
solid network of the solute collapses, which depends on the value of the dielectric
constant (&) of the SCE i.e., its polarity. Once the solid is destabilized and collapses,
the degree of solubilization will depend on the match between the values of its own
solubility parameter (its HSP) and that of the SCF, as explained above.

- In the fourth and final step, the extractable dissolved in the SCF diffuses back to
the bulk SCF phase; here, the important properties are as follows: (i) the mutual
diffusion of the extractable in the SCF (Dmut), (ii) the viscosity (u) of the SCF and (iii)
its self-diffusion (back to the bulk volume: Dgej¢).

Finally, when the process is a chemical reaction, the thermal conductivity (k) will be
relevant for the removal of the heat of reaction.

Therefore, to assess how SCFs compete with organic solvents, we will compare the
respective values of all these properties. We will start with those relating to mass and heat
transfers, taking again SC-CO, as a paradigm.

The effect of the solubility parameter has been already discussed in Section 3.2.1 and
the role of the dielectric constant (e;) will be covered later, when dealing with SC water
(Section 3.5).

3.3.1. Surface and Interfacial Tension Data

It is first important to distinguish two notions: surface tension (ST, also noted “o”)
applies to a contact between a liquid and a gaseous phase (usually: air) while interfacial
tension (IFT; notation “oy”) refers to the contact between any two substances: liquid-liquid,
liquid-solid; solid—gas (“surface energy” being here a synonym). Although, incorrectly,
“surface tension” is often the only designation used; this distinction is necessary when
dealing with SCFs as their ST values are zero, a point which is supported by computations
of the o5 of CO; (Figure 5). This figure also shows that usual organic solvents have much
higher ST data, confirming the superiority of SC-CO;.

4 o, - Surface Tension - mN/m
' Other solvents @ 20°C:
{| H,0:72.8- CH,: 28.9
| DME: 23.7-n-C.H: 18.4
3 = -
2
1 | Liq.CO, 31°§Z: T=Tc(co,
@ 75 bar ) T-°C
0 | A4 i —>
0 20 40 60

Figure 5. Surface tension data of CO, and comparison with some solvents.
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In SCF applications, it is therefore the IFT which is important as it determines the
ability to wet any given substrate involved in the form of solid particles or drops of
immiscible or poorly soluble liquid. The lower the IFT, the better the wetting effect.

Unfortunately, IFT data for solids are rare in the literature devoted to SCF processes.
Nevertheless, studies relating to EOR (enhanced oil recovery) in the oil and gas sector
and to CCS (Carbon Capture and Sequestration) processes have generated some data for
SC-CO; in contact with certain minerals (quartz; clays; granite; coals, etc.) (Figure 6). This
allows us to note the significant decrease in IFT near the CP [84].

* o, — Interfacial Tension
80 — @ 35°C- mN/m
iy
60 |
40 e \\s\\\\
20 : 73.8 bar \\quy rank Coal
e T
0 0 200 400 600 "

Figure 6. Interfacial tensions between C and quartz and low rank coal.

In the different figures below, the yellow areas correspond to the supercritical regions.

As an example of the wetting power of SC-CO,, Figure 7 shows that the IFT of SC-CO,
in contact with dodecane is about five times lower than that of liquid water in contact with
the same hydrocarbon [85].

60
Gif - mN/m
5o —

40
30
20
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0

Range for dodecane in SC-CO, at 100 bar

[ 1
T-°C

40 50 60

Figure 7. Compared IFT data of the pairs (dodecane/SC-CO,) and (dodecane/water)].

3.3.2. Diffusivity

Here also, we must distinguish two notions: self-diffusion is the transport of a single
chemical species caused by an existing concentration gradient, while mutual diffusion
relates to the mixing of two different species. In SCF applications, we will consider the
Fick-type (or “bulk”) diffusion which is an unhindered migration that prevails when the
width (wp) of the path (here the pore radius of a solid substrate) is much greater than the
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mean free path of the SCF molecules: this occurs in practice when wp, > 1 um. For a pore
radius of less than 0.01 um, Knudsen diffusion prevails and when Wp is in between, both
Fick and Knudsen diffusion coexist [86].

Figure 8a shows that the self-diffusion coefficients of SC-CO, are several orders
of magnitude greater than that of conventional organic solvents [86,87]. In addition,
Figure 8b indicates that the mutual diffusion coefficients (at 33 °C and at infinite dilutions)
of methanol and ethanol are three to four times greater in SC-CO; [88] than in toluene [89]
(note: in the case of toluene, a correction was made from the values at 25 °C, using the
Arrhenius law and an activation energy of —40 KJ/mol).

10° D, e~ Mutual Diffusion Coeff. -
D, ¢ - Self-diffusion coefficient @ 35°C-m?%s || 1.6x10- [m?s]
10 . 14x10
€O, 12x10°
107 (a) Lalips (b)
T Me tlinol
: 8x10-*
108 Organic .~ Acetone 5 Ethanol
solvents 3~ Toluene 6x10-
@ 25°C — A10-0
10° " *~ Ethanol 410
1atm 2¢10- Me thinol
P-bar T Ethanol
10-10 0
0 50 100 150 200 Solv.: s¢CO, 33°C, 105 bar| Toluene 33°C, 1 atm

Figure 8. Compared diffusion coefficients: (a) Dgeis of CO, versus Dggj¢ of various solvents; (b) Dmut
of methanol and ethanol in SC-CO, versus in toluene.

3.3.3. Viscosity

Figure 9a shows a plot of the dynamic viscosity of SC-CO; at three values of pressure:
73.8 bar (the critical pressure), 125 and 175 bar. Viscosity is particularly small at low
pressures, so the use of low or moderate pressures is favorable when dealing with diffusion-
controlled reactions. Figure 9b indicates that SC-CO, is more than six times less viscous
than toluene at 1 atm. Its viscosity increases with pressure but stays far below that of
toluene. Calculations were performed using the NIST-REFPROP-10.0 software [83].

200 .. . 1000 . . .
U - Dynamic viscosity - uPa. s 1 - Dynamic viscosity - uPa. s 1000
H 600 Liquid Tol 1600
100 : 500 1qui oluene {500
i 4001 (b) 1400
60l 1 atm
300 1300
40 2001 1200
30 SC-CO,
2 100 \ 1100
60 - 225 bk 60
10 50 - 75 bar_{ 50
40 - 125 bar—__140
T ) °C 30 75 bar: T oC
N R R R N - O D A B A B BN B L
10 30 50 70 90 40 50 60 70 8 90 100

Figure 9. (a) Plots of SC-CO; viscosity; (b) comparison with toluene [83].

3.3.4. Thermal Conductivity

Besides the properties governing mass transfers, thermal conductivity (k) is another
important property which conditions heat transfers. Figure 10 shows a chart of the thermal
conductivity of SC-CO;. It increases with pressure and marks a steep increase at the
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critical point, but this is a very local peak which practically does not influence overall heat
exchanges.

125_III]"'!]IIII['I'III'I'[IIII"'I_
~| Thermal Conductivity - mW m K-!

B

100

SC-CO,

1 ‘ 1 1 1 H2O 1 | 1 1 ‘ 1 1 1 1 IT‘ = oCI :

75 100 125 150 175 200

Figure 10. Compared thermal conductivity data of SC-CO, and liquid water at 1 atm; computed
with [83].

Above the critical pressure, k is higher than that of liquid water which is practically
unaffected by pressure.

3.4. Brief Review of Supercritical Water Properties (SCW)

The trends highlighted above regarding the characteristic properties of SC-CO; apply
to other SCFs, in particular to SCW. The main focus of this article being SC-CO,, we have
placed the data for water at the end of this article (Appendix A). The variations in density,
viscosity, and thermal conductivity prove to be quite similar to those of CO,, albeit at much
higher temperatures and pressures (Figures A1-A3).

3.5. Particular Properties Conditioning the Solubilization Step

Two characteristics of SCF need to be considered separately because they do not have
an impact on mass or heat transfer but are a prerequisite for the solubilization process of
a solid. Indeed, as mentioned in Section 3.2.1, while solubility parameters (e.g., the HSP)
determine the possible extent of solvation, they do not specify whether the solid structure
will collapse in the presence of the solvent. Here the relevant data are (i) the dielectric
constant (&) which depends on the polarity of the solvent and, to a lesser extent (ii) the
ionic product (K), which refers to protonic dissociations and applies especially to water.

3.5.1. Ionic Product

The notion of ionic product (K) is defined for protic liquids which, like water, can
dissociate into ions and act as Brensted acids. This is mainly the case for water as other
dissociable protic SCFs (organic or inorganic acid) are not used in practice. Water develops
hydrogen bonds (H®*-OH®~) which are strong enough to cause a partial dissociation:

H,0=H'+OH~ K, =[H"]-[OH ]=10"" for liquid water at 1 atm, 25 °C.

This dissociation being endothermic, Ky, increases with temperature and is multiplied
by 1000 between 25 °C (K, = 10~!4) and 300 °C (K, = 10~!). Then, it decreases as the
hydrogen bonds become deactivated above the Tc [90]. The consequence is that water
becomes more likely to enter into radical reactions (i.e., with organic compounds) rather
than acid-base reactions (i.e., with inorganic compounds).
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3.5.2. Dielectric Constant (or “Relative Permittivity”)

The dielectric constant ¢, of a material is defined as the ratio between its electrical
permittivity (¢) and that of a vacuum (¢,); it is always greater than one.

Let us consider a solvent in contact with a solid potentially soluble in it (e.g., an
extractable). This solid is the site of an electric field due to the charged species it contains.
These can be ions, or permanently/instantly polarized molecules, which carry opposite
electric charges g+ and q~. This electric field is periodic at the scale of a crystal cell. Since
the dielectric constant of any solvent is higher than 1, any solid in contact with a solvent sees
a decrease in the intensity of its internal electric field due to the reduction in the attraction
forces between the charged species it contains, this being expressed by Equation (4) [91]:

L q+9-
dpeje, 12 @)

Fcoul =

This tends to separate the oppositely charged species of the solute from each other and
thus destabilize and potentially collapse the structure of the solute, which is the first step
for its solubilization by the solvent. Three cases can be distinguished: (i) when the solute
is ionic (e.g., a salt like Na*, C17), the charged species are cation/anion pairs; (ii) when it
is a polar protic solute (e.g., methanol: CH3°*-OH?~), the charged species are permanent
dipoles and, (iii) when the solute is an apolar molecule (e.g., CO,; CgHg or CCly), the
charges come from instantaneous dipoles that appear due to mutual electric influence
and whose charges change depending on the relative instant positions of the molecules
during their natural thermal agitation [91]. The more polar the solute, the more difficult
it is to separate the charges, to collapse the structure and start the dissolution of the solid.
However, reciprocally, the more polar the solvent (here the SCF), the higher its dielectric
constant and its destabilizing potential are. Since the coulombian forces are maximal in the
case of ion pairs, strong ¢, values are necessary to dissolve ionic salts.

3.5.3. Dielectric Constant Determines Application Profiles

-SC-H,O alone constitutes a particular class of SCF due to its protic character and its
strong hydrogen bonds. Consequently, its dielectric constant is very high at 25 °C (about
80), exceeded only by those a few “superacids” (120 for fluorosulfuric acid and 84 for
hydrofluoric acid) that are however not suitable SCFs [92]. It increases with pressure.

Figure 11 shows a plot of the electrical constant of water at 250 bar. Due to the
progressive disappearance of hydrogen bonds [93], it decreases when temperature increases,
which causes a loss of solubilization of ionic salts and the precipitation of metal hydroxides,
allowing their reaction to form new chemical compounds [94]. Figure 11 confirms the more
pronounced decrease in €, upon passage to the critical state (T > 374 °C).
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Figure 11. Plot of dielectric constant of HyO versus temperature (calculated at 250 bar).
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Therefore, as a solvent, water favors reactions involving polar and strongly ionic salts.
For instance, SCW is a suitable medium for the synthesis of Eu-dopped yttrium-aluminum
garnets (YAGs) with formula (Y,Eu)3Als01, (Figure 12a), which feature better performances
as solid-state lasers than those prepared with conventional solid-state methods. These
YAGs are also used as LED phosphors [95]. A wide variety of similar syntheses in SCW are
possible [96].

100 5 Dielectric Constant [-]
SCW
50 scH,O @ 400°C
10 e % @)
30 (LEw,ALO,, | it
0 == (Synthesis) i ==
1 ;
0 50 100 150 200 250 300 350
5 \ Resveratrol SC-CO,
4 (Extraction)
3
(b)
2 scCO, + 1.3 mol CH,;OH @ 50°C
R H
1 scCO, @ 50°C - bar
0 50 100 150 200 250 300 350

Figure 12. Dielectric constants of SC-H,O and SC-CO; and corresponding application examples (a,b).

-CO, is, in contrast, an aprotic, symmetrical and apolar molecule. It has a low dielectric
constant, between 1 and 1.5, i.e., approximately ten times smaller than that of SCW [97].
Since it is unable to destabilize the lattices of ionic compounds, it cannot dissolve them but
can dissolve apolar or, to some extent, polar aprotic solutes.

For example, it is used to isolate resveratrol by extraction, an apolar biomolecule which
is namely present in grapes and tree bark [98] (Figure 12b). This substance is a polyphenol
belonging to the class of stilbenoids (i.e., derivatives of stilbene). It has a complex formula
(E-5-(4-hydroxystyryl)benzene-1,3-diol) and acts as phytoalexin, i.e., a substance produced
by plants to defend themselves against attacks by pathogens, including insects, bacteria
and fungi. It is also attributed with multiple therapeutic virtues, including inhibition of
platelet aggregation, possible cancer chemopreventive activity and antibacterial /antifungal
protection. In recent years it has been produced, marketed and is now widely available as a
nutraceutical substance [99-101].

3.6. Summary of SCF Properties—Their Roles in SCF Applications

In conclusion, there is a convergent set of properties, namely: density; interfacial
tension; viscosity; diffusivity and thermal conductivity, which help enhance both the mass
and heat transfer capabilities of SCFs and make them efficient media for extractions and
chemical reactions. Therefore, it must be emphasized—if necessary—that the supercritical
state is indeed a specific state and that SCFs are by essence different from gases brought to
high pressures.

In addition, it is possible to optimize process efficiency by playing on one or several of
the following parameters:
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- Atfirst, according to the ionic/polar character of the feedstock and targeted products,
one will use an SCF having the appropriate dielectric constant.

- Then, to achieve the solubility match between feedstock and SCF, one will adjust the
solubility parameter of the latter either by increasing pressure (and density) and/or
by adding a cosolvent.

3.7. Practical SCF Selection Guidelines

In the history of SCFs, besides SC-CO, and SC-H;O, a relatively long list of SCFs
have been investigated, including SC-C,H,; SC-C4H;(; SC-N,O; SC-NHj3; SC-CCly; SC-SFg;
etc., as we saw in Section 2 [13-17]. However, progress in “green chemistry”, initiated
in the 1990s namely by the EPA’s Pollution Prevention Act [102], have induced more
environmentally conscious practices. The “twelve principles” of green chemistry were
theorized in 2004 by E. J. Beckman [103]. This new philosophy has led to the gradual
banning of species that are toxic or harmful to the environment, particularly organics which
contain halogens and/or are gaseous at room temperature as they could escape into the
environment when isolating the end-product. Alcohols (methanol; ethanol) are liquid and
are free from this ban.

3.7.1. Usages of SC-CO, for Organic Extractions and Reaction Processes

In practice, due to its multiple advantages, CO, is the most popular SCF, at least for
extractions and organic reactions, thanks to multiple favorable aspects:

- Itis an environmentally benign, weakly toxic and relatively cheap commodity;

- The CO; molecule is thermally and chemically stable, therefore “neutral” in many
reactions and usable in power cycles;

- Itsvolatility at ambient pressure renders the recovery of extraction or reaction products
easy and eliminates the risk of contaminating them;

- Ithas favorable interfacial tension, viscosity, diffusivity and thermal conductivity as
set out above;

- Itis aprotic and not prone to react in acid-base reactions;

- It is resistant to free radical attacks;

- Its full miscibility with gases (as an SCF) starts as soon as 31 °C;

- Asanon-polar substance, it is miscible with many organic compounds;

- Finally, SC-CO; is compatible with some fluorinated surfactants that increase its
miscibility with water by forming microemulsions, opening the door to broader
chemistry [104]; however, this aspect deviates from green chemistry principles.

Its main drawbacks are the following:

- CO, is a weak solvent in terms of solubility parameter, as mentioned above, which
leads to the use of polar cosolvents;

- Dense (high-pressure) CO; reacts with water producing carbonic acid and a pH down
to 2.8;

- AsaLewis acid, it reacts with organic bases (amines).

3.7.2. Usages of SCW for More Energetic Processes (Syntheses and Decompositions)

SC-H,O (or SCW) is a powerful SCF when one wishes to carry out organic and
inorganic reactions, in particular syntheses:

- Itboasts a zero toxicity and environmental impact and is ubiquitously accessible;

- Among SCFs, it has both the highest solubility parameter (48 MPa'/? in the HSP
scale [78]) and highest dielectric constant (Figure 11); therefore, it lends itself to many
syntheses requiring polar or even ionic media [95,96];

- When used at high temperatures, it allows for the performance of a wide series of
processes [31], namely:

- Oxidation reactions (SWO), including the possible break-down of toxic or hazardous
wastes and their transformation into innocuous CO; and inorganic chloride efflu-
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ents [105]. For example, a dual reactor system performing first hydrolysis and then
oxidation has been designed [106].

- Reforming of biomass to produce “bio-oils” (or “bio-crudes”) [107].

- Conversion of polymers by liquefaction to recover monomers: water acting as a
reagent, solvent and as a source of free radicals and hydrogen during this process [108].

- Conversion of biomass by gasification [109].

- Catalytic conversion of glycerol into hydrogen, a process which would allow for
the valorization of significant surpluses of glycerol generated by the production of
biodiesel [110].

However, the reforming of hydrocarbons does not seem to be within the reach of
SC-H;0O technology, due to the very high level of free energy change involved.

4. Uses of SC-CO; for Greener Chemistry

Supercritical fluids, and especially SC-CO,, align with green chemistry principles
stated above, by reducing the usage of hazardous organic solvents and increasing energy
efficiency. Because of their abundant, non-toxic and non-flammable nature, water and
carbon dioxide are the ideal substances for SCF extractions. In this section, we will elaborate
on SCF applications that are studied in our laboratories; they are mainly based on SC-CO,,
SC alcohols and esters which are reactants in biofuel syntheses.

4.1. Extractions of Valuable Food and Pharmaceutical Products
4.1.1. Industrial Development Status

By searching the SCOPUS database over the period 2014-2024, we found 414 research
articles, seven of which were review papers. SC-CO; has been effectively used for extracting
bioactive compounds sourced from plants, e.g., fruit and vegetables, spices, coffee, tea and
microalgae [111,112], with major applications in food formulations.

From an industrial standpoint, based on the reference list provided by the NATEX
database published by Prozesstechnologie GmbH (Ternitz, Austria) [113], the SC-CO,
extraction plants currently in operation and devoted to food processing are gathered in
Table 2.

This table reveals that commercial SC-CO; extraction plants have existed since 1986
and confirms that the use of SC-CO; is effective on an industrial scale, especially for food
and pharmaceutical processing. Unfortunately, the plants installed in other world regions,
such as China and North and South America are not compiled in the NATEX database. Yet,
in these world regions, there are many companies providing SC-CO, extractors. For exam-
ple, COFCO (China National Cereals, Oils, and Foodstuffs Corporation, Beijing, China) is
one of the largest state-owned Chinese enterprises that employs SC-CO, in various extrac-
tive applications. In Colorado, USA, Mile High Labs is a producer of cannabinoids (a useful
medicine during cancer chemotherapies) that also uses SC-CO; extraction. Unfortunately,
the details of these companies’ processes are confidential.

4.1.2. Outstanding Advances in Extractions

Introducing new raw materials, especially some which are rarely found in common
markets, is a way to bring novelty by widening the application spectrum, with experiments
starting at the laboratory scale. However, the limited availability of such raw materials may
prevent production on an industrial scale. Notable examples of such new raw materials
extracted with SC-CO, are summarized in Table 3.
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Table 3. Extractions by SC-CO, of value substances from selected raw materials: operational condi-
tions and yields (papers published within 2014-2024).

Extraction Conditions

Raw Material Yield (%) Value Substance Ref.
MPa °C min
Lemon basil straw 30 60 180 1.09 Caryophyllene oxide [114]
Chinese agarwood 29 60-65 150 0.12 Sesquiterpenic alcohol [115]
Amaranth flour 19.7-29.6 40-60 N/R 5.3-7.7 PUFAs *, squalene, high protein flour [116]
Lemon basil seed 27.5-29.0 60 180 10 Omega-3 oils, defatted fiber, protein 1,
powder
Annatto seed 20 40 N/R 1.69-2.14 Bixin [118]
Annatto seed 25.0 60 45 1.40 Bixin, tocotrienols, tocopherols [119]
Annatto seed 10,20° 60,402 N/R 0.92-2.62 Geranylgeraniol, tocols [120]
Field pumpkin seed 10, 22, a Free fatty acid,
waste 384 35,45,%0 5 115 A7-sterols [121]
Black cumin seed 35 35 90 37 Tocopherols, phytosterols, and [122]
polyphenols
Black cumin seed 30 50 60 35 Thymoquinone, [123]
p-cymene, hexanal
Chestnut ? 20 45 180 2.5 Antioxidant oil [124]
Rice bran P 40 40 30 94 Phenolics, flavonoids, y-oryzanols, and [125]
tocopherols

* PUFAs is for polyunsaturated fatty acids. ® Sequential extraction process. b Co-solvent is 10% ethanol.

All these studies deserve separate discussions:

Lemon basil (Ocimum citriodorum Vis.) straw was found as an alternative feedstock
for extracting caryophyllene oxide [114]. This anticancer substance is found in other
plants such as basil (Ocimum spp.), salvia (Salvia spp.) and elsholtzia (Elsholtzia spp.).
However, experimental results showed that lemon basil straw was a prime source
of caryophyllene oxide which can be efficiently extracted using SC-CO, or via a
hydrodistillation method.

Recently, a new sesquiterpenic alcohol, 143,153-dimethyl-7«H-eremophila-9,11-dien-
83-ol, was discovered from Chinese agarwood (Aquilaria sinensis) and extracted with
SC-CO; [115]. The main products are the classical agarwood chromones along with
sesquiterpenic constituents typically found in agarwood essential oils as described in
the literature.

By applying the zero-waste concept, a production method for defatted amaranth
(Amaranthus tricolor) flour with SC-CO, has been designed [116]. The defatted flour
had outstanding techno-functional properties such as a high protein content, water
adsorption and water swelling capacity, as well as oil absorption capacity. The highest
oil extraction yield (7.7%) was obtained at 29.6 MPa and 50 °C. In addition, high
squalene content is an additional benefit [117].

To confirm the profitability of the SC-CO, extraction option, some researchers reported
an economic analysis of defatted fiber produced from lemon basil (Ocimum citriodorum
Vis.) seeds [118]. Three products, defatted fibers, an omega-3 rich oil and a protein
powder made this process viable. The minimum size of SC-CO, extractor for profitable
plant was found to be 50 L. The project feasibility was partially conditioned by the
price of basil seed.

Economic studies relating to annatto (Bixa orellana) seed extraction were also reported.
Integrating an SC-CO,; extraction with a sugarcane biorefinery was a promising ap-
proach to ensure profitability [119].

Obtaining multiple products such as bixin, tocotrienols and tocopherols from an-
natto seeds was another approach to improving profit [120]. A two-step sequential
extraction with SC-CO, was applied to annatto seeds to increase the concentration of
bioactive compounds, geranylgeraniol and tocols [120]. In the first step, the extraction
was performed at 60 °C and 10 MPa to recover the geranylgeraniol-rich fraction and
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was conducted at 40 °C and 20 MPa in the second step to recover the tocotrienols-rich
fraction.

- A three-step sequential SC-CO; extraction was described to recover free fatty acid and
A7-sterols from field pumpkin (Cucurbita pepo L.) seed wastes. It was found that this
sequential process enhanced the extractable yield up to 8% [121].

- Recently, a comparative study relating to the production of black cumin (Nigella sativa
L.) seed oils using either SC-CO; extractions or conventional methods (i.e., Soxhlet
and mechanical separation) was reported [122]. Antioxidant activities of extracted
oils were measured by ABTS [2,2-azinobis (3-ethyl-benzothiazoline-6-sulfonate)] and
DPPH [2,2-Diphenyl-1-picrylhydrazyl]. It was concluded that the SC-CO, pathway
promotes antioxidant activity of the recovered oil.

- Our research group has reported about the effects of temperature and pressure on
volatile compounds, namely thymoquinone, p-cymene and hexanal contained in
China-cultivated black cumin seeds when it was extracted with SC-CO, [123]. The
maximum thymoquinone content was obtained at 50 °C and 30 MPa. The results of
this work revealed that volatile compounds contained in black cumin seed oil are
more sensitive to temperature than pressure.

- Chestnut (Castanea sativa) burs were treated with SC-CO, and the antioxidant activities
of the extracted oil was evaluated through ABTS and DPPH radical scavenging
assays [124]. It was found that adding 10% of ethanol is suitable to confer elevated
antioxidant activity to the extracted compounds.

- Another study showed that the antioxidant activity of rice bran oil evaluated through
ABTS radical scavenging assay was improved when adding 10% ethanol to the ex-
tracting SC-CO; [125]. In the rice bran oil, phenolics, flavonoids, y-oryzanols and
tocopherols dominate in the antioxidant activity. Under constant pressure, increasing
temperature from 40 °C to 60 °C sharply declined the amounts of those compounds
and the antioxidant activity.

Regarding the trends and prospects of SCF processes, a general discussion will be
offered in Section 7.

4.2. Polymer Processing: Towards More Bio-Sourced Products

SC-CO;, is a prominent candidate as a green solvent in polymer synthesis, alongside
ionic liquids and water. Its plasticizing effect on polymeric structures, which enhances
chain mobility, makes it an ideal medium for polymer synthesis and processing [126].
Using the advanced query TITLE-ABS-KEY (supercritical AND CO2 AND polymer) for
the period between 2013 and 2024, 1131 documents were found in the SCOPUS database.
According to the outstanding review article written by Kiran and titled Supercritical Fluids
and Polymers—The Year in Review—2014, 10 applications in this field were identified [127].
These applications were (i) polymer solutions and phase behavior, (ii) polymerizations,
(iii) particle formation/micronization for drug delivery systems, (iv) films, (v) fibers, (vi)
membranes, (vii) nanocomposites, (viii) porous materials—-foams/scaffolds, (ix) organogels
and (x) lignocellulosic polymers.

4.2.1. Advances in Polymer Science

Regarding polymer solutions and their phase behavior, it must be noticed that the
solubility of polymers in SC-CO, differs from that of small non-polar molecules, due to
different molecular weight. The sorption of SC-CO, into a polymer occurs before the
polymer chain unfolds into the SC-CO, matrix. Therefore, modeling the phase behavior
between SC-CO, and polymers requires new types of systems. For the solubility of small
molecules in SC-CO,, a cubic equation of state (EOS), such as the Peng-Robinson or
Redlich-Kwong EOS, is typically used [128,129]. For the solubility of polymers, other
EOS models, mostly lattice-based ones like the Sanchez-Lacombe Equation of State (S-L
EOS) or the Statistical Associating Fluid Theory (SAFT), work well [130]. Studies of phase
behaviors are commonly conducted in a high-pressure view cell. Recently, measurements
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relating to the phase behavior of biopolymers such as poly(L-lactic acid) [131] and poly(e-
caprolactone) [132] in SC-CO; have been reported. The focus of studies devoted to polymer
solutions and phase behavior is gradually shifting from petroleum-based polymers to
bio-based polymers, in line with the bio-circular economy.

Due to the difficult solubilization of polymers in SC-CO,, dissolving monomers in
SC-CO; and then polymerizing them is an alternative approach. Such polymerization
reactions, including polycondensation, radical polymerization, emulsion and suspension
polymerization, precipitation polymerization, dispersion polymerization and ring-opening
polymerization, are feasible [133]. These reactions can generate new materials, including
aerogels, composites, films, foams, fibers and porous materials. However, controlling the
molecular weight distribution is challenging due to the high reactivity in SC-CO,. The
techniques of Controlled Radical Polymerization (CRP) or Reversible-Deactivation Radical
Polymerization (RDRP) were developed to terminate polymer chain growth through multi-
ple reversible radical deactivation steps. RAFT (Reversible Addition-Fragmentation chain
Transfer) polymerization and other methods [134] have also been introduced as alternative
approaches to control the molecular weight of polymers synthesized in SC-CO5;. Trends in
SC-CO, polymerization are towards biodegradable polymers for use in biomedical and
pharmaceutical applications [135].

4.2.2. Novel Polymeric Structures
Particle Shaping

Particle formation is a key topic when processing polymers in SC-CO, for the pro-
duction of drug delivery packages, adsorbents and catalyst supports [136]. RESS (Rapid
Expansion of Supercritical Solutions) was the first technique applied in this research area.
Briefly, a polymer-SC-CO, solution is rapidly depressurized through a nozzle or atom-
izer to form fine particles. While RESS is simple, it is limited by the solute’s solubility
and possible nozzle blockages. The PGSS technique (Particles from Gas-Saturated Solu-
tions/Suspensions) involves extracting an emulsion or suspension solution using SC-CO,,
followed by expansion through a nozzle or atomizer, which consumes less SC-CO, than
RESS. The SAS (Supercritical Anti-Solvent) technology includes GAS (Gas Anti-Solvent),
ASES (Aerosol Solvent Extraction System) and SEDS (Solution Enhanced Dispersion by
Supercritical Fluids). SAS processes start with a polymer dissolved in organic solvents such
as ethanol or dichloromethane. In GAS, SC-CO, flows through the solution, expanding
the organic solvent and forming fine particles in the precipitation chamber. In ASES, the
solution is sprayed into an SC-CO, chamber to produce particles of adjustable size. In
SEDS, the supersaturated solution and SC-CO; are atomized together in a coaxial nozzle.

In SAS processes, the addition of drugs or active compounds to the solution for encap-
sulation or co-precipitation has been widely explored. Besides these classical techniques,
other advanced methods have been reviewed elsewhere [137,138]. From an industrial
perspective, particle formation using SC-CO, is particularly suitable for applications in
medical sciences, especially nanomedicine [139].

Regarding the optimum drug delivery effect, several comprehensive reviews on the
advancements in supercritical fluid technology for polymer processing in pharmaceutical
applications have been periodically compiled and updated [135,140-143]. Through the
use of SC-CO, technology, polymer/drug composites are developed for various purposes,
the primary challenge being the effective modification of the dissolution kinetics of active
compounds to achieve optimal therapeutic outcomes. The required drug release kinetics
can vary based on the specific medical application. Selecting the appropriate polymeric
carrier is crucial for ensuring that the drug is released at the desired rate and/or that the
specific site of action is accessed. PVP is currently the most widely used polymer and is
regarded as one of the top carriers, as it frequently enables the production of uniform and
spherical composite particles. Following PVP, PLA and PLLA are also commonly used as
suitable carriers. Additionally, pH-sensitive polymers like Eudragit have gained interest for
targeted drug release. Eudragit L100-55, which is soluble at a pH above 5.5, corresponding
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to the duodenum in the small intestine, protects the active compound from the acidic gastric
environment while also avoiding side effects on the gastric tract. It has been effective in
achieving controlled release of NSAIDs, antibiotics and bronchodilator drugs from SAS
microspheres. Other types of polymers, such as PEG, poly(lactide-co-glycolide) (PLGA),
ethyl cellulose and zein, as well as cyclic oligosaccharides like 3-cyclodextrin (3-CD) and its
derivatives, have also been used in particle formation with SC-CO;. The current challenge
in forming drug/polymer composites with SC-CO; is finding new polymeric carriers that
are compatible with the process technology and can achieve the desired dissolution kinetics.
The use of polymeric blends combining hydrophobic and hydrophilic polymers has not yet
been explored in detail [140].

Polymeric Films and Membranes

From a research point of view, surface modification of thin films or membranes using
SC-CO; has been reported as an alternative method to modify their specific properties,
such as electrochemical properties [144], apparent contact angle [145], gas permeability
and selectivity [146]. For example, SC-CO; led to the reorganization of ionic channels in
Nafion membranes under high pressure [144]. Diluting polyoxaperfluorobutyl bromide
in SC-CO; before coating it onto the polymer matrix significantly reduced the apparent
contact angle hysteresis of the resulting gel thin films [145]. However, thin films obtained
with SC-CO, showed no significant difference in gas permeability compared to ethanol-
treated thin films [146]. SC-CO,-assisted electrospinning is widely employed to fabricate
nanofibers [147]. Although it is considered a greener electrospinning method, SC-CO;-
assisted electrospinning is more complex than conventional electrospinning due to the
high-pressure operation. In surface modification and electrospinning applications, SC-CO,
acts as a solvent to reduce viscosity and improve the flow properties of polymer solutions.
On an industrial scale, when materials are used in non-food industries, organic solvents
are generally more convenient than SC-CO,, except for issues related to flammability.

Foaming and Porous Products

The synthesis of porous materials, foams, and scaffolds using SC-CO;, is a vibrant area
of research [148], as important as studies devoted to polymer solutions and phase behavior,
polymerization and particle formation.

Industrial foaming technologies, including extrusion foaming, bead foaming and
injection molding foaming, rely on pressurizing a polymer/gas solution, mixing, and then
depressurizing to initiate bubble nucleation and growth. Foaming with SC-CO, involves
three steps: dissolving SC-CO; into the polymer/gas medium, generating cell (bubble)
nucleation and growing the cells (bubbles) or expanding the polymer. SC-CO; acts as a
physical foaming agent, and its properties are adjustable by temperature and pressure.
Polymer properties, such as the glass transition temperature, melting temperature and
viscosity, also play an important role in foaming processes. Batch foaming with SC-CO; is
suitable for lab-scale research due to its simplicity and repeatability. On the other hand,
industrial production prefers extrusion foaming because of its continuous operation and
scalability. Sustainable foams, biodegradable foams and biofoams are among current
research trends in polymer foaming with SC-CO; [149]. Biodegradable foams include
biosourced polymers (starch and poly(hydroxyalkanoate)), as well as synthetic polymers,
such as poly(L,D-lactic acid) and poly(e-caprolactone) [150,151].

Polymer foaming with supercritical carbon dioxide (SC-CO;) presents several key
benefits. As an environmentally friendly choice, SC-CO; is non-toxic, non-flammable and
serves as a greener alternative to conventional chemical blowing agents that are often
harmful to the environment. The use of SC-CO, also provides precise control over the
foaming process, allowing for adjustments in pressure, temperature and CO, concentration
to produce foams with specific cell sizes and densities. Furthermore, polymers foamed with
SC-CO, tend to have superior mechanical properties, including enhanced impact resistance
and thermal insulation, owing to the uniformity and consistent size of the foam cells.
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Additionally, the plasticizing effect of SC-CO, reduces the required processing temperature
for foaming, making it particularly advantageous for temperature-sensitive polymers and
contributing to potential energy savings.

By integrating particle leaching with supercritical foaming methods, the challenges of
pore size adjustment and the production of scaffolds with precise pore structures and high
porosity can be overcome. This approach holds significant potential in the field of tissue
engineering. Various studies have investigated the fabrication of highly interconnected
biodegradable polymer scaffolds using SC-CO, foaming and particle leaching techniques.
For example, Zhang et al. [132] fabricated highly connected porous poly(e-caprolactone)
(PCL) scaffolds by blending PCL with water-soluble poly(ethylene oxide) (PEO) as a sacrifi-
cial material. The addition of PEO not only aided in foaming PCL by enhancing its viscosity,
but also significantly improved the porosity and interconnectivity of the PCL scaffolds
after leaching. The porosity increased by as much as 93.5%, and the open pore content
rose to 90.9% for the PCL50 blend (containing 50% PCL by weight). Similarly, Reignier
and Huneault [152] prepared highly porous PCL scaffolds with highly interconnected
pores using PCL, PEO and salt particulate leaching. Xin et al. [153] fabricated bimodal
porous PLGA scaffolds using SC-CO, foaming and different sizes of NaCl particles as
porogens. Bimodal porous scaffolds with macro- and micropore structures were produced
by adjusting the foaming temperature, pressure and the different sizes and mass fractions
of the NaCl porogen. Salerno et al. [154] demonstrated that bimodal porous scaffolds for
bone regeneration could be successfully prepared using SC-CO, foaming and the porogen
leaching technique. Poly(e-caprolactone) (PCL) was blended with thermoplastic zein (TZ),
which acted as a porogen, and hydroxyapatite (HA). The resulting PCL/TZ and PCL/TZ-
HA scaffolds exhibited a macroporosity with a mean pore size of 134 + 80 um and 121 + 49
um, respectively, and micropores in the range of 1-10 um. Both bimodal porous scaffolds
also promoted the adhesion, colonization and proliferation of osteoblast cells for up to 28
days in vitro.

In addition to using particle leaching with SC-CO, foaming, some researchers have
incorporated reinforcing agents with SC-CO, foaming to enhance the mechanical char-
acteristics of polymeric bone scaffolds. Carrascosa et al. [155] employed high-pressure
CO, foaming to produce PLGA-based foams with added reinforcement agents, such as
Mg(OH),, hydroxyapatite (HA) and Mg, to achieve foams with improved mechanical
properties. The resulting foams were rigid, non-sticky and stable over time, exhibiting high
porosity. The compressive stresses achieved—1.85 MPa for Mg(OH), and 3.81 MPa for
HA—were comparable to the 4.2 MPa compression resistance for trabecular bovine bone
as reported in the literature.

Although the supercritical foaming technique offers a wide range of applications, its
use comes with several challenges. A major issue is the substantial initial cost associated
with acquiring specialized high-pressure equipment. Additionally, the process is techni-
cally demanding and requires precise optimization of processing parameters, including
temperature, pressure and CO, concentration, to achieve consistent and reproducible foam
structures. Controlling the size, shape and distribution of scaffold pores using the SC-CO,
foaming technique continues to be a critical challenge in scaffold production [156].

4.3. Challenges and Limitations of SC-CO; in Green Chemistry

While SC-CO; offers substantial advantages, there are challenges and limitations
associated with its use.

These include technical and economical obstacles such as high investment costs,
limited extraction of polar compounds, low solubility of polar monomers in SC-CO, and
limitations to the practical use of SC-CO5; as a reaction medium. Further research is needed
to overcome the obstacles related to the correct use of SC-CO, which represents the most
efficient green media in chemical industries [157]. Then, because SC-CO, equipment is
relatively expensive compared to conventional units, the extracted compounds must be of
enough high value, such as functional ingredients, to ensure the profitability of the overall
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processes. In addition, the valorization of solid by-products discharged from the SC-CO,
extractors also plays an important economic role. For example, not only decaffeinated
tea and coffee but also caffeine itself are the high-value products that can be obtained
from SC-CO; extraction of tea leaves and coffee beans. This is a good example for the
rationale and profitable implementation of SC-CO; extraction processes capable of reaching
industrial scale.

High investment cost issue of SC-CO, extraction could be simply justified by conduct-
ing a techno-economic analysis (TEA). Extracting high value compounds from industrial
wastes or by-products is an appropriate strategy. For example, extractions of bioactive
compounds from fruit and vegetable wastes [158] and seafood by-products [149] were
recently reviewed. Seed and kernel discharge from fruit processing plants are potential
sources of unconventional lipids. Besides, peel and pomace are promising sources of
bioactive compounds, e.g., phenolics, tocopherol and phytosterol compounds. Omega-3
and omega-6 fatty acids could be recovered from fish and shellfish cut offs such as the head,
liver, bone and skin [159]. Economic analysis of SC-SCO; extraction of antioxidants from
fruit residues, including mango peel, yellow passion fruit seed, raspberry seeds, orange
and mandarin peel and agai berry exhausted pulp was recently reported. Material and
energy balances were conducted in a computer simulation using Aspen plus and Aspen
Process Economic Analyzer software. The economic indicators showed that yellow passion
fruit has the highest potential for use as raw materials for SC-CO, extraction because of the
mild operating conditions and high value of the extracts [160].

Utilization of spent materials discharged from SC-CO, extractor, for example as feed-
stock for a biorefinery, could amplify the margin of the extraction process. Blackberry
pomace was introduced as a raw material for producing PUFAs and water-soluble antioxi-
dants via SC-CO; and pressurized liquid extractions (PLE), respectively [161]. Solid residue
discharged from the SC-CO, extractor was subsequently extracted by PLE. The SC-CO2
extraction at 54.8 MPa, 64 °C and 171 min provided a PUFA-rich fraction containing 64.1%
of linoleic acid and 12.9% «-linolenic acid. Furthermore, PLE generated extracts containing
several phenolic acids, flavonoids and anthocyanins that conferred an excellent antioxidant
activity. In our research group, the sequential extraction of rambutan seed waste to produce
unconventional lipids and polysaccharides by SC-CO,-ethanol and subcritical water extrac-
tions was recently demonstrated [162]. The results showed that SC-CO,-ethanol extraction
was able to reduce the optimal conditions of subcritical water extraction without effects on
monosaccharide content and molecular weight of extracted polysaccharides [163].

Life-cycle assessment (LCA) is a tool for evaluating the environmental impact of the
SC-CO; extraction processes. LCA of SC-CO; extraction of caffeine from coffee beans to
produce caffeine and decaffeinated coffee was reported [164]. When using products or
wastes from the coffee industry as feedstock, the environmental impact generated by the
agricultural and transportation stage became significantly higher than that created by the
SC-CO; extraction, especially regarding climate change (CC), ozone depletion (OD), terres-
trial acidification (TA), marine eutrophication (ME), human toxicity (HT), photochemical
oxidant formation (POF), particulate matter formation (PMF), natural land transformation
(NLT), water depletion (WD) and mineral resource depletion (MRD). To emphasize the en-
vironmental impacts of SC-CO,; extraction, the agricultural and transportation stages were
excluded in our previous LCA of crude peptides extraction from defatted defective green
coffee beans using SC-CO,, as these beans were considered waste, with their environmental
burdens attributed to primary coffee production and outside the gate-to-gate boundaries
focused solely on the processing stages [165]. The results showed that the most significant
environmental impacts came from SC-CO,-EtOH extraction, spray drying encapsulation of
caffeine and evaporation. To reduce the environmental impacts, CO, and ethanol must be
recovered and reused in subsequent operations.

In recent research on SC-CO; extraction, LCA was performed along with TEA to
estimate the environmental and economic and aspects, respectively [166]. For example, the
TEA and LCA of volatile oil extracted from raw biomass and resin of Agarwood (Aquilaria
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sinensis) using SC-CO, was reported [167]. Unquestionably, TEA indicated that this process
is profitable because volatile oil of Agarwood is very expensive (USD 12.5-25 thousand per
kg). Fixed capital (FCI) and total capital (TCI) investments were estimated to be USD 6.18
million and USD 7.11 million, respectively for a production capacity of 5280 kg oil per year.
Return of investment (ROI) was 12.05% and 19.16% for raw biomass and resin extractions,
respectively. Regarding the LCA, the highest environmental impact was generated by the
SC-CO; extraction process because of the electricity consumption. Because coal and natural
gas are the major primary energies used to produce electricity production in Malaysia, the
main impact was in terms of global warming potential.

The limited extraction of polar substances and the low solubility of polar monomers
can be solved by adding a co-solvent, known as modifier or entrainer. The co-solvent can
be involved within a static or dynamic mode. In static mode, the substrate is soaked in
the co-solvent for the desired time before SC-CO, extraction is performed. In dynamic
mode, the co-solvent and SC-CO, are mixed and fed through the packed substrate in the
extraction chamber. Ethanol is the most widely used co-solvent in SC-CO, extractions
and preferably bioethanol owing to its renewability and low-toxicity. By searching the
SCOPUS database in August 2024 over the period 2014-2024 (www.scopus.com, accessed
on 18 August 2024), we found 197 research articles that involved SC-CO; extraction using
ethanol as a co-solvent. It is certain that increasing ethanol concentration significantly
enhances the solubility of polar compounds. However, to prevent shifting from SC-CO,
extraction to ethanolic extraction, it should be kept below 20%, preferably 10% based on
SC-CO;, consumption. Besides other conventional polar solvents such as acetone and
methanol, the green solvents, e.g., ethyl lactate and ethyl acetate, were demonstrated as
suitable co-solvents to maintain the environmental benefit of SC-CO, extraction [168]. It
was found that adding ethyl lactate provides the highest caffeine yields in both static
and dynamic modes at 70 °C and 30.0 MPa, respectively. Ethyl lactate and ethyl acetate,
when introduced as co-solvents for polycaprolactone and polycaprolactone-hydroxyapatite
composites, foamed with SC-CO; [169]. It was indicated that both co-solvents enhance the
low temperature foaming of the composite polymers.

The use of SC-CO; as a reaction medium for chemical synthesis with or without
using heterogeneous catalysts have been implemented at industrial scale, especially in
the pharmaceutical industry because SC-CO, slightly impacts on catalyst properties [170].
On the other hand, the effects of biocatalysts such as microbial whole-cells and isolated
enzymes, including lipases, are limited because they interfere with properties of SC-CO,,
particularly by altering its solubility and diffusivity characteristics. Regarding microbial
whole-cells biocatalysts, substrate and product both diffused through cell membranes
leading the cell disruption. Moreover, SC-CO, has the effects of conformational changes
of enzyme active site that causes their deactivation. Operating temperature and pressure
influenced enzyme activity and stability as well [171]. Since biocatalyzed reactions proceed
favorably in aqueous media, this poses another major obstacle to the alternative use of
SC-CO;, with biocatalysts.

Overall, adding co-solvents actually improves the solubility of polar compounds in
SC-CO; extraction but increases the complexity and toxicity of the reaction system.

5. Syntheses of Biofuels: Towards Greener Mobility and Electricity

Biodiesel and bioethanol stand out as the most popular biofuels [172].

In this review, we will focus on biodiesel syntheses using supercritical fluid technology,
which is a main research activity in our laboratory.

Biodiesel is one of the most used biofuels for mobility applications (diesel cars) and
potentially for electricity production. It represents a sustainable and green substitute for
conventional, non-renewable fossil fuels [172]. It offers benefits such as biodegradability,
reduced toxicity and decreased greenhouse gas emissions [173]. Supercritical fluid technol-
ogy, an alternative synthesis route, enables non-catalytic and clean biodiesel production
using supercritical alcohols as a reactant.
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Synthesis under SC conditions is well-suited to produce biodiesel from various feed-
stocks, including low-cost ones containing high levels of free fatty acids (FFAs), which pose
challenges within conventional catalytic processes. SC conditions allow high reaction rates
and short reaction times [174,175]. Because no catalyst is needed, unlike in conventional cat-
alytic reactions, the production process is more environmentally friendly, as it generates no
wastewater and yields clean glycerol as a by-product. Additionally, it avoids the high cost
and potential inactivation of enzymes, which are common challenges in enzyme-catalyzed
methanolysis during biocatalytic reactions [174,176].

5.1. History of Biodiesel Processes Using SCFs

Based on a Scopus database search in August 2024 (www.scopus.com, accessed on 18
August 2024) using the keywords “biodiesel” and “supercritical”, the number of research
publications related to non-catalytic supercritical processes for biodiesel production reveals
a clear growing trend with 531 documents published from 2014 to 2024, compared to 389
documents from 2003 to 2013. This highlights a rising interest of researchers to explore
catalyst-free biodiesel production.

During the development of biodiesel syntheses, two pathways were successively
explored: trans- and interesterification (Figure 13).
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2014-2024: 531 (+36%) . \
Year 2001 Edible Oil \
@iﬁ, Goiz) |
o SC Transesterification & I ///

SC Interesterification Year 2024 ...

()
SC Interesterification 200 o o
N

musmpEdible Oil mm—) on-Edible O = S

Figure 13. A brief history of the biodiesel development using SCFs.

The corresponding reactions are shown in Table 4.

Table 4. Main trans- and interesterification reactions involved in iodiesel SC syntheses.

Critical Tem Critical
Solvent Reaction 1? 0 emp- Pressure Ref.
(MPa)

Transesterification:

Methanol Triglyceride + 3 MeOH <+ 3 FAME + Glycerol 239.0 8.1 [177,178]
Transesterification:

Ethanol Triglyceride + 3 EtOH < 3FAEE + Glycerol 243.0 63 [178,179]
Interesterification:

Methyl acetate Triglyceride + 3 MeOAc <> 3 FAME + TA 2338 47 [178,180]

Ethyl acetate Interesterification: 250.0 38 [178,181]

Triglyceride + 3 EtOAc <+ 3 FAEE +TA

MeOH = Methanol; FAMEs = Fatty acid methy] esters; EtOH = Ethanol; FAEEs = Fatty acid ethyl esters; EtOAc =
Ethyl acetate; MeOAc = Methyl acetate; TA = Triacetin.
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5.1.1. First Pathway: Transesterification

The first research on biodiesel production under supercritical conditions was pub-
lished in 2001 by Saka and Kusdiana, who produced rapeseed oil-based biodiesel using
supercritical methanol [182]. The process typically involves the transesterification of
triglycerides, which are natural oils, with short-chain alcohols like methanol or ethanol at
supercritical temperature and pressure. The main reaction product is a biodiesel which
is either a FAME (fatty acid methyl ester) or a FAEE (fatty acid ethyl ester), along with
glycerol as a by-product (Table 4). Under SC conditions, the triglyceride and the alcohol
(an acyl acceptor) form a homogeneous phase, allowing for rapid transesterification. This
homogeneity is achieved since high temperatures and pressures improve the solubility of
non-polar triglycerides and reduce the dielectric constant of alcohol, resulting in a single
phase of oil/alcohol mixture [176]. However, during transesterification using supercritical
alcohols, a post-reaction treatment is required to separate the purified ester product from
glycerol [178]. Table 5 summarizes examples of transesterification reactions performed
with SC-MeOH and SC-EtOH and using various TG feedstocks, including edible oils such
as rapeseed [182], palm [183] and soybean oil [184], non-edible oils such as neem and
mahua oil [185], crude castor oil [186], sura honne oil [187], third generation feedstock
such as microalgae (Chlorella protothecoides) oil [188] and waste oils such as spent coffee
grounds [189] and waste palm oils [183].

This table includes studies conducted both in our laboratory and by other researchers.
The experiments were carried out at temperatures of 275 °C to 425 °C, pressures of 15.0 to
45.0 MPa and with reactant-to-oil molar ratios from 12:1 to 50:1.

5.1.2. Second Pathway: Interesterification

Because the transesterification process requires the removal of the unwanted glycerol
by-product whose price has plummeted [190], there is a growing interest in developing a
class of glycerol-free processes, called interesterification, to avoid surpluses of crude glyc-
erol. Interesterification involved converting triglycerides with light SC carboxylate esters
into FAMEs or FAAEs and producing triacetin as a by-product (Table 4) [191]. Carboxylate
esters have, therefore, been employed as an alternative to conventional alcohols [192]. Saka
and Isayama published the first research on noncatalytic interesterification with carboxy-
late esters in 2009. They produced rapeseed oil-based biodiesel using supercritical methyl
acetate [193] at the optimal conditions of 350 °C, 20 MPa, with a methyl acetate to oil molar
ratio of 42:1; they obtained a FAME yield of 97.0%. Triacetin, a by-product, has shown
outstanding qualities as a fuel additive. Eliminating the necessity for triacetin separation
from biodiesel contributes to a cleaner and more sustainable process [194]. However, a
previous study showed that the triacetin concentration should not exceed 10% (w/w) to
avoid the degradation of fuel properties [195]. In 2012, Goembira et al. [196] first compared
various carboxylate esters as reagents for the SC production of biodiesel. They found that
supercritical methyl acetate gave the highest yield, followed by ethyl acetate. Consequently,
this review focuses on supercritical methyl acetate and ethyl acetate.

5.2. Overview of Main Trans- and Interesterification Processes

Table 5 gives typical examples of interesterification reactions using SC methyl acetate
(MeOACc) or ethyl acetate (EtOAc) and various feedstocks, including edible oils (e.g., rape-
seed [183], palm oil [171]), non-edible oils (e.g., crambe seed oil [197]) and waste oils (e.g.,
spent coffee grounds oil [198]).
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Table 5. Trans- and interesterification processes involving various feedstocks and SC conditions.

Molar Ratio  Temp./Pressure/Reaction
Esters

Feedstock Reactant (Oil: Time (Wt%) Process/Reactor Type Ref.
Reactant) (°C/MPa/min) °
Supercritical transesterification
Edible oil:
Rapeseed oil Methanol 21 350.0/45.0/4.0 95.0 Batch :fl‘;igr’r with [182]
Refined palm olein oil Methanol 12:1 400.0/15.0/20.0 90.0 Contmr‘égrfo;ubular [183]
Canola oil Methanol 40:1 350.0/20.0/10.0 100.0 C"“hi‘;ﬁsrsf”ral [199]
Refined palm olein oil Ethanol 30:1 300.0/30.0/60.0 80.1 C"“t”;‘;‘;g;”bmar [200]
Canola oil Ethanol 40:1 350.0/20.0/30.0 100.0 Cont’i‘;‘i‘;s}”ml [199]
Soybean oil Ethanol 15:1 320.0/20.0/50.0 62.5 Continuous reactor [184]
Non-edible/waste oil:
Neem oil Methanol 50:1 425.0/30.0/15.0 83.0 Batch reactor [185]
Mahua oil Methanol 50:1 425.0/30.0/10.0 99.0 Batch reactor [185]
Crude castor oil Methanol 43:1 300.0/21.0/90.0 9.5 Batch-shaken tank [186]
Sura honne (?11 (Calophyllum Methanol 40:1 400.0/30.0,/30.0 80.0 55-316 stainless steel [187]
inophyllum oil) batch reactor
Used palm olein oil Ethanol 30:1 300.0/30.0/60.0 734 Cont‘r‘r‘ég;so;ubular [200]
Used palm olein oil Methanol 12:1 400.0/15.0/20.0 80.0 Contmr‘;g;‘tso;“bular [183]
275'(2]/32351)6 400 (]fastfh) Batch tube reactor and
Spent coffee grounds Ethanol 30:1 325.0/15.0/29.4 83.4 continuous tubular [189]
. . reactor
(Continuous) (Continuous)
Chlorella protothecoides oil Methanol 19:1 320.0/15.2/31.0 90.8 (RSM) Continuous flow [188]
tubular reactor
Chlorella protothecoides oil Ethanol 331 340.0/17.0/35.0 87.7 (RSM) Continuous flow [188]
tubular reactor
Supercritical interesterification
Edible oil:
Rapeseed oil Methyl acetate 42:1 350.0/20.0/45.0 97.0 Flow-type reactor [193]
Rapeseed oil Methyl acetate 40:1 305.0/20.0/30.0 97.2 (RSM) Contm‘izzcstgiug flow [201]
Palm oil Ethyl acetate 30:1 380.0/16.0/42.4 90.9 C"ntmr‘:;‘c‘tso;“b“m [181]
Palm oil Ethyl acetate 30:1 380.0/20.0/45.0 ~75.0 Fixed-bed reactor [202]
Non-edible/waste oil:
Crambe seed Methy] acetate NS 375.0/20.0/15.0 66.5 Continuous tubular [197]
oil reactor
325.(2]/35&%50.0 (Bgalt'csh) Batch tube reactor and
Spent coffee grounds Ethyl acetate 30:1 350.0/15.0/25.2 86.4 (Con- continuous tubular [198]
. . reactor
(Continuous) tinuous)

NS: not specified.

Most of the interesterification studies have been carried out at 305 °C to 380 °C and
under 15.0-20.0 MPa, with reactant-to-oil molar ratios ranging from 30:1 to 40:1.

Campanelli et al. [203] reacted various oils with supercritical methyl acetate and
observed that biofuel yields were not affected when reacting different feedstock oils,
including edible and non-edible.

5.3. Influence of Process Parameters

The reactions involved in SC biodiesel production are performed at temperatures and
pressures well above the critical points of the reacting alcohols and carboxylate esters, as
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detailed in Table 5 [178]. Figure 14 summarizes the main factors influencing the reactions
in SC biodiesel production.

Influence of Process Parameters

Reactant : oil
molar ratio

Free fatty
acid & water
contents

Figure 14. Influence of process parameters on SC biodiesel production.

Effect of temperature: An increase in temperature speeds up the reaction rate, en-
hances the yields of FAMEs and FAEEs and generally reduces reaction time by improving
mass transfer [178,198,202]. However, excessively high temperatures can also cause the
thermal decomposition of esters into low-molecular-weight compounds like hydrocar-
bons [204,205].

Ngamprasertsith et al. [200] found that temperatures above 300 °C degrade unsatu-
rated fatty acids (UFAs) of palm oil, thus reducing the ester content. Due to higher UFA
levels, used palm oil has lower reactivity than refined palm oil. In addition, batch reactors
exhibited noticeable thermal degradation due to prolonged contact with hot reactor walls.
In contrast, continuous reactors needed higher temperatures for optimal yield due to flow
dynamics, mixing efficiency and heat transfer [189,206].

Effect of pressure: A higher pressure level improves density and solubility, increasing
the reaction rate between reactants [204,207,208]. Previous research showed that pressure
improves the yield up to a specific limit, beyond which its effect either became adverse or
had no impact on yield [181,204].

Reactant/oil molar ratio: A higher reactant/oil molar ratio enhances conversion by
shifting the reaction towards the targeted products. However, excess alcohol can also
decrease the reaction mixture’s density and temperature, reducing biodiesel yield [200,204].
Furthermore, high alcohol contents may decrease process effectiveness due to the significant
energy required for preheating and recovering the alcohol [209]. Therefore, some studies
suggest that it is better to use higher temperatures to complete the conversion rather than
high molar ratios [183,205].

Reaction time: As reaction time increases, the yield of fatty acid alkyl esters rises
until it reaches a maximum, after which the production rate remains constant [174]. Pro-
longed reaction times can lead to decreased biodiesel yields due to its incipient decomposi-
tion [178,204].

Free fatty acid and water content: The presence of water slightly boosts the biodiesel
yield by facilitating triglyceride hydrolysis. In contrast, it was found that the content of free
fatty acids either had no substantial impact [210] or increased ester yield owing to their
esterification by alcohols, raising the fatty acid alkyl ester production [174,205].

Addition of co-solvent or heterogeneous catalysts: Co-solvents such as acetone, tetrahydro-
furan (THF) and iso-propanol have been reported to improve the homogeneity of the reaction
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mixture, thereby increasing the transesterification reaction rate [211]. Akkarawatkhoosith
etal. [211] found that a higher 80.0% fatty acid ester was achieved with the 20 wt% addition
co-solvent under 350 °C, alcohol-to-oil molar ratio of 23:1 and 3.5 min. In comparison,
65.6% of ester was obtained with an absent co-solvent. Additionally, using SC-CO, as
a co-solvent can reduce the high pressure, temperature and alcohol-to-oil ratio require-
ments [212]. Han et al. obtained a FAME yield of 98.0% under mild conditions of 280 °C,
14.3 MPa a methanol-to-oil molar ratio of 24:1, 10 min and a CO,-to-methanol ratio of
0.1 [212].

Furthermore, adding heterogeneous catalysts, such as ZnO, CaO, MnO,, CuO, Al,O3
and MgO, boosts efficiency, allowing for milder reaction conditions and increasing eco-
nomic viability and environmental sustainability [213].

5.4. Challenges and Limitations of Biodiesel Supercritical Syntheses

First, because unsaturated fatty acids can degrade at high temperatures, achieving
the 96.5% biodiesel yield mandated, for example, by the EN14214 standard proves chal-
lenging [200]. However, such minimum yield is not specified in the standards of several
countries, such as Brazil and India, where biodiesel containing less than 96.5% ester can
be blended with petrodiesel fuel for automobile uses [214]. Process modifications, such as
adding co-solvents [211] and implementing two-step protocols [215] could be applied to
increase the FAEE content. In addition, further studies involving genetic modifications of
non-edible and waste feedstocks may generate cheaper and readily available feedstocks to
enhance biodiesel yield [186].

Next, the high temperatures and pressures required by the process raise costs due to
the need for high-grade reactor materials. On another hand, using a high alcohol-to-oil
molar ratio can lead to excessive energy consumption and environmental loads [174,209].
Choosing a suitable solvent for the process is also essential.

Although methanol exhibits the highest activity, it is toxic and its tendency to absorb
water increases the risks of corroding reactor equipment. Bioethanol is an alternative
reagent owing to its renewable nature and ecologically beneficial properties, thereby ad-
dressing environmental concerns [207].

Until now, the production of SC biodiesel has not been implemented at neither indus-
trial nor pilot scale. However, substantial work has been carried out on the techno-economic
feasibility of the SC biodiesel route, using feedstocks such as jatropha, palm and waste
cooking oil, and with plant capacities ranging from 10,000 to 40,000 tons per year. This
work is summarized in Table 6 [216-220]. However, the choice of feedstocks significantly
impacts production costs. It was reported that feedstock prices represent more than 50%
of it, methanol price being also an important factor [218]. Several scenarios demonstrate
promising economic viability, with positive net present values and acceptable payback
durations.

Overall, the findings indicate that biodiesel production under SC conditions is tech-
nologically and economically viable: it offers lower production costs than conventional
methods, notably because it produces premium biodiesel and glycerol and eliminates
any additional post-processing. In addition, this would bring progress in terms of the
environment.

However, a recent evolution in the political context of the biodiesel sector affects these
positive economic prospects: many countries have recently limited the fraction of vegetable
oil production eligible for biodiesel production due to the food-versus-fuel competition
debate, so that producers of vegetable oils are less tempted to face significant investments
in new installations.

Future work should prioritize further economic analysis of various raw materials,
process optimization, long-term feasibility studies and life cycle assessments, in order to
further justify both profitability and environmental sustainability.
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Table 6. Economic analyses of SC biodiesel production from various oil feedstocks (figures are in
USD millions).

Yusuf and . .. Tipsri and
Item Kamarudin Martinovic et al. [217] Sakdasri et al. Gutiérrez and de Lersbamrungsuk
[218] Santa-Ana [219]

[216] [220]
Plant capacity (tons/y) 40,000 15,000 30,000 40,000 10,000 10,000
Feedstocks Jatropha Waste cooking oil Palm oil Waste cooking oil NS
Equipment cost 1.25 2.60 2.92 0.93 0.85 6.17
Fixed capital cost 7.52 5.39 6.86 6.26 NS NS
Working capital 113 1.02 1.90 0.94 NS NS
Total capital investment 9.41 6.42 8.76 7.19 2.65 15.82
Raw material cost (yr—!) 15.25 US$ 6.70/ton US$ 6.70/ton 24.85 NS NS
glrrff; manufacturing cost 24.25 US$815.96/ton  US$ 769.84/ton 31.30 NS 19.32
Indlrectirlnanufacturmg 176 NS NS NS NS NS
cost (yr—)
Total fixed costs (yr—!) NS US$ 82.36/ton US$ 49.42/ton 1.01 0.32 NS
(T;rtﬂ )"Peratmg cost 46.43 NS NS NS 4.41/year NS
Total general
manufacturing expenses NS US$ 12.08/ton US$ 6.59/ton 4.97 NS NS
costs (yr*])
Total production cost
(yr’l) 31.20 US$ 936.76/ton US$ 851.10/ton 37.28 NS NS
Unit production cost
(kg~1) 0.78 US$ US$ 863.19/ton ~ US$ 777.53/ton NS NS NS
Break-even prices NS NS NS US$ 840.68/ton US$ 0.53/Kg NS
Internal rate of return (%) NS NS NS 31.61% (20 yrs.) NS 36.74%
Net annual profit NS NS NS 9.57 NS NS
Payback period (y) NS NS NS 2.39 NS 6.13
ggtyl;resem Value NS NS NS 45.48 NS NS

NS = Not specified.

5.5. Biodiesel as a Green, Efficient Gas Turbine Fuel

Gas turbines are turbomachines which convert the chemical energy contained in fuels,
such as natural gas or petroleum distillates, into mechanical energy, which is either used for
propulsion in jet engines or converted into electricity in land-based gas turbines coupled to
electric generators. They can operate on most gaseous and liquid fuels, which makes them
highly flexible prime-movers for electric power production [221]. However, burning fossil
fuels results in a high carbon footprint of the thermal electric sector [222].

Many studies and field tests show that biodiesel is a possible alternative fuel for gas
turbines and can contribute to energy decarbonization [221,223,224]. We performed a
Scopus database search from 2014 to 2024 using the keywords “gas turbine” and “biodiesel”
and found 157 research publications related to this area, compared to 134 for the 2003-2013
period, which demonstrates a growing interest for alternative primary bioenergies to reduce
fossil fuel reliance.

A General Electric team studied the combustion and the emissions of biodiesel pro-
duced from rapeseed oil in a Frame 6B (40 MWe) power generation gas turbine [224].
They found that the combustion of biodiesel is very clean, resulting in extremely low
emissions of carbon monoxide, unburned hydrocarbons, polycyclic aromatic hydrocarbons
and aldehydes. This is mainly due to the linearity of the carbon chains of FAMEs, which
can be easily oxidized by oxygen, resulting in complete combustion, alongside their good
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biodegradability in the environment. Sulfur oxide (SOx) emissions were found to be very
low (<1 ppm). Regarding nitrogen oxide (NOx) emissions, due to (i) its oxygen content
which results in lower adiabatic stoichiometric combustion temperature (“T,q ") and (ii)
the absence of FBN (Fuel-Bound Nitrogen), biodiesel was found to emit less NOx than
diesel oils. This result was then confirmed by computations of the T,q s data made on many
classes of bio- and petrodiesel fuels, which showed systematically lower NOx values for
biodiesels [225]. In contrast, Altaher et al. [226] found that NOx emissions increased with
increasing biodiesel concentration and attributed it to biodiesel’s higher oxygen content
and modified delay times in the atomization process. The NOx levels emitted by biodiesel
depend mainly on the T,q ¢t data which increase with machine load, the fuel-to-air ratio
and, to a lesser extent, on the composition of the biodiesel, i.e., the vegetable oils.

When comparing the performance of biodiesel to Jet A aviation fuel in aero-gas
turbines, the findings revealed that gas turbines operate similarly with both [223]. Biodiesel
has superior lubricating properties compared to other fuel types, improving the operation
of mechanical fuel components. On another hand, the cetane number and flash point of
biodiesel are higher, thereby improving general safety against fire and explosions in all
applications [227].

However, some significant challenges must be addressed in aviation applications,
including performance at low-temperature, slightly lower energy content and material
compatibility. Combining biodiesel with petroleum-based fuel and selecting biodiesel
feedstocks that produce fuels with higher heating values can solve these issues. Utilizing
compatible seals like Viton or Teflon and using elastomers with higher acrylonitrile content
can solve the swelling problem caused by biodiesel in fuel circuits [213]. Additionally, the
risk of a slow phase separation between biodiesel and diesel oil and the higher susceptibility
of biodiesel to bacterial degradation are factors to consider during storage [224].

6. Applications in Electric Power Generation

Not surprisingly, HyO and CO; are also the two SCFs that can be used as working
fluids to generate thermal power, that is, to convert heat into electricity within condensation
(Rankine) or non-condensation (Brayton) cycles. This is because the circuits of power cycles
always experience leaks and both fluids are not only widely available but also have zero
impact (H»O) and relatively benign impact (CO,) on the environment.

6.1. Supercritical Steam Cycles

All power cycles using H,O as a fluid are of the Rankine type, i.e., they include a
vaporization stage (production of steam by heating in a boiler) and a condensation stage
(by cooling in a condenser) [228]. They are traditionally called “steam cycles” [229].

H,O0 has its critical point (CP) at 374 °C—221 bar.

Figure 15a represents the temperature—entropy (T-S) diagrams of two steam Rankine
cycles: (1) a subcritical (“sbc”) cycle, drawn in green color and (2) a supercritical (“SC”)
one, drawn in red, in which the superheated steam (leaving the boiler furnace) is above 221
bar and generally above 540 °C.

Figure 15b highlights, in purple, the critical H,O isobar (221 bar), which separates the
sbc zone (located to its right and drawn in green) from the SC zone (to its left and in pink).
In fact, the SC-H,O cycles should be called “transcritical” rather than supercritical, since
the portion STUPQ of their contour is below the critical isobar.

In both the SC and sbc cycles, the hottest point is the “superheat” peak: points E and
R, respectively. After a first expansion in the High-Pressure (HP) steam turbine (lines EF
and RS), the steam goes back to the boiler where it is “reheated” (lines FG and ST); it is
then re-expanded in the Medium-Pressure (MP) turbine and finally in the Low-Pressure
(LP) turbine (lines GH and TU) to recover maximum power. Steam is then condensed (lines
HA and UP) and re-pumped into the boiler (small segments AB and PQ).
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Figure 15. (a) Sketches of a subcritical (“sbc”: green line) and supercritical cycle (“SC” red line); the
critical isobar (221 bar; in purple) is the dividing line between sbc and SC zones; E and R are the
points at superheater outlet; G and T are the points at reheater outlet; (b) details around the CP;
(c) power output difference between SC (wgc) and sbc (wgp,c) cycles (hatched area).

Figure 15c illustrates how to evaluate the ideal values of power outputs of both cycles.
Indeed, assuming reversible processes, the energy “w” produced by any thermodynamic
cycle is given by the line-integral calculated around the contour that materializes this
cycle. For the sbc cycle (ABCDEFGH) and the SC cycle (PQRSTU) (Figure 15c), we have,
respectively:

Wspe = 7{ ABCDEFGHTAS and wgc = 7{ TdsS (5)
PQRSTU

The power output delivered by the SC cycle exceeds that delivered by the sbc cycle
and the difference (wsc — wgp,) is approximately represented by the gray-hatched area in
Figure 15c.

Historically, Figure 16 shows the efficiency gains that were progressively achieved
when moving from subcritical to supercritical cycles, globally leading to approximately
five points (steps surrounded by a green dotted square) [230]. This gain is considerable
since it corresponds to an additional production of 50 MWe for a 1000 MWe power unit.

Typical SC power blocks display pressures of 230-250 bar, superheat temperatures
above 560 °C and they reach efficiencies of 40 to 45%, while conventional subcritical cycles
(165 bar, 5-60 °C) are limited at 40%.

The latest progress is represented by “Ultra-SuperCritical” cycles (USC) in which the
reheat temperature conditions exceed 600 °C and 250 bar; it should be noted that different
usages exist to define the temperature threshold to pass from the SC to the USC class.
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Figure 16. Evolution of superheat temperature and efficiency of steam cycle; according to [230].

For example, the Block No 8 of the Rheinhafen-Dampfkraftwerk (Karlsruhe, Ger-
many), commissioned in 2013, is a USC cycle of 912 MWe that has a baseline efficiency
greater than 46% and can reach 47.5%; the steam has a superheat temperature of 600-620 °C
at the inlet of the HP turbine which must have, therefore, a rotor made in highly-alloyed
austenitic steel (25% chromium) [231].

Concerning the most advanced prospects, steam pressures and temperatures of up
to 415 bars and 700 °C are considered, which would yield an efficiency level of up to 50%.
However, such advanced steam cycles would require major changes in the structural alloys,
especially those of the superheater heat exchangers, resulting in high CAPEX in addition to
long and costly programs of development and qualification [232].

6.2. Supercritical CO, Cycles

As an important preliminary remark and as already mentioned (Section 3.2.2), the
density of the working fluid plays a key role in power generation cycles. This effect explains
the superiority of SC Brayton cycles since SCFs are much denser that the gases or vapors
used in classical sbc Rankine and Brayton cycles. This technology offers other important
advantages [233], including the reduction in the dimensions of mechanical components,
particularly those of turbomachines, which provide a substantial economic benefit.

We will illustrate these effects in the case of a Concentrated Solar Power (CSP) plant
[PF].

6.2.1. The High Efficiency Potential of SC-CO, Cycles in Solar Energy Conversion

Today CSP plants are driven by conventional sbc steam cycles [234]. A typical example
is shown schematically in Figure 17a [235].

Solar energy is reflected and concentrated by a field of heliostats towards a receiving
tower which constitutes the heat source. The heat is extracted by a flow of molten salt
stored in a hot tank; it feeds a steam generator, which, in turn, powers a Rankine cycle and
is then collected in a “cold” tank from where it returns to the receiving tower.

Figure 17b displays a possible transposition of this installation into a SC-CO, Brayton
cycle which was previously schematized (diagram of Figure 3) and in which the steam
generator is replaced by a heat exchanger between the molten salt and CO, [236]. This
particular powertrain configuration comprises a compressor, a turbine and a heat recu-
perator; the latter recovers the heat that is still contained in the CO; leaving the turbine.
This unit has no condenser because it is entirely supercritical and therefore without any
condensation stage, like in all Brayton cycles.
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Figure 17. Sketches of CSP power units based on (a) a sbc steam Rankine cycle, according to [235];
(b) a SC-CO;, Brayton cycle, according to [236].

Using ProSimPlus®, we have compared the electric performances of the two configura-
tions, in which (i) the sbc Rankine steam cycle featured both a superheating (176 bar—552 °C)
stage and a reheating (46 bar—551 °C) stage and (ii) the SC-CO; cycle had double heat
recuperation and recompression stages [233]. In both cases, the molten salt entered the
receiving tower at 565 °C and transferred 270 MWth to the working fluid (steam and CO,
respectively).

We assumed zero irreversibility losses, which led to optimistic energy performances
but provided a common basis for comparing the two configurations. Our calculations
showed the superiority of the SC-CO, option [237]; indeed, compared with the steam cycle,
the SC-CO; produces 9.2% more power (129 versus 119 MWe) and boasts four additional
points of efficiency (48.1% versus 44.1%), which represents a real breakthrough.

It should be noted, however, that, unlike SC-CO, cycles, Rankine cycles are a very
mature technology.

6.2.2. Overall Benefits Inherent to SC-CO2 Power Cycles
A.  Free choice of the heat sink

Since Brayton SC-CO; cycles have no condensation stage (Figure 3), the heat sink can
have a temperature above the Tc of CO; (31.1 °C). In the context of climate change, this is
an advantage over steam cycles which requires a heat sink (a river or, better, a sea) below
the condensation temperature of the steam. Incidentally, this explains why new nuclear
plants, based on steam cycles, are now preferably installed by the sea, to avoid the “thermal
pollution” of rivers. SC-CO, Brayton cycles are free of this constraint.

B. Reduction in the size of turbomachines

In a previous article, we also showed how the high density of SC-CO; makes most
powertrain components smaller in size than corresponding ones in steam cycles [20].
Indeed, for aerodynamic reasons, the cross-sectional areas of a turbomachine must be
dimensioned inversely proportional to the density of the working fluid passing through
it. Consequently, SC-CO, machines exhibit reduced diameters. This point is qualitatively
illustrated by Figure 18a [238]. In addition, the pressure ratios of SC-CO; cycles are much
lower than those of steam cycles, which also reduces the number of stages and consequently
machine lengths (Figure 18b) [239].
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Figure 18. Comparisons between the sizes of a steam and a SC-CO, turbine: (a) reduction in diameter;
(b) reduction in shaft length (after [238] and [239] respectively).

Overall, the machines are smaller, reducing the footprint of the overall powertrain and
minimizing capital expenditure.

C. Towards zero CO; emission power plants: Allam cycles

Recently introduced SC-CO; cycle concepts offer the prospect of decarbonizing the
electricity sector. In these designs, heat is supplied to the SC-CO, cycle by burning natural
gas not with air but with pure oxygen, a process known as “oxy-combustion” [26,27,240].
Therefore, the combustion step introduces only H,O and some additional CO, (but no N»)
into the cycle. Since the working fluid must remain pure CO,, HyO is first removed from
the cycle and then the additional CO; is extracted in supercritical conditions, allowing it to
be directly sequestered.

The most advanced concept is represented by the Allam cycle, a diagram of which is
shown in Figure 19 [26,27].
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Figure 19. Simplified sketch of the Allam cycle; after [26]. For meaning of circled numbers, see text.

Natural gas, which can be assimilated to pure methane, is introduced into the combus-
tion chamber of the turbine (mark 5) and burned with pure O, that has been previously
admixed into the SC-CO; circuit (mark 3a). This “oxycombustion” process generates water
and additional carbon dioxide, in the absence of nitrogen, through the very simple reaction:
CHy +2 0O, — CO, + 2 H)O.

Expansion in the turbine generates electrical power. Then: (i) the resulting supercritical
stream (6) passes through a special heat recuperator (3), (ii) water is condensed and removed
from the cycle (7), (iii) the SC-CO; stream is then expanded (8) and (iv) the excess CO,
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produced by combustion is extracted (9). The remaining SC-CO, stream is cooled at the
heat sink (1), goes through the compressor (which, for SCFs, is similar to a pump: (2)) and
through the recuperator (3) before being reinjected into the turbine (4).

In addition to the possibility to capture CO;, this process is likely to yield high power
generation efficiencies; it would also give the possibility to recover the combustion water
for any other use.

All these qualities perfectly match the portrait of the power plant of the future: high
efficiency (low fuel consumption); CCS-readiness and virtuous recovery of zero-cost water.

Several power plants of this type have been commissioned but the version involving
continuous CO, capture is still in development [241,242].

6.3. General Status of SC Power Technologies

The common advantage of SC power cycles lies in their superior efficiencies, which
allow a reduction in the carbon footprint of the electricity sector.

A.  Concerning SC-HO cycles (i.e., SC steam cycles), there are currently about 400 power
plants which operate based on this type of cycle [243].

B. Concerning SC-CO, Brayton cycles, an additional benefit lies in the reduction in
size of mechanical equipment: by decreasing the cost of power plants, this makes it
possible to accelerate electrification around the world, knowing that more than 760
million people are still without access to electricity [244].

However, for the efficiency of SC-CO; cycles to exceed that of steam Rankine cycles,
significant R&D work must still be carried out on turbomachines (compressors and tur-
bines), whose isentropic efficiencies strongly condition the efficiency of SC Brayton cycles.
Suitable structural material should also be used to cope with the high temperature and
important mechanical stresses undergone by turbine rotors [233,237].

C.  Allam SC-CO; cycles could take a big step towards carbon-free electricity. As men-
tioned above, several power plants of this type have been commissioned but without
continuous CO; capture.

Overall, the benefits of SC power cycles justify the hopes placed in this technology to
significantly reduce the carbon footprint and allow for more effective use of fuels in the
electrical sector.

7. Foreseeable Trends and Prospects

When trying to anticipate trends and possible prospects, it is useful to distinguish the
short term from the middle/long term.

7.1. Short Term
The analyses presented in Sections 4—6 can inspire short-term activities, for example:

A. Carry out comparative studies between the available techniques, as well as economic
analyses;

B. Study/implement strategies to approach the zero-waste concept;

C. Develop sequential SC extractions and combine them with other techniques such as
mechanical and subcritical water extraction;

D. Focus on TEAs (techno-economic analyses) and LCAs (life-cycle assessments) to de-
termine both profitability and environmental compliance when envisaging industrial
applications;

E. Regarding supercritical power technology, development efforts should focus on max-
imizing the efficiency and reliability of compressors and turbines and qualifying
appropriate structural materials: these tasks are classic, but not necessarily easy.

7.2. Middle-Long Term

When it comes to middle-long term trends and prospects, many possible industrial
developments and research directions are likely to gain momentum. However, general
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experience with the emergence of new technologies teaches us that industrial applications
often occur quite late after the corresponding discoveries. Indeed, the inventiveness of
researchers generally goes faster than the pace of industrial development: for example, as
noted in Section 2, pioneering work on SC-CO, power technology dates back to the 1960s,
but real R&D only began in the 2000s. Additionally, as long as they are profitable, old
technologies often resist changes because new ones require upfront investments that delay
the decision for such changes.

For these reasons, it will not be surprising to find references to somewhat dated
research below.

7.2.1. Recovery of High-Value Biomolecules
The following directions seem worth exploring:

A. Identify new raw materials that are potential sources of already known molecules
of interest. A possible option is the extraction of valued substances from “fatal”
process wastes [245,246]. A possible example is tree bark which represents a mas-
sive, mostly unexploited forestry waste that contains substantial amounts of tannins,
terpenoids and polyphenols (namely resveratrol and astringine) as secondary tree
metabolites [247].

B.  Alternatively, search for other interesting molecules likely to create new market
opportunities, particularly in the fields of fast-developing markets, which includes
cosmetics, nutraceuticals and pharmaceutical products. This requires, however, long-
term collaborative research with the corresponding industry branches.

Other possible applications exist, an example being the production of bio-sourced
Liquid Organic Hydrogen Carriers (LOHC) [248].

7.2.2. Alternative Sterilization Processes

The increasing complexity of biomedical equipment in terms of geometry and fragility
(e.g., biological tissues, technical textiles) lead to substitute “gentle” but efficient steril-
ization alternatives for classical, often harsh treatments (ethylene oxide, dry or autoclave
heating, radioactive exposure). SC-CO; sterilization under low temperatures and pressures
is an open option [249,250].

7.2.3. Cleaning of High-Value Products

As future electronic devices will probably have nanoscale dimensions, the high inter-
facial tension of liquid water will prevent its use as a cleaning agent. This is a field where
SCFs can become instrumental [76,251].

7.2.4. Fabrication of Nano Electronic Components

Due again to their nano dimensions, future semiconductor devices will require new
methods for patterning them and for depositing functional layers featuring complex mor-
phologies. Here also, SCFs can be an option for syntheses and further processing [252,253].
This also includes the fabrication of supercapacitors, which requires complex coating and
deposition steps [96,254]. The SAS (Supercritical Anti-Solvent) technique, already described
in Particle Shaping Section, consists of precipitating a targeted substance from a solution
using SC-COs,. It is a promising technique which enables preparing not only micrometric
superconducting particles but also pharmaceutical products, dyes, explosives, polymers
and biopolymers [255-257].

7.2.5. Recovery of High-Value Metals from Spent Catalysts and WEEE

The ores of precious metals are overexploited and become short to meet the increasing
global demand, e.g., for automobile depollution systems. Likewise, the demand for rare
earths from the electronic industry is increasing exponentially. In this context, their recovery
from end-of-life products, e.g., from spent catalysts and WEEE (Waste from Electrical and
Electronic Equipment) becomes a serious alternative [258]. Recovery via pyrolysis is a harsh,
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polluting process. The use of SC-CO, along with CO,-soluble copolymers grafted with
complexing groups, allow to extract palladium from spent catalysts [259]. An oxidative,
two-stage process using SCW in the presence of oxygen was developed by Johnson-Matthey
to remove carbonaceous compounds and then recover precious metals, as oxides, from
spent catalysts [260].

7.2.6. Possible Advances in the Energy Sector

In the field of energy, SCFs can be involved in the reprocessing of spent nuclear fuels.
For example, a novel, SC-CO,-based process (called Super-DIREX, for “Supercritical Fluid
Direct Extraction”) had been studied in Japan to potentially replace the traditional PUREX
process (for “Plutonium, Uranium, Reduction, Extraction”) that uses extraction cascades of
U and Pu by solutions of tributylphosphate (TBP) in dodecane. This new process involves
mixtures of SC-CO, with specific complexing agents at 40-60 °C and 100-200 bar [261].

Another catalyzed SCW-based process could also be developed to dispose of low-
activity nuclear wastes [262].

Finally, an interesting source of novelty would lie in using SCFs to directly convert
biomass energy into heat and then into electricity within CCS-ready concepts.

8. Conclusions

This jointly authored article aimed to offer a global vision of the broad spectrum of pro-
cesses based on supercritical fluids, highlighting some large commonalities between them,
taking stock of current achievements and attempting to anticipate future developments.

To introduce the subject, we started with a brief history of SCFs to show their emer-
gence as process fluids and the gradual expansion of their application portfolio for which
we presented a preliminary list and classification. This high-level list revealed a very broad
range of applications that crosses multiple sectors of the global economy.

From a theoretical point of view, the challenge of bringing together, in this article,
applications pertaining to sectors as distinct as food, chemistry and electrical power has
proven to be fruitful since, in all these areas, the distinctive performances achieved by these
processes are due to common physical behaviors of SCFs and can be explained by similar
physicochemical properties.

From an industrial standpoint, the review of SCF processes already implemented or
under development in the agri-food and biomass conversion sectors led to two important
statements. First, a considerable number of industrial facilities are already operational,
the oldest dating back to 1986 and the latest one being a large hops extraction plant
commissioned in 2017; moreover, the currently accessible list of industrial plants is limited
to the EU. Second, there is a growing R&D activity around the world in the branches
of nutraceuticals, pharmaceuticals and new food products, most of them focusing on
new specialties or new approaches to producing existing specialties. The challenges in
pursuing industrialization projects are in terms of CAPEX for the acquisition of high-
pressure equipment, operating costs for fluid compression and scalability to industrial
standards. This is why a current trend is to carry out technical-economic analyses (TEA)
and life cycle analyses (LCA) to test the viability of projects upstream.

Examination of electrical applications reveals a growing fleet of supercritical power
plants which use supercritical water (called “supercritical steam” in this branch of activity).
They gradually supplant conventional subcritical steam power plants. It also shows
promising prospects for applications of supercritical CO, cycles despite serious challenges
related to the disruptive characteristics of this technology.

These reviews were supplemented by original results developed in our laboratories
which confirm the observed trends.

A major driver for future developments of SCF processes lies in their distinctive,
pressure-tunable solvation properties, which represent a unique tool enabling the develop-
ment of greener processes capable of reducing the use of chemical solvents. Concerning the
electricity production sector, the strong assets of SCF technologies are (i) their uncommon
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capacity to reduce the carbon footprint of this sector and (ii) the potential to enable faster
electrification thanks to substantial reductions in installation costs.

Finally, we tried to provide a perspective of future extensions of this process portfolio
by widening the scope of applications as much as possible. Here again, the prospects are
numerous and brilliant for exploiting the useful singularities of SCF properties that we
endeavored to highlight in this article.
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Appendix A. Mass and Heat Transfer Properties of H,O

The characteristics highlighted in Section 3, concerning the specific properties of SC-
CO,, apply to all other SCFs and in particular to SC-H,O which has its critical point at
374 °C, 220.6 bar. Figure A1 that shows the iso-density lines, confirms the general shape
observed for CO; (Figure 2) with a monotonic increase in density with pressure at constant
temperature.

1000

800 7/°§

Iso-Densities (p) — kg/m3

100 374
300 400 500 600 700 800

Figure A1. Iso-density lines of H,O [73].

The chart of dynamic viscosity (Figure A2) shows that, like for CO, (Figure 9a):
(i) there is, at constant pressure, a strong decrease in viscosity above Tc and (ii) at constant
temperature, an increase with pressure [73]. Finally, Figure A3 shows the very high values
(above 100 mW-m~1-K~1) of the thermal conductivity of SC-H,O. As in the case of SC-CO,,
it increases with pressure and marks a steep jump at the critical point but, here too, it is
a very local peak which practically does not influence overall heat exchanges. At 400 °C,
300 bar, it is 10 times greater than that of liquid water at 80 °C, 1 atm.
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