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Preface

The current demands for sustainability have made consumers concerned about the origin of the

products generated in different industries. For this reason, green technologies are increasingly required

and optimized for industrial processing. In the last few decades, supercritical technology has emerged

as an environmentally friendly unit operation of industry that answers such sustainability demands

via the development of efficient and low-cost processes, the generation of products of commercial

value, and a reduction in waste emissions.

The scope of the Special Issue ”Supercritical Technology Applied to Food, Pharmaceutical and

Chemical Industries” is multidisciplinary and includes one editorial and fifteen outstanding papers

covering advances in the theory and practice of processing strategies that involve supercritical-based

technology for the extraction of bioactive compounds (saponins, carotenoids, essential oil, phenolic

compounds, and iridoids), particle formation, the pretreatment of materials for medical and colorant

application, the sterilization of foods, and the transesterification of fats for biofuel production.

Moreover, the theory items studied in terms of thermodynamics, mathematical modeling, and

process simulation for scale-up and economic analysis provide useful information for optimal process

performance and cost reduction.

For the following Special Issue, the target audience comprises, but is not limited to, researchers,

students, technicians, and those with a general curiosity about green chemistry and industrial

processing.

Maria Angela A. Meireles, Ádina L. Santana, and Grazielle Náthia-Neves

Editors
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Editorial

Supercritical Technology Applied to Food, Pharmaceutical, and
Chemical Industries

Ádina L. Santana

Grain Science and Industry Department, Kansas State University, 1301 N Mid Campus Drive,
Manhattan, KS 66506, USA; adina@ksu.edu

1. Introduction

Everyday life has caused consumers to feel genuine concern about the origin of the
products they consume. For this reason, green technologies are required in industrial
processing to ensure the development of high-quality products. Supercritical technology is
a green methodology that includes multiple types of high-pressure processes that employ
substances in conditions next to or above the critical point [1–3].

Supercritical technology has emerged as an environmentally friendly and efficient
alternative for use in the preparation of multiple varieties of matrix for the extraction [4–6],
fractionation [7,8], and purification of molecules [9]; the transformation of molecules via
chemical reactions [10]; particle formation [11]; impregnation [12]; drying [13]; and steril-
ization [14]. In this Special Issue, fifteen outstanding manuscripts covering novel insights
into the theory and practice of supercritical fluid-based processes are published. For
more information on this Special Issue, readers are strongly encouraged to visit the web-
site: https://www.mdpi.com/journal/processes/special_issues/Supercritical_Technology
(accessed on 6 April 2024).

2. Review Manuscripts

The thermodynamic background [15] of the gas–lattice model and its potential to
describe processes at a supercritical state was reviewed by Tovbin [16]. Supercritical
fluids possess applications as refrigerant fluids. The optimization of heat transfer using
supercritical fluids has been studied via the use of the gas–lattice approach [17,18].

The use of supercritical technology to valorize corn byproducts was reviewed by
Santana and Meireles [19], who proposed the use of a novel process according to the
biorefinery approach [20–23]. The proposed biorefining method consisted of integrating
traditional dry-grinding, performed in an industrial setting, with the supercritical carbon
dioxide (SC-CO2)-based extraction of corn-dried distiller’s grains with solubles (DDGS) to
obtain an oil that was rich in the carotenoids known as lutein and zeaxanthin. This was
followed by the use of pressurized liquid to extract phenolic acids from the semi-defatted
corn DDGS, and by the concentration of the extract into precipitated particles.

3. Research Manuscript: Particle Formation Techniques

Particle formation using supercritical technology offers advantages like the control of
particle size and morphology, high encapsulation efficiency, and the low degradation of
molecules [11,24,25]. In this Issue, Tirado and coworkers [26] modelled the supercritical
fluid extraction of emulsions process (SFEE) of a ternary CO2/ethyl acetate/water system in
order to design equipment that could meet industrial requirements regarding the permitted
quantities of residual organic materials in the leaving streams. In SFEE, SC-CO2 is used
to extract the organic phase from an organic phase/water (O/W) emulsion in which the
target molecule and its coating material have been previously solubilized. After solvent
removal, both compounds precipitate, generating particles that are suspended in the water
phase with the aid of a surfactant [27].

Processes 2024, 12, 861. https://doi.org/10.3390/pr12050861 https://www.mdpi.com/journal/processes1
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4. Research Manuscript: Chemical Reactions

Supercritical transesterification is attractive in comparison with conventional transes-
terification as a method with which to produce biodiesel since it requires little time and no
catalyst [28]. In this Issue, García-Morales and coworkers [29] investigated the potential of
alcohols at supercritical state in terms of the transformation of waste beef tallow into fatty
acid alkyl esters or biodiesel. We found conversion rates higher than 90% at 335–390 ◦C for
supercritical iso-butanol and at 360 ◦C for supercritical ethanol.

5. Research Manuscript: Sterilization of Foods

The sterilization of bacteria with SC-CO2 emerged as a method because of the mild
temperatures used in comparison to conventional techniques [30,31]. In this Issue, Dacal-
Gutiérrez and coworkers [32] observed that the inactivation of Clostridium spores in low-
moisture honey is not effective when using SC-CO2 at temperatures lower than 70 ◦C, but
that the use of carbon dioxide, modified with cinnamon essential oil, significantly reduced
the presence of spores at 60 ◦C.

6. Research Manuscripts: Removal of Undesirable Compounds

Chiu and coworkers [33] observed that SC-CO2 has good biocompatibility in the
decellularization of porcine hide for the reconstruction of an abdominal wall that had been
injured by hernia. The decellularization of tissues with SC-CO2 is a pretreatment protocol
that is used to remove undesirable tissue and molecules (protein and lipids) for biomedical
applications [34].

Náthia-Neves and coworkers [35] studied the extraction of colorants from unripe
genipap defatted with SC-CO2. SC-CO2 extraction worked as a pretreatment, ensuring the
plant material was suitable for the subsequent ultrasound-assisted extraction of genipin
and geniposide with water and ethanol mixtures [36].

7. Research Manuscripts: Extraction of Bioactive Compounds

Supercritical technology is used for the extraction of multiple bioactive compounds,
including phenolic compounds [37], carotenoids [38], phytosterols [39], and cannabinoids [40].

Qamar and coworkers [41] employed the half-fractional factorial design to select the
best conditions for the SC-CO2 extraction of cannabis flowers and found that the optimal
conditions were 45 ◦C, 250 bar, and 180 min.

Boumghar and coworkers [42] selected the Box–Behnken experimental design to opti-
mize the supercritical fluid extraction of decarboxylated cannabis flower. The authors used
decarboxylation to pretreat the raw material in order to increase the affinity of cannabinoids
to CO2. The optimal conditions for the extraction of cannabinoids were 55 ◦C, 235 bar, 2 h,
and a CO2 flow rate of 15 g/min.

Popescu and coworkers [43] investigated the potential of oil seeds as modifier to CO2
in order to increase the recovery of carotenoids from tomato slices. After supercritical
fluid extraction, two products were obtained: a solid, oleoresin rich in lycopene, and an oil
fraction rich in other carotenes and linolenic acid.

Duong and coworkers [44] optimized the recovery of saponins from Hedera nepalensis
leaves with the use of pressurized liquid extraction. The Box–Behnken design was adopted
by the authors to select the extraction time, solvent used, and temperature. The extracts
showed antimicrobial activity by inhibiting the growth of three types of bacteria.

Santana and coworkers [45] investigated the effects of the post-acidification of pressur-
ized liquid extracts of sorghum on the concentration of phenolic compounds. The authors
observed that acidification considerably improved the concentration of 3-deoxyanthocyanidins
and cyanidin, but decreased the concentration of other phenolics, including taxifolin,
quercetin, and chlorogenic acid. Sorghum (Sorghum bicolor L.) is the fifth most-produced
cereal worldwide and is a source of diverse classes of phenolic compounds, including
tannins, benzoic- and cinnamic acids, 3-deoxyanthocyanidins, and flavonols [46,47].
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8. Research Manuscripts: Modeling, Simulation, and Economic Evaluation

Bushnaq et al. [48] proposed a three-step process in order to enhance the yield of
sugars from date palm. This was based on (1) the freeze-drying of dates, (2) supercritical
fluid extraction with CO2 modified with water, and (3) the spray-drying of a supercritical-
based extract. After simulation, the authors reported that a highest rate of sugar recovery
can be reached at a CO2–water ratio of 0.07, CO2 flow rate of 31,000 kg/h, 65 ◦C, and
308 bar. SC-CO2 extraction is useful as a pretreatment technique in the extraction of sugars,
allowing manufacturers to remove undesirable compounds of raw material [49].

Before implementing a process in the market, it is important to have knowledge of
the economic feasibility of the process. Economic evaluations consider the components
involved, the costs of processing, the final products, as well as the economic fluctuations
that affect the price of inputs [50–52]. Cruz Sánchez and coworkers [53] extracted lavender
flowers with SC-CO2 at 60 ◦C and 180 and 250 bar, simulated the process for the capacities
of 20 L, 50 L, and 100 L. They observed that the cost of manufacturing was lower at 50 and
100 L, and that the price of equipment was the item that most affected the return on equity.
The return on equity is a parameter that indicates a process’s profitability [54].

Best and coworkers [55] investigated the economic profitability of the extraction of
Mauritia flexuosa pulp using two scenarios: (a) conventional extraction and (b) conven-
tional extraction integrated with SC-CO2 extraction. They concluded that scenario (b) was
the most feasible economically, since it was enabled researchers to obtain two types of
products—namely, an oil rich in carotenoids, and an extract with high phenolic content.

9. Conclusions

The results obtained from the research published in this Special Issue support the
industrial use of supercritical technology via the application of antioxidant extracts in food,
pharmaceutical industries, and the medical sector, as well as the conversion of underused
fat into value-added fuels. Additionally, the theoretical aspects explored in this Issue,
with explorations into thermodynamics, mathematical modeling, and economic evaluation,
provide useful information for the optimization of processes and reduction of costs.

Conflicts of Interest: The author declares no conflicts of interest.

References

1. Brunner, G. Applications of Supercritical Fluids. Annu. Rev. Chem. Biomol. Eng. 2010, 1, 321–342. [CrossRef]
2. Brunner, G. Gas Extraction: An Introduction to Fundamentals of Supercritical Fluids and the Application to Separation Processes, 4th ed.;

Steinkopff-Verlag Heidelberg: New York, NY, USA, 1994.
3. Prasad, S.K.; Sangwai, J.S.; Byun, H.-S. A review of the supercritical CO2 fluid applications for improved oil and gas production

and associated carbon storage. J. CO2 Util. 2023, 72, 102479. [CrossRef]
4. Pimentel-Moral, S.; Borrás-Linares, I.; Lozano-Sánchez, J.; Arráez-Román, D.; Martínez-Férez, A.; Segura-Carretero, A. Supercriti-

cal CO2 extraction of bioactive compounds from Hibiscus sabdariffa. J. Supercrit. Fluids 2019, 147, 213–221. [CrossRef]
5. Priyanka; Khanam, S. Influence of operating parameters on supercritical fluid extraction of essential oil from turmeric root.

J. Clean. Prod. 2018, 188, 816–824. [CrossRef]
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Abstract: The existing possibilities for modeling the kinetics of supercritical processes at the molec-
ular level are considered from the point of view that the Second Law of thermodynamics must be
fulfilled. The only approach that ensures the fulfillment of the Second Law of thermodynamics is the
molecular theory based on the discrete–continuous lattice gas model. Expressions for the rates of the
elementary stage on its basis give a self-consistent description of the equilibrium states of the mixtures
under consideration. The common usage today of ideal kinetic models in SC processes in modeling
industrial chemistry contradicts the non-ideal equation of states. The used molecular theory is the
theory of absolute reaction rates for non-ideal reaction systems, which takes into account intermolec-
ular interactions that change the effective activation energies of elementary stages. This allows the
theory to describe the rates of elementary stages of chemical transformations and molecular transport
at arbitrary temperatures and reagent densities in different phases. The application of this theory
in a wide range of state parameters (pressure and temperature) is considered when calculating the
rates of elementary bimolecular reactions and dissipative coefficients under supercritical conditions.
Generalized dependencies are calculated within the framework of the law of the corresponding states
for the coefficients of compressibility, shear viscosity, and thermal conductivity of pure substances,
and for the coefficients of compressibility, self- and mutual diffusion, and shear viscosity of binary
mixtures. The effect of density and temperature on the rates of elementary stages under supercritical
conditions has been demonstrated for a reaction’s effective energies of activation, diffusion and share
viscosity coefficients, and equilibrium constants of adsorption. Differences between models with
effective parameters and the prospects for developing them by allowing for differences in size and
contributions from the vibrational motions of components are described.

Keywords: non-ideal reaction systems; supercritical conditions; lattice gas model; theory of the
absolute rate of a reaction

1. Introduction

Transition to supercritical (SC) conditions of a gas mixture are connected with the
increase in temperature and pressure in a system [1–4]. Processes in supercritical fluids
(SCFs) are allocated in a separate area of research and practical applications owing to
their physicochemical properties. Many physical properties of SCFs (density, viscosity,
and speed of diffusion) are intermediate between the properties of a liquid and gas. SCFs
combine properties of gases at high pressures (low viscosity, high diffusion factor) and
liquids (high dissolving ability); they possess fast mass transfer carried out thanks to their
low viscosity and high factor of diffusion. Further, SCFs possess very small interphase
tension, low viscosity and the high factor of diffusion allowing SCF to get into porous
environments easier in comparison with liquids, high sensitivity of dissolving ability of
SCF to pressure or temperature change, and simplicity of division SCF and the substances
dissolved in them at pressure dump.

All these properties have allowed the development of high-pressure technologies
involving sub- and supercritical liquids, and have allowed the possibility of receiving
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products with special features or projecting new processes that are viable and harmless to
the environment. Now, SCF processes are an important part of industrial chemistry. Some
achievements in this direction are reflected in reviews [5–19].

In supercritical (SC) conditions, a wide range of various technological processes
is currently implemented. Among them are homogeneous chemical reactions in bulk
phases and processes for creating new materials, including nanoparticles, heterogeneous
catalytic reactions, physicochemical processes in porous media, chromatography, extraction,
and many others. The presence of fluids in the SC system can change the nature of
the implementation of chemical reactions in comparison with their flow under normal
conditions (i.e., at a temperature below the critical one and a pressure of the order of one
atmosphere). This change is due to the increased density of the SCF compared to the density
of the gas phase and the rapid dissipation of heat in it. Density changes in the components
in reaction systems lead to shifts in all chemical equilibria and allow the occurrence of
processes that are unlikely under normal conditions. This is the basis for the search for new
ways to implement physical and chemical processes that allow the development of new,
more environmentally friendly industries. In the existing set of SCF processes, their various
exploiting is possible as an environment (for inert fluids), solvents (for associated fluids) or
reagents, and for all these manifestations of SCFs, it is desirable to have a common approach
for modeling their implementation, since it affects their fundamental physico-chemical
features. The overall flow of the processes can be controlled by changing the pressure
in the system. The increase always leads to an increase in the total density of matter in
the system. In SCF processes, the temperature also rises. These two factors can influence
volumetric and surface processes in different ways. Thus, for adsorption inside porous
materials and at open surfaces, the increase in temperature always reduces the adsorption,
and adsorption increases with raising pressure.

For the practical realization of technological processes, a search for optimum modes
that are carried out by means of modeling methods is required. Modeling questions in
different technologies are connected with the necessity of the account of scale transition
from process studying in vitro to technological reactors.

In the general case, the same methods that have been developed earlier for other,
different technologies are applied to modeling SCF processes. The general equations of
nonequilibrium thermodynamics on the macro-level [20–22] and the molecular theory on
the molecular level [23,24] are usually used for the description of technological processes.
Traditionally these methods share the description of the kinetic and equilibrium processes
concerning the molecular and above-molecular levels.

The most widespread equations on the above-molecular level are hydrodynamic equa-
tions. The equations of a hydrodynamic mode of flows in gases and liquids describing
describe the dynamics of the system in terms of concepts the theory of continuous me-
dia concerning such equations, and in the more general case, the equations include the
following types of the kinetic equations: (1) hydrodynamic Navier–Stokes equations or
analogs for complex molecular systems [25–30]; (2) chemical kinetics equations within
the limits of ideal models (the law of mass action) which operate only with one or partial
functions of distributions (or a concentration of reagents) [31–35]; (3) classical thermo-
dynamics equations for the simplification of calculations of nucleation and coagulation
processes [36–40]; and (4) thermodynamics equations of irreversible processes which in-
clude points (1)–(3) [20,21], containing all types of molecular mechanisms of transport
processes in addition to convective flow.

Chemical kinetics equations within the limits of ideal models, i.e., using the law of
mass action, comprise information only about a concentration of reagents. These equations
also are included in the equations of the hydrodynamic level at any size of volume of
the system. The equations of classical thermodynamics are often used for calculations
of nucleation processes to simplify or eliminate the calculation of stages of condensation
and desorption of single molecules to a formed phase. The new phase (drop) is described
through functions of exceeded free energy (through an interface tension).
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At the hydrodynamic modeling level, there is a very large number of specific algo-
rithms for specific processes [41,42]. Among them, we can mention the finite element
method [43,44], which is focused on calculations of systems with complex geometric con-
figurations and irregular physical structures. In the finite element method, the problem of
finding the function is replaced by the problem of finding a finite number of its approximate
values at specific points. This may explain the view of the finite element method as a grid
method designed for solving microlevel problems, for which the model of the object is
defined by a system of differential equations in partial derivatives with given boundary
conditions.

The existing statistical physics methods of modeling the molecular level are the follow-
ing: the molecular dynamics (MD) method [45–49], the kinetic Monte Carlo method [50–55],
Brownian (or Langevin) dynamics [56,57], the Boltzmann equation (for gases in a contin-
uum) [58,59], the Boltzmann discrete equation [60–63], the lattice-gas model (LGM) [64–66],
microscopic hydrodynamics [67,68], and the lattice automata method [69–73]. More detail
on different methods of modeling nonequilibrium processes, ranges of intervals of time,
and areas of their application is given in Appendix 8 of the monograph [68]. The majority of
technological SCF processes are described by means of gas and hydrodynamics equations,
and local chemical kinetics equations. For examples of these, see various works on kinetics
for SCF extraction [74–90].

For many technological processes in SCFs, the modeling problem is reduced to cal-
culations of molecular distributions of components in different phases in almost equi-
librium conditions. In such situations, one can use only thermodynamic models for the
equations of state that allow the calculation of factors of interphase distribution of com-
ponents in processes of solubility or extraction [91–96]. So, the Peng–Robinson equation
of state [97] and the Mukhopadhyaya and Rao mixing law [98] were actively used in
the modeling of solubility in the following research: the phase diagram of the system
“CO2—diethylene glycol monoethyl ether (ethylcarbitol)” [99], the phase equilibrium of
the propylene glycol–propane/butane system and the solubility of propylene glycol in
supercritical propane–butane mixture [100], the solubility of ammonium palmitate in super-
critical carbon dioxide [101], the solubility of bio-diesel fuel components (methyl esters of
stearic and palmitic acid) in supercritical carbon dioxide [102], and in many other systems.

On the other hand, different equations of states can be used in one work. In [103]
14 equations of states were used; similarly, 13 equations of states were considered in [104].

Modeling questions in all technologies are connected with the transition scale from
process studying in vitro to technological reactors. Often, for technological problems,
one uses rough or simplified models for a targeted outcome, but a broader range of
information can be attained with more correct models based on kinetic models of processes,
thermodynamic models, and equations of states of non-ideal systems.

All possible approaches have been used for describing SCF processes. Equilibrium
characteristics are described by the equations on concentration (or density) reagents
whereas nonequilibrium processes are described by the kinetic equations on changes
of these concentration in time. Depending on the intensity of molecular mixing, the consid-
ered equations can relate to local volumes or to the system as a whole. In such modeling
technological processes, situations arise when two levels of models are used simultane-
ously: models of non-ideal systems for describing the equilibrium properties of SCFs and
kinetic models based on the law of mass action, i.e., models for ideal systems, which does
not agree with the second law of thermodynamics [22–24]. (1) According to the second
law of thermodynamics, there should be unified mathematical models that describe both
the relaxation stage of the displacement of the nonequilibrium state of the system to the
direction of its equilibrium and the limiting equilibrium state itself during long periods.
However, it is obvious that kinetic models based on the law of mass action cannot, in
principle, transform during long periods into equations of state for non-ideal systems. To
describe such a transition, it is necessary to have kinetic models and their mathematical
equations for non-ideal reaction systems.
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At the base of all modeling, there are local equilibrium models. The state of the theory
and methods of calculation of SCFs are reflected in the collection of works [105]. These
reviews deal with the modern theory of critical phenomena, methods to correlate near
critical experimental results, and approaches to understanding the behavior of near critical
fluids from microscopic theory. However, the question about the connection between kinetic
models and equilibrium equations of state in non-ideal systems has not been discussed.

The alternative is approaches in molecular-kinetic theory that are constructed based
on the so-called lattice-gas model (LGM) [68,106]. The advantage of the LGM is that
this method is the only one of the above methods that provides self-consistency in the
description of the rates of stages of non-ideal reaction systems with their equilibrium state
in accordance with the second law of thermodynamics. Also, this approach gives a uniform
method of the description of three-aggregate systems.

The purpose of this review is to present the possibility of modeling the physicochemi-
cal processes occurring at the molecular level in the LGM for the SC phases.

Expressions for the rates of elementary stages in ideal and non-ideal systems are
presented in Section 2. These expressions are discussed in Section 3 from the point of
view of the fulfillment of the second law of thermodynamics. Also discussed is the area
of thermodynamic parameters near the critical point, in which it is inappropriate to carry
out technological processes. Sections 4–6 present the possibilities of modeling kinetic SCF
processes using the theory of non-ideal reaction systems based on the LGM: Section 4
outlines a model of the effective pair potential (Section 4); Section 5 describes the influence
of SCFs on equilibrium and kinetic characteristics (5); and Section 6 describes the LGM
and dissipative coefficients (6). Extensions of the LGM are indicated in Section 7. Section 8
gives the conclusions.

2. Molecular Level

2.1. Ideal Systems

The law of mass action defines the following expression for the rate of the bimolecular
stage [21,22,31–35]:

Uij = kijninj, kij = kij
0exp(−βEij), (1)

where kij is the rate constant of elementary reaction i + j → products; ni is the concentration
of molecules, measured as the number of i-type molecules in a unit volume; kij

0 is the
rate constant pre-exponential factor; Eij is the reaction’s energy of activation between i
and j reagents; β = 1/kBT, kB is the Boltzmann constant, and T is the temperature. In
Expression (1), for a heterogeneous process, the area which does not change during the
process is expressed in terms of the concentration of adsorbed particles θi [35], which
determines the fraction of the surface occupied by component i: Uij = kijθiθj (the product
ninj is replaced by the product θiθj). To calculate the rate constants, the theory of absolute
reaction rates is used [31]. This theory expresses the rate constants of the elementary steps
with the partition functions of the reactants and the activated complex (AC) of the stage.
Equation (1) assumes that the stage of chemical transformation is slow, the particles move
completely independently, and an equilibrium distribution of components is realized in
space. This means two important things: there is no intermolecular interaction in the
system and there are no diffusion inhibitions at the micro- and macro-levels.

It also follows from Expression (1) that an increase in temperature exponentially
increases the rate of the stage. The effect of SCF molecules as reagents is manifested
only through the factor ni. However, the rate of the stage slows down with the increased
pressure, even if the SCF component is inert. This pressure effect is due to the filling of
the SCF of the volume of the system and a decrease in the probability of approaching the
reagents, as well as the fact that, at high molecular densities, the formation of different
associates around each reagent is inevitable.

Equation (1) is written for the elementary stage of the chemical transformation. When
modeling real systems, it should be taken into account that a chemical process usually
consists of several elementary stages, depending on the mechanism of a chemical reaction
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and on the transport stages of molecular transfer. The rate of each stage is affected by the
temperature and concentrations of the components, which complicates the description of
the gross SCF process. Almost any chemical process consists of several elementary stages
determined by the mechanism of chemical transformation. To model SCF processes in
continuous or batch devices, it is important to know the dissipative transfer coefficients.

As the concentration of SCF increases, the influence of intermolecular interactions
increases, which affects the nature of all kinetic processes (chemical reactions, transfer
coefficients, adsorption, and catalytic processes). Intermolecular interactions in dense gases
lead to deviations from the law of mass action and it is necessary to turn to the theory of
non-ideal reaction systems. The influence of pressure increase on the rate of the catalytic
process of ammonia synthesis was first demonstrated in [107] (see also [35]). An increase in
pressure to 300 atmospheres led to a change in all effective rate constants of elementary
stages.

The main problem in the theory of non-ideal reaction systems is to take into account
the influence of the environment on the rate of the elementary stage [32,33,68,106,108–110].
Reagent molecules in the dense phase are constantly surrounded by their neighbors and
their intermolecular interactions change the potential surface of the elementary stage. In
general, this changes the activation energies of the reaction for each local environment of
the reactants.

2.2. Non-Ideal Systems and the Lattice-Gas Model

The theory of non-ideal reaction systems is also based on the theory of absolute
reaction rates, which exploits the concept of an activated complex (AC) of an elementary
stage. In this case, the AC is a particle with its own interparticle interaction potentials. The
spatial distribution of all components of the reaction system (reagents, AC, and SCF) is
described within the framework of the lattice-gas model (LGM) on discrete-continuum
scales [66,68,106] in the quasi-chemical approximation (QCA). The QCA reflects the effects
of direct correlations between all interacting particles. It should be recalled that the LGM
allows one to describe the entire range of dimensionless particle densities from zero to
one (in mole fractions), which allows it to be used to solve all problems of CSF processes.
The choice of QCA as the basic approximation for calculating the equilibrium and kinetic
characteristics is associated with full agreement with the second law of thermodynamics—
this approximation provides a self-consistent description of the rates of elementary stages
and the equilibrium state of the entire system. Below, for simplicity, we restrict ourselves
to the equations of the bimolecular stage and take into account the interaction of nearest
neighbors.

The entire volume of the system under consideration is divided into separate cells in
the LGM. The cell size is chosen on the order of the average particle size so that it can be
considered that this cell is occupied or free (vacant). The cell occupancy state is fixed by
the index i, where 1 ≤ i ≤ s − 1 (s is the number of system components) and the symbol
i = s refers to free cells. Above, the notation for the fraction of cells occupied by particles
of type i was introduced as θi (or its number density). Then, the normalization condition

will be written as
s
∑

j=1
θi = 1 and the value θ =

s−1
∑

j=1
θi is the complete occupancy of a lattice

system by all i components of the system, 1 ≤ i ≤ s − 1. The quantity is the fraction of free
sites (recall that vacancies are not thermodynamic characteristics). The ratio xi = θi/θ is
the mole fraction of component i.

The lattice structure is characterized by the number of nearest neighbors z. Between
particles in neighboring cells, lateral interactions are taken into account; the energy pa-
rameter of this interaction between a pair of particles ij is denoted by εij. The analogous
parameter of any particle with a neighboring vacancy is equal to zero. The probability of
finding a pair of particles ij at neighboring nodes is characterized by the value θij—this
is the pair distribution function of particles. Such functions are needed to describe the
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probability that reactants i and j will meet in dense phases so that a chemical reaction can
occur.

The rate of a bimolecular reaction of the Langmuir–Hinshelwood type Ufg
AB is written

in the theory of non-ideal reaction systems [66,106] as the following expression (subscripts
f and g indicate the numbers of sites where reagents A and B are located):

UAB
f g = kAB

f g exp(−βε f g)θ
AB
f g ΛAB

f g , (2)

where ΛAB
f g is the function of imperfections, defined as

ΛAB
f g = ∏

h∈(z( f )−1)
SA

f h ∏
h∈(z(g)−1)

SB
gh, SA

f h =
s

∑
j=1

tAj
f h exp(β(ε∗Aj − εAj)) (3)

The subscript h refers to the nearest neighbors of site f or g. The neighboring sites g or
f themselves are not included in the set of values of the index h; the function SA

gh is defined

similarly to the function SA
f h (indices A and f change to indices B and g). Here the symbol

ε*ij represents the interaction parameter of the AC reaction for an i-type particle with a
neighboring particle of type j.

The function tfh
ij = θfh

ij/θf
i is the conditional probability of finding particles j next

to particles i. Here, the numbers of neighboring sites (subscripts) are introduced only to
indicate differences in positions on the lattice of the reactants: θfh

ij = θij and tfh
ij = tij. In non-

ideal systems, θij �= θiθj, which corresponds to the correlated distribution of components in
space. The case of equality θij = θiθj corresponds to the chaotic distribution of components,
which is typical for ideal systems (see Formula (1)).

Intermolecular interactions change the probability of encounters of reagents (the
factor θAB instead of the product θAθB) and the heights of activation barriers through the
functions Λfg

AB. Functions Si take into account the influence of neighbors on the magnitude
of activation barriers through the difference in interaction parameters due to the influence
of the neighboring particle j (via δεij = ε∗ ij − εij). The exponential factor with βεAB

f g in
Formula (2) is necessary for the transition at low system densities from Formula (4) to
Expression (1) for the law of mass action, as for an ideal system [66].

Equations (2) and (3) contain the pair function θij that characterizes the probability
that two particles i and j can be on neighboring sites. The calculation of pair functions θij in
non-ideal reaction systems is always carried out in some particular approximation because
the problem cannot be solved exactly [64–66]. In this case, the so-called quasi-chemical
approximation (QCA) is used [23,64–66]. Historically, it was the first approximation in
which the effects of direct correlations between interacting molecules were taken into
account. There, each pair of neighboring molecules is considered independent of other
molecules in the system. The function θij depends on the interaction energy of molecules
and concentrations of components.

The pairwise distribution functions are found from the solution of the system of
algebraic equations in the QCA together with the normalization condition:

θijθss = θisθsj exp(−βεij),
s

∑
j=1

θij = θi. (4)

It follows from Equations (4) that i and j particles attract one another when εij > 0;
analogously, i and j particles repulse one another when εij < 0.

When calculating the rates of reactions on a homogeneous surface, it is necessary to
first find the surface concentrations of the reagents, which are determined from the QCA
Equation (5) of adsorption in the presence of SCF molecules:

aiPi =

(
θi
θs

)
Si

z, Si = 1 +
s−1

∑
j=1

xijtij, (5)
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where Pi represents the partial pressures in the gas phase (1 ≤ i ≤ s − 1); θi is the degree
of filling the surface with particles i; ai = ai

0 exp(βQi), ai
0 is the pre-exponential of Henry’s

constant; Qi is the binding energy of particle i with the surface; and xij = exp(−βεij)− 1.
From the terms for the rates of individual stages, the right-hand sides of the kinetic

equations of the simulated processes (specified in Appendix A) are formed.
The rates of two-site stages have the form of Equations (2) and (3), and the rates of

single-site stages in QCA have the form of Equation (A6) in Appendix A.

3. Thermodynamics and Kinetics

The developed theory of non-ideal reactionary systems [66,106] answers a number of
requirements regarding its connection with chemical thermodynamics:

1. The second law of thermodynamics and connection between models of equilibrium
and kinetics;

2. A self-consistence of equilibrium and kinetics in ideal systems;
3. A self-consistence of equilibrium and kinetics in non-ideal systems;
4. The equations of a state for non-ideal systems and their connection with kinetic

models;
5. Why it is impossible to use factors of activity for the AC in kinetic models;
6. Thermodynamic parameters of the critical area and the requirement of technologies.

3.1. The Second Law of Thermodynamics and Connection between Models of Equilibrium and
Kinetics

Clausius’ formulation of the second law of thermodynamics contained a way to
consider the transfer of nonmechanical energy in the first law of thermodynamics. This
formulation is rather complex to understand because it simultaneously contains both the
process of development toward equilibrium in a closed system and the limiting equilibrium
state [25,111,112]. The mathematical formulation of the combined equation of thermody-
namics is dU ≤ TdS − PdV, where U is the internal energy, P is pressure, and V is the
volume of the system; the sign of the equality corresponds to the equilibrium. A quantita-
tive measure of the process considered in the second law of thermodynamics is entropy S
which characterizes the thermal motion of matter. The entropy in the time-limited equilib-
rium state of a system does not depend on the transition to the equilibrium state and it is
maximal with respect to all other states.

Clausius’ statements about the limiting states of equilibrium systems with extreme
properties of entropy were adopted as a basis in thermodynamics by Gibbs. This allowed
him to deal with various states without specifying transitions between them. Gibbs’s
mathematical formulation of the combined equation of thermodynamics (dU = TdS − PdV)
divided Clausius’ second law of thermodynamics into two parts: equilibrium and nonequi-
librium.

Dividing the second law of thermodynamics into two parts [112–114], Gibbs omit-
ted the requirements, contained in bases of thermodynamics, about a self-consistence
description of reaction rates and an equilibrium condition [115]. The existing law of mass
action [21,34] was highlighted, although it is not valid in non-ideal systems that comprise
the majority of real processes. The requirement of self-consistence did not become obliga-
tory for the kinetic theory of non-ideal reactionary systems (including all of Prigogine’s
works [22]). This requirement is not present either for transport processes where it is
absolutely necessary for the calculation of dissipative factors [20,23].

The requirement for the self-consistency of the description of the rates of stages in
a non-ideal reaction system and its equilibrium state was introduced only in Ref. [115],
as a necessary refinement of the second law of thermodynamics for modeling all kinetic
processes.
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3.2. Self-Consistence of Equilibrium and Kinetics in Ideal Systems

Irreversible processes take place until either a stationary state or equilibrium is estab-
lished (excluding the possibility of realization of periodic processes). If several irreversible
processes are superimposed and the final state attained corresponds to equilibrium, then in
certain cases it is possible to obtain general conditions for the coefficients that describe irre-
versible processes, without the application of the thermodynamics of irreversible processes.

In the general case of more complex elementary stages of chemical reactions in the gas
phase, the law of mass action, which was empirically established by Guldberg and Waage
(1867), is used to describe reaction rates. For reversible reactions of a general form, we

can write ∑i νi[Ai]
k1
�
k2

∑j νj
[
Aj

]
, where the symbols Ai and Aj in brackets denote different

reacting particles, and the values of νi and νj are equal to the negative and positive values of
the stoichiometric coefficient (the sign of the coefficient is determined by their location: on
the left or right side of the equation). The constants k1 and k2 are the reaction rate constants
in the forward and backward directions. Numerically, they are equal to the reaction rate at
single values of the concentration of each of their reagents in the forward direction.

The rate of the considered reaction within the framework of the law of mass ac-
tion [21,34] will be written as

U = k1 ∏
i

ni
νi − k2 ∏

j
nj

νj (6)

In the equilibrium state, the rate is zero, w = 0, and it follows from (6) that the rate
constants in the forward and backward directions are related to each other in the form

k1/k2 = ∏
j

nj
νj / ∏

i
ni

νi = K (7)

where K = k1/k2 is the equilibrium constant of the stage.
Let us consider the simplest process of adsorption–desorption of gas phase molecules

without dissociation. The rate of desorption of particles A from the occupied areas of the
surface will be written as UA = KAθA, where KA is the desorption rate constant and θA is the
fraction of the occupied surface. The adsorption rate on free surface areas (V is the symbol
of vacancies) will be written as UV = KVPθV, where KV is the adsorption rate constant, P is
the pressure in the gas phase, and θV is the fraction of the free surface (θV = 1 − θA).

At equilibrium UA = UV, it follows that KAθA = KVPθV, or θA = KVP(1 − θA)/KA or
θA = KVP/(KA + KVP), and θA = a1P/(1 + a1P), a1 = KV/KA is the adsorption coefficient
without dissociation. If the adsorption process proceeds with the dissociation of gas phase
molecules, then the rates of desorption and adsorption will be rewritten as UAA = KAAθAA
= KAA(θA)2 and UVV = KVVPθVV = KVVP(1 − θA)2. Hence, θA = a2P1/2/(1 + a2P1/2) is the
Langmuir isotherm of dissociating molecules and a2 = (KVV/KAA)1/2 is the adsorption
coefficient in the presence of dissociation.

In both cases, one can write down one fractionally rational function θA = y/(1 + y),
where y = y1 = a1P for adsorption without dissociation and y = y2 = a2P1/2 in the presence
of dissociation. It follows that in the coordinates θA = θA(y) both dependencies behave
equivalently. The coincidence of both dependences θA = θA(y) means that the equilibrium
adsorption of dissociating molecules does not depend on what occurs first: dissociation of
molecules in the gas phase or their adsorption. Both of these equilibrium dependences are
obtained from the condition that the second law of thermodynamics according to Clausius
is satisfied—from equalizing the velocities of the oppositely directed velocities of the stages.
As a result, the four different rates of elementary stages give one equilibrium concentration
dependence.

This result is obtained within the framework of the law of mass action, which is fulfilled
for an ideal gas mixture and dilute solutions. The following expression for the chemical
potential can be written μi = μi

0 + kT ln(ni), where μi
0 and ni are the chemical potential of
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the standard state and the molar volume concentration of component i. However, in kinetic
models for non-ideal systems it is impossible to use activities or activity coefficients [115]
as natural thermodynamic replacements of concentrations (see below).

3.3. Self-Consistence of Equilibrium and Kinetics in Non-Ideal Systems

The theory on the basis of the LGM provides a self-consistent description of an
equilibrium condition of a reactionary mixture and rates of elementary stages. This means
that by equalizing rates of oppositely directed processes of any stage, the equation of
equilibrium distribution of components [66,106] can be derived. These self-consistent
processes are only those where local correlations, such as QCA, are taken into account.

The above statement can be formally explained in the following way. The expression
for the equilibrium constant K (7) of the two-molecular stage A + B ↔ C + D can be
considered as a product of two independent monomolecular processes A ↔ C and B ↔
D. That is, global equilibrium does not depend on the way it is realized in the system—it
goes through different equilibrium reactions or coincides with a condition of equilibrium
of the environment as a whole. In this case, the theory of non-ideal reactionary systems
guarantees that the second law of thermodynamics is realized as it happens in the theory
of ideal reactionary systems.

Exactly the same situation with obtaining equilibrium dependences θA = θA(y) in
non-ideal reaction systems will be considered for adsorption and desorption processes with
(m = 2) and without (m = 1) dissociation. Let us consider the equalities of the rates in both
directions, UA = UV and UAA = UVV, expressed by Formulas (2) and (3) in the QCA.

To illustrate the logic of the second law of thermodynamics for a non-ideal system,
let us again (as for the ideal system) consider the process of adsorption of dissociating A2
molecules in the form of two routes: the dissociation of A2 molecules into atoms A in the
bulk phase followed by their adsorption or the adsorption of A2 molecules followed by
the dissociation process. Both routes are described by the rates of stages in the forward
(adsorption) and reverse (desorption) directions. At equilibrium, adsorption isotherms for
A2 molecules and A atoms should be obtained. Moreover, the degree of surface filling θA
must be the same regardless of the route, i.e., the final equilibrium state does not depend
on the way the equilibrium is reached. This fact reflects the concept of Clausius twice: the
equilibrium state itself follows from the equality of the rates of the stages and for different
routes, it receives a single mathematical dependence for the degree of surface filling on
pressure.

As a visual illustration, we present Figure 1, which shows the concentration factors
of the rates for the four indicated stages and the equilibrium values θA corresponding to
the equalities of the rates of the stages for chemisorption (εAA < 0), without dissociation
(Figure 1a) and in the presence of dissociation (Figure 1b). Here, Vi = Ui/Ki, Vii = Uii/Kii.
Each field consists of three curves for the logarithm of the concentration factors for rates of
non-dissociative (Figure 1a) and dissociative desorption (Figure 1b), adsorption (curve 1),
desorption (curve 2), and the logarithm of the isotherm of adsorption (curve 3, right y-axis).
As in ideal systems (Section 3.2), both curves 3 are identical for non-ideal systems.
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(a) (b) 

Figure 1. Concentration factors (Vi and Vii) in rates of non-dissociative (a) and dissociative (b)
adsorption (curves 1) and desorption (curves 2) for a non-ideal chemisorption (εAA < 0) system
(Vi = Ui/Ki, Vii = Uii/Kii). Curves 3 (right y-axis) correspond to the equilibrium isotherm.

A rigorous mathematical proof of the self-consistency of the stage rates and the equi-
librium distribution of the components of a non-ideal system in QCA is given in [66,106].

Other approaches, where the distribution of particles is not correlated, do not provide a
self-consistent description of the kinetics and equilibrium stages (see more detail in [66,106]).
In particular, all one-particle approaches without the effects of correlation are not self-
consistent expressions for rates of two-molecular stages processes. These are average field
approximation, chaotic approximation, and approximation of functional density.

3.4. The Equations of a State for Non-Ideal Systems and Their Connection with Kinetic Models

In the work of Fisher M.E. [116], it was shown that the van-der-Waals equation for non-
ideal gases corresponds in LGM to the approach of an average field. All other constructions
for phenomenological equations of a state are derived in the same style [103,104,117,118];
this leads to the obvious contradiction when modeling SCF processes: various phenomeno-
logical equations of a state reflect the non-ideality of a reactionary system, whereas the
equations for kinetic models do not reflect the non-ideality of systems.

All kinetic models for SCF processes are based on an ideal model with the law of
mass action. This breaks the concept of the self-consistent description for the majority
of SCF processes. In order to avoid this controversy, it is necessary to use the equations
for non-ideal systems in the LGM. Then, all features of the movement of molecules in
SCF conditions can be reflected through internal statistical sums of molecules, taking into
account the effects of correlations and preservation of the self-consistency description of
kinetics and equilibrium.

3.5. Why It Is Impossible to Use Factors of Activity for AC in Kinetic Models

For non-ideal reaction systems, all expressions for the elementary stage rates are
interpreted within TARR [31]. So, instead of using Equation (1), the rate of a bimolecular
stage is written as

Uij = k∗ijninj, (8)

where k∗ij are the rate constants of the elementary stage, written as

k∗ij = kij
0 αiαj

αij
∗ exp(−βEij) = kijαiαj/αij

∗, (9)
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where k∗ij is a pre-exponential factor of rate constants; Eij is the energy of activation of
the reaction i + j → products; kij is the rate constant in the ideal reaction system (1); αi
is the activity coefficient of i-type reagents; and αij

∗ denotes the activity coefficients of
ACs. Calculating the activity coefficients for reagents and for ACs requires the use of the
well-known theory of non-ideal solutions [119–122].

However, for kinetic models, the above method leads to errors. This is because of
the calculation of the activities in a non-ideal mixture with the required averaging on all
configurations of all components. The analysis of the applicability of TARR to the condensed
phases in the form of Equation (8) has shown [68,115,123] that the basic condition of TARR
on the equilibrium presence between the AC and surrounding molecules is violated during
the elementary process.

This means that the elementary stage is realized at fixed positions of all neighbors
since the relaxation time of each neighbor’s environment is much longer than the time of
the AC formation. Therefore, an introduction of the concept for AC activities deforms the
basic TARR statement. As a result, the use of Equations (8) and (9) instead of Equations
(2) and (3) can lead to appreciable differences in the values of reaction rates, especially at
intermediate densities.

Figure 2 illustrates the qualitative difference in concentration dependences of reaction
rates for different environment relaxations in isothermal conditions (the curves describe
the desorption system of type CO-Pt).

Figure 2. Concentration dependence of EA(ef ) for monomolecular desorption at 300 K calculated in
the case of (1) fast and (2) slow elementary stage [123].

The effective activation energy of desorption ( exp(−βEA(e f )) = UA/(θAKA
0) ), and

accordingly the reaction rate, increases monotonically with increasing surface coverage
when calculated by Equation (A6) for the unimolecular stage with the function SA

f h (3)
(this stage is fast without taking into account environment relaxation). When calculated
by the Formula (9) for the unimolecular stage [123], the effective activation energy for
desorption under conditions of equilibrium relaxation of the environment (this stage
is slow) varies nonmonotonically. The nonmonotonic behavior of the desorption rate
contradicts the physics of the process, especially in view of the fact that, at short distances,
chemisorbed species repel each other. In general, in non-ideal systems, the nonmonotonic
behavior of the reaction rate is possible only if the potential is attractive [66,106,124].
Furthermore, the negative effective activation energy of the sole desorption reaction does
not have a physical sense. The behavior of curve 2 is due to an incorrect procedure for
averaging over all configurations of all neighbors with respect to the AC. This drastically
changes Equation (3), in which the functions SA

f h have a different relationship with the
concentrations and functions tij. As a result of this averaging procedure, the nature of
the effective interaction between particles changes: instead of repulsion, their effective
attraction appears (which distorts the physical nature of the system). When the density of
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the system changes, the particles behave as in the case of a first-order phase transition with
a nonmonotonic concentration dependence of the rate of the desorption stage.

The above comparison shows how much the effect of the environment relaxation
influences the rate of a unimolecular process. Therefore, the issue of the correctness of
using one or another method for averaging the contribution from the neighbors plays
a fundamental role in the dynamics of the elementary stages. So, the incorrect use in
TARR representations about AC activity (as in Equation (9)) excludes formal extension of
kinetic models on non-ideal reactionary systems via a conception of “activity” instead of a
concentration.

3.6. Thermodynamic Parameters of the Critical Area and the Requirement of Technologies

It should be remembered that for successful realization of chemical reactions in SC
conditions, it is necessary to displace on temperature upwards from the critical point
of phase transitions of the first order both in solid and in liquid phases. Otherwise,
near the critical point, processes of alignment of density are slowed down (or diffusion
transport stages are at a loss), and this complicates a current of chemical multiphase
processes [125–128]. The reason for such a delay is the general thermodynamic relations
connected with the equality to a zero in the critical point derivative of chemical potential
μi on concentration components i in the vicinity of the coordinates of the critical point
(Pcr, Tcr): (∂μi/∂ni )Pcr,Tcr

= 0 and (∂2μi/∂ni
2)Pcr,Tcr

= 0. This peculiarity to the same extent
concerns both the average field and the QCA approach in the LGM. It must be valid in any
calculation method.

Attention has been paid to the same circumstance in [129] in the analysis of condi-
tions for performing an experiment by definition of the parameters of the “coil–globule”
conformational transition for the polymeric chains dissolved in SC–CO2. On the basis of
the gas-dynamic model of the impulse jet expansion of a van der Waals gas, a strategy
experiment on the determination of the parameters of the “coil–globule” transition of the
polymer chain in SC carbon dioxide was developed. To use the condition of constant iso-
choric heat capacity outside the near-critical point in modeling, it is necessary to determine
the structure of the near-critical region.

For such purposes, the authors use techniques [130] based on representations about
thermal stability [131] and increases in fluctuations with near-critical areas [132]. Taking
into account the isentropic flow of the process and the behavior of CO2 in the near-critical
region, the conditions of expansion corresponding to the model was determined. An
experimental design (geometry and dimensions of the basic elements of the installation,
and the duration of the impulse valve) was developed. Possible variants of the experiment
and its data processing were discussed.

The area of thermodynamic parameters that is necessary to exclude from the area of
search for carrying out the experiment is specified in Figure 3 (solid lines). This area is
limited by curves C-SC—the line of local minima of stability, C-MSC—the line of maxima
of fluctuations, and line SC-MSC—the line of a supercritical isotherm [129], where C is
the critical point, SC is the super-critical point, and MSC is the point of the maximum of
fluctuations on the supercritical diagram.

Taking into account the developments of the authors of [129], Figure 3 shows the
general scheme reflecting the combined effects (dashed lines MSC-A and SC-B) of slowing
down mass transfer processes near the critical region (lower dashed line AB) and effects
with maximum fluctuations (solid lines from [129]) of thermodynamic parameters.

Thus, from the point of view of the implementation of optimal modes of technological
processes, the proximity of thermodynamic parameters to the parameters of the critical
point is not appropriate. Search for them is required at such a distance from the critical
point in order to avoid both the slowdown of the process near the critical point (Pcr, Tcr)
and the presence of large fluctuations of parameters on the supercritical isotherm, to ensure
the stability of obtaining the target product.
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Figure 3. A supercritical area on the phase diagram of the van-der-Waals substances (A-MSC-SC-B-A)
for which thermodynamics parameters are not desirable for technological processes.

4. Model of the Effective Pair Potential

4.1. Internal Motions of Particles

The initial interpretation of the LGM refers to a rigid lattice with fixed parameters
of the lateral interaction. These conditions limit the possibility of using the LGM to
describe experimental data even in equilibrium [119–122]. In order to expand the potential
possibilities of the LGM in interpreting different systems, the LGM equations [133] take
into account the motions of the center of mass of molecules inside the cells. This led to
integral equations [134], similar to the theory of liquid [135–138], but not without violating
the condition of a single filling of each cell.

As a result, the QCA continuum was formulated [133], which made it possible to use
traditional ideas about lattice models, including the concepts of the excluded (or accessible)
cell volume for the center of mass for molecules, the softness (or deformability) of the
lattice structure, and the vibrational motions of molecules. Extensions of models of internal
motions of molecules in LGM are associated with different degrees of freedom of molecules
in the condensed phase. The free volume of the cell is associated with the translational
motion of the center of mass of the molecule. Vibrational motions are always realized in
bound ensembles of molecules. The softness of the lattice structure is formed due to the
average displacement of molecules relative to each other. Traditionally, the concepts of
translational and oscillatory motion refer to a rarefied gas and a solid body. In the SCF
system for dense gases and liquids, these concepts have a conventional meaning, since
molecules are constantly interacting with each other.

“Excluded” volume [139]. The movement of a selected particle in a dense fluid phase
is hindered by neighboring molecules. They block part of the space and it becomes
inaccessible for the movement of the selected particles. If the lattice structure is free, then
the center of mass of the particle can be located at any point inside the cell. If the lattice
structure is filled, then the center of mass of the particle can shift inside the cell only near
its center.

The available volume for the movement of the center of mass in this case is equal
to the value V(θ~1) = κ3, where the value κ is the root-mean-square displacement of the
molecule from the center; it can be estimated from the theory of harmonic motions in a
solid for temperatures above the Debye temperature. That is, the value of κ is found from
the parameters of the paired Lennard–Jones interaction potential [139]. In the general case,
for any fluid densities θ, the available volume can be estimated as the ratio V(θ)/V(θ = 0)
= L(θ)3, where L(θ) = tAV + κ tAA, where the function tAA, characterizing the conditional
probability of finding two neighboring molecules A, is defined in Section 2.2. More accurate
estimates of the available volume V(θ)/V(θ = 0) are possible if a geometric model [139] is
used that refines different positions of neighboring molecules [139].
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Lattice softness. The softness of the lattice structure means that the average distance
between fluid particles determines the average size of the lattice parameter λ. This value
is found from the condition of minimum free energy of the system [140]—it is uniquely
related to the parameters of potentials of interparticle interactions without introducing
additional parameters. (In a number of situations, one can use the virial theorem to find
λ [141,142].) For a gas, this λ quantity is related to the properties of a dimer, while, in a solid,
all neighbors are taken into account. An increase in fluid density leads to a decrease in the
lattice parameter. This fact correlates well with experimental and molecular dynamics data.

Molecular vibrations. Vibrations of molecules affect the average values of intermolecular
interactions and all equilibrium distributions. Small deviations of molecules relative to
the average size of the value λ lead [143–145] to a temperature dependence of the lateral
interaction parameter of the type ε = ε0(1 − uT), where the function u reflects the vibrational
motion of molecules. Previously, this form of dependence of the interaction parameter was
considered as a convenient fitting function [119–121,146–148]. This approach [133] makes
it possible to express the function u in terms of potential functions without introducing
additional parameters.

The listed molecular properties of the effective pair parameter of interparticle interac-
tion preserve the technique of calculating traditional lattice models and greatly simplify
the consideration of continuum displacements of particles inside the cell. This reduces the
calculation time in the LGM compared to using the technique of the integral equation by
two to three orders of magnitude.

4.2. Vapor–Liquid Systems

One of the most popular potentials for describing vapor–liquid systems is the Lennard–
Jones potential with parameters: σ (hard sphere diameter) and ε0 (isolated dimer potential
well depth) [23]. The values of these parameters are actively used in calculations for any
density using the Monte Carlo and molecular dynamics methods. They were determined
from experimental data for low-density gases (described up to the second virial coefficient).
With increasing fluid density, it is necessary to add triple interactions [23,137,149,150].
Therefore, to use the effective pair potential (εef) of the Lennard–Jones type in the LGM for
any densities [151–153], the following function was used:

εAA(r) = 4εef

((σ

r

)12 −
(σ

r

)6
)

, εef = ε0(1 − dtrΔ1rtAA)(1 − uT), (10)

Equation (10) reflects the dependence of the effective pair potential on temperature
(u) and on triple interactions (dtr) for nearest neighbors (Δ1r—Kronecker symbol) in the
form dtr = 0.2(z − 1)ε3/ε0 [66,154], where ε3 is the triple interaction parameter. The tAA
function reflects the presence of a third particle A nearby (it is defined in Section 2.2). For
simplicity, it is assumed that the contributions from concentration and temperature are
taken into account separately. For a quantitative description of experimental systems, it
is possible to involve contributions from several coordination spheres. A similar struc-
ture to Equation (10) for effective pair potentials is also preserved for multicomponent
mixtures [155].

As an example, the influence of the considered parameters in Figure 4a describes the
concentration dependence of the compressibility factor Z = p/nкT, where n* = nσ3 is the
reduced number density, for argon in the volume (σ = 0.34 nm and ε0 = 119K [23]). The
comparison was made for the virial expansion (curves 2–4) [156] and for the LGM [151] at
T = 162 K [157]. Figure 4a shows that at least five terms of the virial expansion are required
to agree with the experimental data and with the LGM.
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Figure 4. (a) Concentration dependences of the argon compressibility factor in [151]. Experimental
values at 162 K [157] (dots); LGM calculations (1); calculations using the virial equations in [156];
(2) with regard to the second virial coefficient; (3) with regard to the second and third virial coefficients;
(4) with regard to the second–fourth virial coefficients. The inset shows the phase diagram of argon.
Symbols represent experimental values from [158]; the solid line represents calculations in [155] for
dtr = 0.15, u = 0.00075. (b) Phase diagrams of Ar, N2, and an Ar–N2 mixture at different compositions
with nitrogen mole fractions xN2 = (1) 0, (2) 0.2, (3) 0.4, (4) 0.6, (5) 0.8, (6) 1.0. Symbols represent
experimental values from [159]; solid lines represent calculations in [160].

The stratification curve for argon with potential (10) was calculated taking into account
the contribution of the calibration function (inset in Figure 4a), which is necessary to
describe the critical region (see below). The density of argon is given in the reduced form

/
c, where 
c is the density at the critical point. Throughout the region, there is agreement
between the experimental data [158] and the calculation by the LGM, including the value
of the critical parameter β equal to 0.37.

The same approach was used to calculate the stratification curves for the Ar-N2 binary
mixture [159]. Curves for different compositions of the mole fraction of nitrogen are shown
in Figure 4b.

For other gases, the molecular theory based on the LGM gives the same satisfactory
agreement with experiments [161]. This is due to a certain extent to the fact that the
considered gases do not have specific interactions and obey the law of the corresponding
states. For these, a generalized compressibility coefficient was constructed [23,26,156] with
the coordinates Z, “reduced” pressure, which is the same for different substances at the
correspondingly introduced “reduced” temperatures (all quantities are normalized to their
critical parameters). Such a generalized experimental dependence [23,26,156] was described
in the LGM with an accuracy of about 3–4% (see Figure 5). These calculations reflect the
main properties of Z for different temperatures up to pressures of 1000 atmospheres [152].
If the components of the mixtures do not violate the conditions for using the law of the
corresponding states (as in Figure 4b), then the generalized dependences Z can be used for
estimates and for mixtures [26]. Curves for different compositions of the mole fraction of
nitrogen are shown in Figure 4b.
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Figure 5. Generalized compressibility factors of dense gases that obey the law of corresponding
states [161].

Figure 5 includes the critical region. In works [134,162–164] (based on the ideas
of scaling theory [165–167]), it was proposed to introduce a calibration function as an
approximate method for calculating the equilibrium distributions of components in the
LGM near the critical point. This approach separates the contributions in the equation
for local isotherms from the short-range potential and from large-scale fluctuations. The
last contributions are taken into account by the calibration function. For more details,
see [68,134,162–164].

Potential functions (10) were also used to calculate the equilibrium characteristics
of mixtures at high pressures in the bulk phase [168]. Here, the potential of the LGM to
describe the stratification of ammonia–nitrogen gases is shown in Figure 6. The field on
the left shows the experimental measurements (abscissa axis—percentage). In the right
field, the same points are marked with symbols (abscissa axis—mole fractions) for the same
temperatures.
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Figure 6. Dependences of a system’s pressure on the concentration of ammonia in a binary ammonia–
nitrogen mixture at different temperatures. Experimental values from [168] are on the left; calculated
values are on the right. Temperature values on the right lines from bottom to top: 90, 110, 120, 130,
140, 170, and two lines around 180, and 210◦.

The reason for the deviation of the experimental value from the theoretical one is that
the model equations use the rules for combining parameters of the LD-type potential for
molecules obeying the law of the corresponding states. This calculation agrees qualitatively
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with the experiment. The calculation uses the usual concept of the law of corresponding
states for all components of the mixture, although for ammonia this assumption is condi-
tional. Nevertheless, the use of LGM provides qualitatively acceptable results, although
the degree of deviation of ammonia from the law of corresponding states increases with
increasing pressure.

5. Influence of SCFs on Equilibrium and Kinetic Characteristics

While analyzing the specifics of the effect of SCFs on a variety of technological pro-
cesses, the following three circumstances should be taken into account: (1) an increase in the
role of lateral interactions with increasing pressure; (2) shifts in equilibrium concentrations
with increasing temperature, which can lead in reaction systems to the implementation
of stages that are unlikely for low temperatures (thermal dissociation of water sharply
increases the value of the ion product) [2,169]; (3) under SC conditions, the states of the
materials of the reaction system change (for example, the state of coke on catalysts or the
properties of polymer matrices in membranes change). Nevertheless, the main question
remains about changing the rates of the stages that form the gross processes, relating to
points two and three. Its decision determines the accuracy of the description of the entire
gross process.

The thermodynamic and structural characteristics of condensed systems are described
using the methods of statistical thermodynamics based on the knowledge of the potential
functions of interparticle interaction. SCF systems are created using CO2 molecules, low
molecular weight alkanes, alcohols, freons, water, etc. Such solvents are multicomponent
mixtures of low molecular weight substances. To model SC systems, it is necessary to be
able to calculate the bulk properties of SCFs and their contacts with the surfaces of solids
(non-porous and porous). For polymer matrices, the dissolution of SCF molecules through
open surfaces is possible. All these properties of SCF systems can be taken into account
within the framework of the unified LGM technique [66,106] discussed above.

5.1. Effect of SCFs on the Characteristics of Adsorption Processes

It was noted above that an increase in pressure always leads to an increase in the
density of the mixture components, and this causes a shift in the equilibrium conditions
and changes the rates of elementary stages [1,3,170]. This fact affects all surface processes:
catalytic, adsorption, membrane, etc. Depending on the composition of the gas mixture,
we will conditionally divide practical situations into two cases. The first case refers to a gas
mixture with strongly adsorbing particles. For these, an increase in pressure increases the
surface concentration of reactants or adsorbed particles.

The second case refers to gas mixtures with weakly adsorbing or inert molecules.
In this case, an increase in pressure also increases the near-surface number of molecules,
which can affect the competition for filling part of the surface between strongly and weakly
adsorbing molecules. This fact is important if the amount of weakly adsorbing molecules
in the volume exceeds the proportion of strongly adsorbing molecules. Such competition
makes it possible, in principle, to more accurately control the course of the surface pro-
cess. Many polymeric systems are of this type; their interaction with supercritical carbon
dioxide (SC–CO2) has been extensively studied [171,172]. CO2 molecules are a solvent for
some polymers, combining many important technological factors such as environmental
friendliness, low cost, ease of removal from the polymer, incombustibility, etc.

In paper [173], the processes of chemisorption and physical adsorption were analyzed
depending on the degree of surface coverage in the presence in the system of both the main
components for the studied surface processes and the influence of the presence of SCF
components, which, as a rule, are weakly adsorbing components. Methods for modeling
surface processes are given in [66,68].

As an example, typical isotherm curves of the adsorption of component A are shown [173]
for a rise in the SCF pressure. As the SCF pressure increases, the surface coverage by compo-
nent A decreases (see Figure 7); thus, component A is displaced from the adsorbent surface.
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There is the displacement of the adsorbed molecules of component A from the adsorbent
surface upon an increase in the pressure of the SCF for fixed surface coverages θA = 0.05
(1), 0.5 (2), and 0.85 (3). A comparison of Figure 6a,b leads to the conclusion that, on the
strongly binding surface, component A is displaced from adsorption sites at higher SCF
pressures more slowly and over a broader range of pressures of component SCF than for
the weakly binding surface. The same sort of curves will apply for chemisorption—values
of partial pressure change (the range of pressure of the basic component A at chemisorption
and physical adsorption differs by approximately 4–6 orders of magnitude) and the course
of concentration dependences remains similar.
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Figure 7. Dependence of adsorption of the basic component A in binary mixture of component A
and component SCF for rising pressure of SCF for fixed concentration component A corresponding
to θA = 0.05 (1), 0.5 (2), and 0.85 (3) for weak (a) and strong (b) adsorption [173].

In work [173] the influence of SCFs on the stratification characteristics of the adsorbed
particles A is investigated. With adding the component C, isotherms of component A
change, and, hence, the phase diagram changes. Additionally, it was found that at a great
enough pressure of an inert component C, there is a weakening of the connection between
components A. (Here, the two-dimensional situation reflects the real three-dimensional
process of SCF interaction with polymeric matrices).

5.2. Effect of an SCF on the Concentration Dependence of the Rate of a Reaction

Relation (2) defines the effective activation energy EAB
ef for a bimolecular reaction [170]

as
W12 = UAB/(kAB

0θAθB) = exp(-βEAB
ef) (11)

where EAB
ef = EAB +εAB − β−1ln(θAB/θAθB) − (z − 1)ln(SA SB).

At low concentrations of reagents, EAB
ef = EAB. At high fluid densities, when the

proportion of reagents A and B is small, and the proportion of SCF is large (θC >> θA + θB),
then

EAB
ef ≈ EAB − (z − 1)(δεAC + δεBC) = EAB + (z − 1)(1 − α)(εAC + εBC).

In this expression, the equivalence αij = α is used for both reagents.
Formula (11) determines the effect of the interaction of the SCF with reagents on

the value of EAB
ef. If α < 1, then the presence of the SCF associates around the reagents

increases EAB
ef. If α > 1, then the SCF associates decrease EAB

ef. The difference in values of
ΔEAB(θ) = EAB

ef − EAB indicates the effect of the SCF on the activation energy of the stage.
In that case, when the SCF plays the role of a solvent, then the influence of intermolecu-

lar interactions manifests itself in a change in EAB
ef with varying pressure and temperature.

In the case of a large value of EAB
ef, the influence of the SCF is small if the rate of the

chemical reaction itself remains in the region of the kinetic regime. However, due to the
addition of a large amount of inert SCF molecules, with an increase in the pressure in the
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system, the nature of the flow of the bimolecular reaction can change and move from the
kinetic regime to the diffusion regime.

A detailed analysis of the ratios between Eij
ef for chemical reactions and transport

stages was carried out in [170]. The contributions of the total density of the system and the
role of intermolecular interactions at different temperatures of the SCF of the system were
discussed. The theory of non-ideal reaction systems allows the SCF process to separate into
failure contributions from pressure and temperature. In situations where the contribution
of temperature predominates, the differences between the values of Eij

ef and Eij are small,
so Equation (1) can be used. If the contribution from pressure is predominant, then the
differences between Eij

ef and Eij limit the region of the SCF for concentrations where the
mixture can be considered an ideal one.

Such a molecular interpretation distinguishes the chemical features of reaction systems
at high pressures from the collective properties of multicomponent systems. Thus, for
water molecules, an increase in temperature of more than ~10 degrees above the critical
temperature leads to a decrease in density and water remains as a dense vapor up to very
high pressures (almost 10 Pcr) [174].

For the case when the SCF is a reactant, the dependence of the effective reaction energy
is shown in Figure 8. A three-component system (A, B, C) with the chemical reaction
A + B (here θA = θB) is considered, in which the reaction between molecules A and C is
also possible (C is the SCF component). The proportion of component C varies and it
is demonstrated how the effective activation energy EAC(ef ) changes with respect to the
energy EAC of the same reaction in an ideal system as a function of the total amount of
substance θ = θA + θB + θC.
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Figure 8. Dependences EAC on the degree of occupancy θ at εCC = 0.38 (energy, kcal/mol), εAA =
4εCC, and εBB = 2.4εCC for T = 1.1Tc; E12 = (1) 3, (2) 10, (3) 20; and T = 2.5Tc, E12 = (4) 3, (5) 10, (6) 20.
Curves correspond to reagent concentrations xA = xB = 0.01-mole fractions.

Here, the SCF manifests itself through lateral interactions and as one reagent; therefore,
in general, the role of the SCF component increases, although only lateral interactions make
a smaller contribution compared to the contribution from the main chemical reaction A + B
(for these, the relative contribution of lateral interactions reaches values of 4–5). Obviously,
an increase in the activation energy of the parallel stage A + C reduces the contribution
from lateral interactions (curves 3 and 6).

The theory of reaction rates in condensed phases [66,68] demonstrates that, under
supercritical conditions, intermolecular interactions cannot be ignored even for an inert
supercritical component, which may exert a significant effect on the rates of elementary
processes.

The curves shown in Figure 8 indicate the characteristic intervals of possible deviations
from the law of mass action in the typical diapasons of supercritical processes in the
gas phase, in the temperature and activation energy, which differs from a process in an
ordinary gas atmosphere at 1 atm. An increase in the density of the supercritical component
decreases the probability of the reactants meeting one another and the SCF–reactant lateral
interactions, though comparatively weak, stabilize the initial states and reduce the rates
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of the reactions. The latter circumstance is significant for most reactive reactants, such as
ozone [2,175]. The calculations were carried out for the entire SCF density range, so it can
readily be seen from the calculated curves whether it is possible to neglect the interactions
between the SCF molecules under the given conditions. (If the lateral interactions can be
neglected, then EAB(ef) = EAB at any θC.)

In many cases, such a state may arise with an increase in the density of inert SCF
(θ → 1), when the reagent transport stage begins to limit the processes, especially at low
concentrations of the main chemical reagents. This problem, however, does not occur if the
SCF component is one of the reactants. In this case, the bimolecular stage A + C transforms
into a quasi-monomolecular one. In general, when analyzing the role of the SCF, one should
take into account the possibility of changing the mechanism of the process under study and
the state of the accompanying materials, in addition to traditional ideas about the increase
in the rate of stages with increasing temperature and its decrease with increasing pressure,
together with a decrease in the self-diffusion coefficient and an increase in the viscosity
coefficient.

A comprehensive analysis of the entire system as a whole is required because a
change in one of the thermodynamic parameters (pressure or temperature) can worsen the
implementation of elementary stages. Using the concepts of specific mechanisms of gross
processes, the kinetic equations of non-ideal reaction systems make it possible to relate the
characteristics of the SCF processes to similar processes under normal conditions.

5.3. Effect of an SCF on the Concentration Dependence of the Dissipative Coefficients

The theory of non-ideal reaction systems provides ways to consider transport charac-
teristics. The simplest characteristic of molecular transport in mixtures is the self-diffusion
coefficient of component i (1 ≤ i ≤ (s − 1)), which characterizes the thermal motion of
type i molecules under equilibrium conditions. In practice, the self-diffusion coefficient is
usually associated with the motion of an isotopic label locally introduced into some region
of the system and the temporal distribution of the label over the rest of the solution is
monitored. For labeled type i molecules, we have the following expression for the local
partial self-diffusion coefficient [68,176]:

Di* = zfg* UiV/θf
i, (12)

where zfg* is the number of possible hops to nearest-neighbor sites g for the f th cell along
the direction in which the label moves. The expression for wiV is given by Formula (2). This
refers to the bimolecular hop of molecule i, i + V → V + i, in which the first “reactant” is a
moving type i molecule, and the second “reactant” is the vacancy into which the molecule i
is transferred. The activation energy of this process is EiV = 0 for a bulk phase and EiV > 0
for the surface migration step. With the growth of the full density of a system, the fraction
of free volume decreases and the factor of self-diffusion of any particle decreases.

The apparent activation energy of the self-diffusion of component i is written in the
form of Formula (11):

EiV(ef ) = EiV − β−1ln(θiV/θiθV) − (z − 1)ln(Si SV), (13)

For high SCF coverages, it follows from Formula (13) that ΔEiV = EiV(ef ) − EiV = (z −
1)(1 − 2α)εAC. For α = 0.5, ΔEiV = 0 and the decrease in the self-diffusion coefficient is only
due to the decrease in the free volume fraction.

Figure 8 plots the concentration dependences of the self-diffusion coefficient of the
main component A (DA) in the SCF bulk (EiV = 0). The effect of the density of the supercrit-
ical component was studied as a function of the density θC varying between zero and 1 −
θA for two main component coverages, θA = 0.01 and 0.1.

In these calculations, we fixed the mole fraction of the main component A relative to
the supercritical component C; accordingly, all curves begin at θ = 0. The curves descend as
the total density increases. This is due to the decrease in the free volume, which is necessary
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for molecular transport. The self-diffusion coefficients of the SCF in the bulk are similar to
those of the main component. The behavior of the DC curves is similar to the behavior of the
curves shown in Figure 9. The concentration dependence of the self-diffusion coefficients
depends strongly on the nature of the supercritical component. The stronger the interaction
between SCF molecules, the greater the extent to which diffusion slows down with an
increasing SCF concentration. The self-diffusion coefficient decreases as the temperature is
raised.
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Figure 9. Self-diffusion coefficient of component A (DA) as a function of θ = (θA + θC) at γA= εAA/εCC

= (1) 1, (2) 1.6, (3) 3.2, and (4) 6.4 for τ = 1.15. Solid lines: θA= 0.01; dotted lines: θA = 0.1.

Shear viscosity. Another important transport characteristic is the shear viscosity. Knowl-
edge of this characteristic is necessary for calculating flow velocities in various reactors.
Like the self-diffusion coefficient, viscosity is expressed in terms of the thermal velocities
of molecules. The local shear viscosity ηfg for spherical molecules of comparable sizes is
expressed as follows [25]:

η =

[
s−1

∑
j=1

xj

(
ηj

)−1
]−1

, η j = θ j/UiV, xi = θi/θ, θ = ∑ i = 1s−1θi, (14)

where xi is the mole fraction of component i and θ is the total coverage of the system.
For pure components, it follows from this expression that η depends on temperature

as T1/2 and depends linearly on the density. For high densities, we have an exponential
temperature dependence, as in Eyring’s conventional model [31]. Equation (14) allows
viscosity to be calculated for any composition of a multicomponent mixture.

Figure 10 plots viscosity versus the total mixture density θ. In these calculations, we
fixed the mole fraction of the main component A relative to the supercritical component C;
accordingly, all curves begin at θ = 0. With this method of expressing the amount of the
main component A, the difference between the viscosities at θA= 0.01 and 0.1 is smaller
than in the case of the fixed amounts of component A. The concentration dependences of
viscosity are normalized to the viscosity of component A in a rarefied gas. The calculations
were carried out at a fixed εAA value for component A and a decreasing ε0 value or an
increasing γA = εAA/εCC ratio. An increase in γA leads to an increase in the energy of the
lateral interactions between the main component A and the SCF. As a result, the viscosity
of the system decreases. Therefore, by changing the SCF, it is possible to vary the viscosity
of the system in a fairly wide range. This range is temperature-dependent: it widens with
increasing temperature.
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Figure 10. Viscosity as a function of θ at γA = (1) 1, (2) 1.6, (3) 3.2, and (4) 6.4 for τ =1.15. Solid lines:
θA = 0.01; dotted lines: θA = 0.1.

The calculated data indicate that the self-diffusion coefficients and viscosity character-
izing the transport properties of the entire supercritical system depend on the density of
the supercritical component to a lesser extent than the reaction rates. This is due to the fact
that the thermal velocities of molecular migration, which determine both of the transport
coefficients, depend on temperature much less strongly than chemical reactions.

The above results in Section 5 correlate well with the known similar relationships for
the same steps occurring at atmospheric pressure. At the same time, they were obtained
by an analysis of the processes in a very wide SCF density range. The validity of the
above inferences throughout the pressure and temperature ranges typical for supercritical
processes suggests that this good correlation is a more general point than a simple corollary
of the law of mass action.

6. LGM and Dissipative Coefficients

Real technological SCF processes are implemented in reactors and for their modeling
it is necessary to know not only the equations for describing chemical reactions, but also
the general thermophysical flows of momentum, energy, and mass transfer. As noted
in Appendix A, the dissipative coefficients are directly related to the elementary rates of
transport processes; therefore, the same model potentials of intermolecular interaction
are used for their calculation, both for chemical reactions and equilibrium distributions
(according to Section 3.1). Therefore, the effective pair potential (10) was used to calculate all
dissipative coefficients. These calculations were carried out both for individual components
(coefficients of self-diffusion, viscosity, and thermal conductivity) and for binary mixtures
(coefficients of mutual diffusion and viscosity). These calculations refer to the group
properties of simple fluids, which reflect the general patterns for many molecules that
obey the law of corresponding states. There are no strong specific bonds for molecules of
this kind. Comparisons were made with the so-called generalized diagrams, which were
actively used earlier in technological calculations. Specifying the properties of molecules,
such diagrams correspond to an accuracy of the order of 3–5%.

Calculations of shear viscosity coefficients for specific molecules and their general-
ized normalized values of the coefficients are shown in Figure 11. The accuracy of these
calculations is about 5%.
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Figure 11. (a) Dependences of O2 shear viscosity η on pressure P at different gas temperatures:
(1) 289, (2) 328 K. Dots are experimental values from [177]. (b) Analogous dependences for low
densities. (c) Generalized diagram of reduced shear viscosity η/η0, depending on reduced pressure
Pr at different reduced temperatures Tr. Dots are experimental values from [23,26].

Another important dissipative coefficient is the coefficient of thermal conductivity.
For dense gases and liquids, this coefficient is calculated based on the simulation of two
channels of heat transfer: the diffusion mechanism of transfer of atoms and/or molecules
in space through a selected plane (see Appendix A), and the mechanism of particle colli-
sion among themselves, when no movement occurs through a selected plane of particles
from different half-spaces (this mechanism was first introduced for rarefied gases by En-
skog [178]). Calculations of the thermal conductivity coefficient are demonstrated for the
bulk phase [158,177] (Figure 12a) and for its generalized dependence [26] (Figure 12b).

(a) (b) 

Figure 12. (a) Heat capacity coefficients of argon at (1) 273 and (2) 400 K. Dots represent experimental
values [158,177]; lines represent calculations [152]. (b) Experimental data on the generalized heat
capacity coefficient in [26]. Dots represent experimental values; lines represent calculations.

For multicomponent mixtures, the self-diffusion and mutual diffusion coefficients
are necessary for modeling mass transfer processes. These coefficients are shown in
Figure 13a,b. The self-diffusion coefficient characterizes the motion of a labeled particle in a
one-component system under the condition of a complete equilibrium distribution of parti-
cles within the system. The coefficient of mutual diffusion characterizes the nonequilibrium
of a binary system with respect to its composition. Experimental data on the indicated mass
transfer coefficients are presented in [26] with the help of weighted average correlations,
which make it possible to display both types of coefficients in wide ranges of temperature
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and pressure changes. In Figure 13b, the interdiffusion coefficients refer both to individual
gases (argon and nitrogen) and to their mixtures.
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Figure 13. (a) Generalized diagrams of the self-diffusion coefficient for the p/pC < 4 range of pressures.
Lines represent calculations in [160]; dots represent experimental values from [26] at τ = (1) 1, (2)
1.1, (3) 1.2, (4) 1.3, (5) 1.4, (6) 1.6, (7) 2, and (8) 3. (b) Generalized diagrams of the mutual diffusion
coefficients of an Ar–N2 mixture with xN2 = 0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1.0-mole fractions at τ = (1)
1, (2) 1.3, and (3) 3 in the p/pc < 4 range of pressures. Series of curves calculated for each τ value
are displayed from the bottom up as the concentration of nitrogen grows [160]. Dots represent
experimental data recalculated according to the rules in [26].

Weighted average correlations over gas densities were actively used for approximate
estimates of various characteristics. For shear viscosity coefficients of binary mixtures, the
approach of Dean and Steele was popular (cited in [26]). Based on experimental data for
mixtures of non-polar dense gases (light hydrocarbons, and hydrocarbons with inert gases
and air components), an approximation expression was proposed that is almost linear in the
logarithmic scale. The numerical values of this approximate formula for the experimental
data are shown in Figure 14 by thin lines.
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Figure 14. Logarithmic dependences ηm/η0
m on reduced density 
rm, obtained for a binary Ar–N2

mixture at different reduced temperatures τ: (1) 0.75, (2) 1, and (3) 3; thick lines represent the
calculated values from [160]; thin lines represent experimental values from [26].

Figure 14 compares the dependences ηm/ηm0 (where the denominator ηm0 is a normal-
ization factor to the properties of a rarefied gas) on the reduced density ρrm, obtained for
the Ar − N2 binary mixture for three values of τ according to this empirical formula and to
the LGM (thick lines are the calculation of the LGM [160]). Here, the reduced temperature
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τ = T/Tcr = 0.75, 1, and 3, where Tcr is the critical temperature reflecting the change in the
value as a function of the composition of the mixture.

7. Extension of the Models

This section briefly mentions the directions where approaches based on the LGM
have been developed. Above, the components of the mixture were assumed to be approxi-
mately commensurate in size in order to singly occupy a cell of the lattice structure, and a
spherically symmetric pair potential was used for the model interaction potential. These
restrictions were lifted in subsequent works when nonspherical effective potentials were
considered, jointly taking into account electrostatic contributions with the Lennard–Jones
potential. Also, the kinetic equations are discussed below in the LGM, which are necessary
for describing three-aggregate states.

7.1. Nonspherical Potential Functions

Refusal to use spherically symmetric effective pair functions (10) has been considered
in the framework of lattice models since the beginning of their development [119–122]
(see also [179–181]). This direction of work made it possible to move to a more accurate
accounting of the size of molecules and their shape, which can differ greatly from spherical
ones. This includes models of interactions with local atom–atom potential functions for
individual functional groups of molecules, as well as their simplified description, which
involves the use of energy contact interaction parameters.

As an example of the development of such approaches, a model was considered
in [182] that makes it possible to take into account the differences between hard spheres of
particles and an integer number of cells. Thus, one of the main SCF components, the CO2
molecule, has noticeable differences in shape from a spherical one. The ratio of its long and
short axes is 1.38. As an example, Figure 15 shows the compressibility factor χ = PV/(PV)s
of CO2 molecules [183], where the product of pressure and specific volume (PV)s refers to
normal conditions. The calculations were carried out for different potential models: curves
1–3 are given for a single-site model; curve 4 reflects the difference in the shape of the hard
sphere of the molecule. (For comparison, curve 2 is given for the strong contribution of the
triple interaction).

Figure 15. Comparison of experimental [184] (dots) and calculated lines of compressibility factors for
CO2 molecules; calculations were made for (1, 2, 4) T = 273 and (3) 373 K.

The discussed modification of the potential is better than the experimental curve [184].
(Figure 15 presents the compressibility factor described by the theory with accuracies of up
to ~4%). Curves 1 and 4 for a temperature of 272 K reflect the separation of CO2 molecules
(Tcr = 304 K). Calculations of the separation curve of CO2 molecules demonstrate a number
of differences depending on the interaction potential; their consideration depends on the
goal of modeling the processes with their participation.
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The [182] approach also reflects the possibility of taking into account different energy
contact interactions in nonspherical molecules. Such potential modifications can be pro-
posed for other SCF components of mixtures and for the reactant molecules themselves.
The refinement of differences in the shape of molecules from spherical is important for
the calculation of all dissipative coefficients. When modeling processes inside porous
materials and on open surfaces, the role of molecular asymmetry increases, since the spatial
distribution of molecules is additionally affected by the surface potential of the solid. The
nonsphericity of molecules is important in the analysis of short-range order and in the
transition to the appearance of long-range order.

7.2. Water Molecules

Water is a component that is actively used in SCF processes. To expand the possibility
of using LGM approaches with different potential functions, in [185,186] a potential was
considered with a combination of the contributions of the dipole potential and the Lennard–
Jones potential and simultaneous generalization according to a more general statistical de-
scription: direct correlations in the QCA were taken into account instead of the average field
description of interacting molecules [187,188]. Previously, it was known [32,33,108–110]
that the use of only electrostatic interaction is not enough to describe the thermodynamic
characteristics of water.

The joint allowance for the dipole potential and the Lennard–Jones potential made
it possible to improve the quantitative description of the experimental data [189,190]. In
particular, it was found that the LGM describes the stratification curve of water with the
same accuracy as for argon. The microscopic nature of the LGM makes it possible to obtain
a description of dipole systems without resorting to the macroscopic concept of permittivity.
The same approach can be applied to many other polar liquids. On the other hand, the
LGM [185,186] used in [191] makes it possible to describe the experimental data on the
self-diffusion of water molecules [190].

In this work, we studied the temperature behavior of the water self-diffusion coeffi-
cient. This process can be written in the form of the bimolecular reaction (H2O)f + Vg = Vf +
(H2O)g, in which the numbers of the neighboring sites f and g are used as indices and the
symbol Vg denotes a vacant site with the number g, i.e., the diffusion of water molecules is
a special case of a bimolecular reaction occurring on the f and g sites.

The theory allows the determination of the water self-diffusion coefficient and the
study of its temperature dependence (Figure 16). Figure 16 presents the water self-diffusion
coefficient described by the theory with accuracies of up to ~8%. Our calculations were
performed under the condition that the considered jump of a molecule to the neighboring
vacancy occurs much more rapidly than the local rearrangement of the overall environment.
According to the Frenkel hypothesis [192], the transition to the thermal motion of molecules
is associated with the clearly correct hypothesis of a weak change in the state of neighbors
when the considered molecule jumps. Assuming [31] an equilibrium distribution of its
neighbors would contradict the logic of the process: for a selected molecule to move, it is
necessary that its analogous neighbors are quickly attuned to the transition state of this
step. Many jumps of the neighbors are required for one jump of the considered molecule to
occur.
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Figure 16. Comparison of the temperature dependence of the water self-diffusion coefficient. Dots rep-
resent the experimental values in [190]; lines represent the calculations performed in the work [191].

By comparing the constructed theoretical curve with our experiment’s results [185],
we found the optimum value of parameter α for the water molecule energy parameters
from [193]: α = 0.65. (Note that the same experiment can also be approximated by molecular
dynamics [194].) The obtained good agreement testifies to the adequacy of the lattice model
and the validity of its assumptions. The α value above demonstrates the relatively low
activation energy that a water molecule must overcome during a jump in the course of this
reaction.

7.3. Kinetic Equations

The mathematical formulation of the second law of thermodynamics is written as the
inequality dS ≥ dQ/T, where Q is the amount of heat [20–22,111]. To calculate the change
in entropy during the transition processes between different initial and final states, it is
necessary to know the state of the system at two points (the equal sign refers to reversible
processes). The transition between initial and final states is described by kinetic equations,
which determine their key importance in modeling any technological processes [112].

Currently, kinetic theory at the atomic and molecular level in the lattice-gas model
(LGM) [66,68] can be used in almost the entire time range, from the characteristic times of
atomic vibrations to macroscopic, including equilibration times. The theory considers the
full set of elementary processes of movements of molecules and their chemical reactions
occurring in the system on the set of lattice sites. To construct the general structure of the
kinetic equations of the lattice model, we assume that the lattice sites are not equivalent
to each other. The nature of the inhomogeneity of the lattice sites is considered known
and constant over time. From a physical standpoint, the nonuniform distribution of
particles is due to both the interaction between the particles of the system and the possible
additional influence of external fields or interactions. The formulation of the problem
under consideration allows covering from a unified point of view a wide range of issues
related to the nonuniform distribution of particles at the gas–solid interface: the spatial
distribution of the particles on a uniform surface, the presence of ordering in them, changes
in the distribution of atoms of the solid adsorbed particles along the normal to the interface,
and the distribution of particles laterally interacting on the nonuniform surfaces and,
correspondingly, in any three-dimensional volume of the porous body. General ideas about
the construction of the kinetic equations in the LGM are described below in Appendix A.

The LGM provides a unified approach to modeling equilibrium and kinetic processes
in three states of aggregation. It uses a single set of energy parameters to describe different
stages of a multi-stage gross process both in kinetics and in the equilibrium state.

Many practically important circumstances, such as the presence of several hetero-
geneous phases in systems, the multistage nature of the overall process, the presence
of external fields, etc., lead to the complication of the structure of the kinetic equations.
Particularly important in this regard are the ratios of the relaxation times of the reactants
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in nonequilibrium states, which must be taken into account when modeling using kinetic
equations.

All these kinetic equations should be built based on the theory of non-ideal reaction
systems [66,106], taking into account all possible options for changing the potential func-
tions of intermolecular interaction. Accordingly, equations were adapted to describe the
processes in complex porous materials [68], in which phase and supercritical states are
realized. For these, their own equations of state and equations for dissipative coefficients
were also constructed. Such developments led to the creation of microscopic hydrodynam-
ics [68]. This describes the processes of porous systems, inside which chemical and/or
catalytic reactions take place in the fields of pore walls, in the presence of vapor and liquid
phases. In the same way, the LGM methods made it possible to develop approaches for
the formation of new phases [115] taking into account the microscopic description of their
interfaces (such processes are often implemented in SCF). New kinetic equations have also
been developed that reflect the consideration discussed above for differences in molecular
sizes [195] and the possibility of the presence of charged particles in reaction systems,
including electron transfer [196,197].

At present, the kinetic equations in the MGM have reached the general level of
describing all three-aggregate states from a unified position [115,196,198], starting from
the elementary stages of changing the position of particles in space and/or elementary
chemical transformations. This makes it possible to simulate many processes that are
implemented in SCFs, associated with a change in the phase state of materials and chemical
processes occurring in the SCF conditions. As an example, we can note the development
of the fundamentals of the process of swelling of polymer matrices [195]. In this work, a
molecular model for the sorption of low molecular weight molecules, accompanied by a
change in the volume of the polymer, is proposed. The kinetic equations make it possible
to relate changes in the local densities of the sorbate and fragments of polymer chains
to each other, although it should be noted that there is, up to now, no complete theory
of the swelling of polymers in SCFs. However, the analysis [170,173] of separated stages
shows that SCFs can rather strongly affect the state of the adsorbents and catalysts that can
qualitatively be observed in the studies of the combined effects of SCF–CO2 and ozone on
coke-like deposits on a surface of Pt–Re/γ-Al2O3 bimetallic reforming catalysts [199].

8. Conclusions

This review presents two levels of discussion on the modeling of SCF processes. The
traditional level reflects the specific modeling methods used to describe the physicochemical
characteristics of the systems under study, the rates of chemical reactions, and dissipative
coefficients. In this regard, LGM-based approaches are presented as universal modeling
methods for three-aggregate states of systems. A new level of discussion of the applicability
of the LGM is associated with the important circumstance of agreement with the second law
of thermodynamics when the models for calculating the rates of stages and the equilibrium
distribution of components must be consistent with each other. Otherwise, the models
will belong to different classes and their molecular parameters will not be preserved
when discussing different modes of the process, which makes it difficult to model gross
processes. It should be recalled that the historically known expressions for chemical
equilibrium according to Guldberg–Waage’s mass action law [34,35] and Langmuir’s
adsorption isotherms [200] (Section 3.2) were first obtained based on the Clausius second
law of thermodynamics.

In modeling real technological processes using existing methods discussed in the
Section 1, situations arise when two levels of models are used simultaneously: models
of non-ideal systems for describing the equilibrium properties of SCF and kinetic models
based on the law of mass action, i.e., models for ideal systems, which does not agree with
the second law of thermodynamics.

This review demonstrates the great potential of the LGM for modeling a wide range of
SCF processes, consisting of different elementary stages in the overall processes of chemical
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transformations and transport stages, which ensure self-consistency of the description of
the kinetics of these processes with equilibrium states in non-ideal reaction systems.

The first comparisons of different methods of molecular modeling (integral equations,
molecular dynamics methods, Monte Carlo, and LGM) already showed [201] that the LGM
is in no way inferior in calculating all thermodynamic characteristics (although it does
not give a continuum distribution of molecules inside the cell). It is difficult to give a full
account of the practical applications of the LGM (although some of this material is presented
in this review). The development of the statistical methods of the LGM [66,106] made it
possible to significantly enhance its capabilities, especially for highly inhomogeneous
systems (these are problems for phase boundaries, adsorption, and absorption). The
introduction of the modifications discussed in this review, taking into account the internal
motions of molecules inside the cells [133,134,139], formulated a unified approach to
describing the molecular distribution in three-aggregate systems [115]. New developments
in the LGM make it possible to perform calculations with more complex multiparticle
potentials. Today, joint calculations are available for these using quantum-chemical methods
for determining the energy of intermolecular interactions [66,106,154,202], including those
with the Coulomb potential [197,203]. The statistical substantiation of initially purely
empirical potential functions of the type (10) obtained in the LGM allows one to operate
with molecular potentials, similar to all other methods of statistical physics. This makes
it possible to search for the parameters of potential functions from the solution of inverse
problems by describing the experimental data more quickly and more accurately due to
the significant gain in time when using the LGM methods. In particular, the parameters of
the “excluded” volume fraction, the cell size, and the vibrational contribution of molecules
introduced into the LGM operate only on the properties of potential functions and do not
have additional parameters.

Mathematical models developed in the LGM correspond to all times of realization
of processes, including their relaxation stages in all three-aggregate systems and reaching
equilibrium distributions according to the second law of thermodynamics. In terms of
the computing speed, LGM is at least 2–4 orders of magnitude faster than the molecular
dynamics method and its accuracy is not inferior to it.

It should be noted that, up to now, modeling based on the LGM has been carried out
for the simplest molecular mixtures; however, its extensions make it possible to switch
to more complex systems that have more complex phase diagrams and distinct physico-
chemical properties, including those containing both upper and lower critical points, as
well as systems in which there are diagrams without top and right borders. Models for
such equilibrium characteristics have been discussed earlier in the literature [118–122]
and recent developments in the MGM (Section 7) make it possible to generalize them
to the corresponding kinetic models, which will be consistent with the second law of
thermodynamics.

Modern approaches based on the LGM [66,68,106,115] can be applied, as well as the
thermodynamic approach [114,204], for any phases and from interfaces. They are actively
used to simulate many practically important processes in a wide range of pressure and
temperature changes. They describe the distribution of components of heterogeneous
systems and their phase diagrams, to model the chemical synthesis reactions, and so on.
With their help, one can calculate the processes of adsorption, catalysis, and growth of
crystals, and the processes of transport of molecules through various polydisperse materials
(porous bodies, membranes, and thin films), as well as consider the rheological properties
of molecular and other aspects of physical and chemical mechanics, etc.

An important advantage of the LGM is the extension of the theory of chemical transfor-
mations to non-ideal reaction systems, which takes into account the influence of interparticle
interactions and preserves the effects of correlation between interacting particles. This
makes it possible to eliminate the existing contradiction in the modeling of SC processes,
when the equations of state describe non-ideal mixtures, and the kinetic models are based
on the law of mass action for ideal systems or the dissipative coefficients are built on the
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basis of Boltzmann-type equations for rarefied gases. The kinetic equations in the LGM
give a self-consistent calculation of the equations of state and rates of elementary stages,
which satisfies the second law of thermodynamics. This fact is of strategic importance for
the organization of the correct modeling of SC processes.

Modeling methods with the help of LGM make it possible to (1) assess the processes of
absorption of SCF molecules by polymer matrices, (2) describe the processes of growth of a
new phase (nanosized particles in CSF) and analysis of their size dependences, (3) analyze
the effect of concentrations of SCF molecules, taking into account their influence on shifts
in equilibrium and changes in the rates of stages in bulk phases, (4) study the factors in
porous materials that affect the processes of chemical kinetics, and the growth of a new
phase inside pores and in near-wall regions under supercritical conditions, and (5) assess
the role of critical regions inside porous materials on SCF transfer processes of molecules
and their chemical transformations, etc.

Thus, for almost all modeling parameters, the LGM has the most significant potential
for describing SC states of fluids and processes with their participation in comparison
with all other existing methods of statistical physics in calculating both equilibrium and
nonequilibrium characteristics. This provides the basis for using the LGM approach for
practical applications to various technological SCF processes.
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Nomenclature

ai0 pre-exponential factor of the Henry constant for molecules of type i
dtr triple interaction parameter associated with its energy ε3
Di* partial self-diffusion coefficient for molecules of type i
Eij reaction’s energy of activation between i and j reagents
EA(ef ) effective activation energy of desorption
kB Boltzmann constant
kij rate constant of elementary reaction i + j → products
kij

0 rate constant pre-exponential factor for elementary reaction i + j → products
k1 and k2 reaction rate constants in the forward and backward directions
K equilibrium constant of the stage
M number of sites in the system
ni concentration of i-type molecules
Qi energy of i-particle bonding with the surface
Q amount of heat
Qs statistical sum of the system
P pressure
Pi partial pressure of i-type molecules

P({γf
i},τ)

probability of finding the system at the time τ in a state {γf
i}. For the sake

of brevity, this state is denoted as {I} ≡ {γf
i}

s number of occupation states of any cell or site
S entropy
Sm molecular property in flow
T temperature

tfh
ij = θfh

ij/θf
i function of the conventional probability of j particles being near i particles (fh

represents the numbers of sites containing these particles)
U internal energy
Uij rate of an elementary stage of a bimolecular reaction i + j → products
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Uf
i(α) rate of the elementary single-site stage i ↔ b with number α in the site f

Ufg
ij(α) rate of the elementary two- site stage i + jα ↔ b + dα with number α in two sites fg

V volume of the system
u contribution from the vibrational motion of molecules to energy parameters

Wα({I} → {II})
probability of the elementary process α which resulted at time τ in the transfer of
the system from the initial state {I} to the final state {II}

xi = θi/θ mole fraction of component i among all molecules of the mixture.
z nearest neighbors of any site or cell

zfg*
the number of possible hops to nearest-neighbor sites g for the f th cell
along the direction in which the label moves

Z compressibility factor
α number of stages in the total process
αi activity coefficient of i-type reagents
αij* denotes the activity coefficients of ACs
αij = εij*/εij,
for simplicity
αij = α

is used for both reagents

γf
i variable determined the occupation state of site with number f (1 ≤ f ≤ M)

by particle of type i (1 ≤ i ≤ s)
εij parameter of this interaction between ij pairs of neighboring particles

εij*
interaction parameter for reaction AC using i-type particles
and neighboring j-type particles

η shear viscosity coefficient
κ heat capacity coefficient
κD mean square displacement of particles in a solid in the harmonic approximation
λ average cell size
ΛAB

f g non-ideality function for the two-site stage
Λi

f non-ideality function for a one-site stage
μi chemical potential of component i
μi

0 chemical potential of the standard state for component i
ρ mean free path of a particle
θi concentration of particles type i in the (surface or bulk)) system
θ = ∑I = 1

s−1θi complete occupancy of a lattice system by all i components of the system, 1 ≤ i ≤ s − 1

θfh
ij probability of two particles i and j being on nearest neighboring sites f and h

(for homogeneous system θij, is the pair particle distribution function)
νi stoichiometric coefficient

Appendix A. Kinetics Equation in the LGM

A change in the state of a condensed phase, which we are modeling in the LGM by a
lattice structure at a molecular level, is associated with a change in the state of its individual
sites as a result of the realization of elementary processes. Fixation of the molecule in the
center of the cell corresponds to the state of its occupation. Mathematically, this event is
described by γf

i, where f is the cell number, 1 ≤ f ≤ M, subscript i denotes the state of
occupation of the cell with number f, 1 ≤ f ≤ s, and s is the number of the states of cell
occupation including a vacancy (M is the number of sites) [66]. For the two components
of the lattice systems (s = 2) of any site of the lattice structure corresponding to the one-
component system for which i = A or V (vacancies). If the site f contains an adsorbed
particle A, then γf

A = 1 and γf
V = 0; if the cell is free, then there is a vacancy, so γf

A = 0 and
γf

V = 1. The random variables γf
i are subject to the following relations:

∑s
i=1 γi

f = 1, and γf
i γf

j = Δij γf
i, where Δij is the Kronecker symbol, which means that

any site is unavoidably occupied by one, but only one, particle.
The state of the sites changes at the expense of two main types of elementary processes,

namely, the migration of the particles and their participation in chemical transformations.
In the first case, the particles change their position in space while remaining unchanged
in a chemical respect. In the second case, the particles transform into their other chemical
compounds without changing their position. The description of the process when a particle
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simultaneously changes its coordinates and partly changes its chemical nature by entering
into the composition of a complex or an intermediate does not virtually differ from the
description of the two basic types of processes.

We denote by {γf
i} = γ1

i, γ2
j, . . ., γM

n the complete set (or full list) of values γf
i of

all lattice sites, which uniquely determine the complete configuration of the locations
of the particles on the lattice at time τ, and, by P({γf

i},τ), the probability of finding the
system at this time in a state {γf

i}. For the sake of brevity, this state is denoted as {I} ≡ {γf
i}.

Let the common studied process consist of many stages and through α we denote the
number of elementary stages in the process. The master equation for the evolution of
the full distribution function of the system in a state {I}, due to the implementation of
the elementary processes α in condensed phases, has the following form (the so-called
Glauber-type equation) [66,163,205,206]:

d
dτ

P({I}, τ) = ∑
α,{I I}

[Wα({II} → {I})P({II}, τ)− Wα({I} → {II})P({I}, τ)], (A1)

where Wα({I} → {II}) is the probability of the elementary process α (the probability of
transition via channel α), which results at time τ in the transfer of the system from the
initial state {I} to the final state {II}. In Equation (A1) the sum is taken over the different
types of direct processes (index α) and all reversed processes {II}, in the state of occupation
of each site in the system changes.

If the elementary process occurs at one site, the lists of states of occupation of the
sites of the system {I} and {II} differ only for this site. Single-site processes are processes
associated with changes in the internal degrees of freedom of the particle, the adsorption
and desorption of non-dissociating molecules, and the reaction by the impact mechanism. If
the elementary process occurs in two neighboring lattice sites, then lists of the states {I} and
{II} differ in the conditions of occupation of these two sites. Two-site processes are exchange
reactions, adsorption, desorption of the dissociating molecules, migration processes by
the vacancy and exchange mechanisms, etc. The sum of the states {II} corresponds to the
change in states of occupation for all lattice sites. The interconnection of the states {I} and
{II} depends on the mechanism of the process that defines a set of elementary stages α.

Equation (A1) is written in the Markov approximation for which it is assumed that
the relaxation processes of the internal degrees of freedom of all particles are faster than
the process of changes of the state of occupation of different sites of the lattice system. The
transition probabilities Wα are subject to the condition of detailed balance:

Wα({I} → {II}) exp(-βH({I})) = Wα({II} → {I}) exp(-βH({II})), (A2)

where H({I}) is the total energy of the lattice system in the state {I}. In equilibrium, P({γf
i}, τ

→ ∞) = exp(–βH({γf
i}))/Qs; here, Qs is the statistical sum of the system [66]. Expressions

for Wα({I} → {II}) are constructed with all the molecular features of the system taken into
account [68].

The large dimension of system (A1) does not allow it to be used to study the dynamics
of macroscopic systems by direct integration, so the kinetic equations are based on the
functions of distributions of a lower order through which the distribution functions of high
order are closed. To this end, instead of the full distribution function P({γf

i},τ), the evolution
of the system is described using a shortened method of defining it by time distribution
function (correlators) determined by

θi1...im
f1... fm

(τ) =< γi1
f1

. . . γim
fm

>=
s

∑
i1=1

. . .
s

∑
iN=1

m

∏
n=1

γin
fn

P({γi
f }, τ), (A3)
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The closed system of equations for the first (θf
i = <γf

i>) and second (θfg
ij = <γf

iγg
j>)

correlations in the general form can be written as

d
dt

θi
f = ∑

α

[
Ub

f (α)− Ui
f (α)

]
+ ∑

h
∑

j
∑
α

[
Ubd

f h(α)− Uij
f h(α)

]
, (A4)

d
dt θ

ij
f g = ∑

α

[
Ubd

f g(α)− Uij
f g(α)

]
+ Pij

f g + Pji
g f ,

Pij
f g = ∑

α

[
U(b)j

f g (α)− U(i)j
f g (α)

]
+ ∑

h
∑
m

∑
α

[
U(cb)j

h f g (α)− U(mi)j
h f g (α)

] (A5)

where Uf
i(α) is the rate of the elementary single-site processes i ↔ b (here h ∈ zf), Ufg

ij(α),
and α is the rate of the elementary two-site processes i + jα ↔ b + dα (h ∈ z) on the nearest
sites; the second term in Pfg

ij describes the stage i + m ↔ b + c on neighboring sites f and h
(and the term of Pgf

ji describes the stages on sites g and h and similar stages on sites f and
h) [66,106]. All the rates of the elementary stages Uf

i(α) and Ufg
ij(α) are calculated in the

framework of the theory of absolute reaction rates for non-ideal reaction systems written
in the quasi-chemical approximation of the interparticle interaction. The rates of two-site
stages Ufg

ij(α) have the form of Equations (2) and (3), and the rates of single-site stages
Uf

i(α) in the QCA are expressed as

Ui
f (α) = ki

f (α)θ
i
f Λi

f (α), Λi
f (α) = ∏

h∈z( f )
Si

f h(α),S
i
f h(α) =

s

∑
j=1

tij
f h exp[β(ε∗ij(α)− εij)] (A6)

where Λi
f (α) is the non-ideality function. The functions tij

f h are defined in Section 2.2. For
Equations (A4) and (A5) we have the normalizing ratios (see also Section 2.2), which are
executed at any time.

Equations (A4) and (A5) describe elementary processes at the micro level. To move to
macroscopic transport equations, two levels are distinguished: local, which preserves the
written equations of chemical kinetics for a non-ideal reaction system, and macroscopic,
which describes the transport of molecules and their properties on the hydrodynamic
distance and time scales, which makes it possible to construct dissipative coefficients for
non-ideal systems. Transfer processes in the LGM correspond to the stage of displacement
of molecules in space through free sites (or vacancies), both for gas and for liquids and
solids.

From the kinetic theory, it follows [23–26] that the transport coefficients characterize
flows for small deviations from the equilibrium state of the system. We shall characterize
the state of the fluid in a bulk by concentration θ and temperature T. The equilibrium
distribution of the particles relative to each other will be calculated in the quasichemical
approximation taking into account the direct correlations between the interacting particles.
(Recall that the simpler mean-field approximation does not account for the correlation
effects and does not provide a self-consistent description of the equilibrium distribution of
the particles and the rates of elementary processes, so it cannot be used [66,106]).

To calculate the kinetic coefficients as usual [23,207,208], we select a plane in space 0
and consider the particle fluxes and the momentum and energy transferred by them. We
use the concept of the average speed of moving particles w. We draw two planes parallel to
plane 0 (with x = 0) at distances x = ±ρ, where ρ is the mean free path of a particle; then,
the properties of the particles Sm in these planes can be written as Sm(x = +ρ) = Sm(x = 0) ±
ρdSm/dx, where the symbol Sm means the concentration, the momentum (in the direction y,
for example) or the energy of the particles moving along the axis X. The flow of quantity
Sm through plane 0 consists of two oppositely directed movements of particles from the
planes x = ±ρ.

Two channels of transfer of momentum and energy operate in dense fluids. The first
is connected with the movement of the particles, as in the rarefied phase, and the other is
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determined by collisions between particles. The particle in question may not cross plane 0
if its path is blocked by other particles in sites on plane 0 or a particle in close proximity
on the other side of plane 0 prevents it from crossing a given plane. Both cases are not
considered by the elementary kinetic theory of gases and the kinetic theory of condensed
systems must be used [66,106].

In this way, the transmission of the property Sm through the selected plane is calcu-
lated, where Sm is modified by the following variables: (1) the number of molecules—for
calculation of self-diffusion coefficient Di* and mass transfer coefficients Dij, (2) the number
of impulses—for the calculation of the shear η and bulk viscosity ξ, and (3) the amount
of energy—for the calculation of the thermal conductivity κ. There are two channels of
transfer of the property Sm: η = η1 + η2, κ = κ1 + κ2: (1) the transfer of molecules via a
separated plane—the calculation of the coefficients Di*, Dij, η1, and κ1; (2) transfer of the
property (momentum and energy) through collisions—the calculation of the coefficients
η2, ξ, and κ2 [68]. The results of calculating the dissipative coefficients are also shown in
Figures 8–13.
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Abstract: Sorghum is a unique natural food source of 3-deoxyanthocyanidins (3-DA) polyphenols.
This work evaluated the effect of acidification on sorghum extracts post pressurized liquid extrac-
tion (PLE) and its ability to increase the identification and quantification of 3-DA. The sorghum
genotypes included Sumac and PI570366 (bran only) and SC991 (leaf and leaf sheath tissue). The
acidification of the PLE extracts was carried out with methanol–HCl solutions at various concentra-
tions (0, 0.5, 1, 2, and 4%, v/v). Changes in color were determined using L*a*b*. The overall phenolic
composition was estimated with the total phenolic content and the DPPH free radical scavenging as-
says. Quantitative and qualitative chromatographic methods determined the phenolic profile. Color
analysis showed that the redness and color saturation increased after acidification. No statistical dif-
ference was found in the total phenolic content of the acidified extracts, except for SC991, which was
increased. There were no differences in the antioxidant capacity following acidification in all samples.
For chromatographic analysis, luteolinidin was predominant in the extracts and the 3-DA content
increased after acid treatment. However, some flavonoid and phenolic acid concentrations decreased
following acid treatment, including taxifolin, quercetin, and chlorogenic acid. Interestingly, 0.5% v/v
HCl acidification was sufficient to increase the color, allow the detection of 5-methoxyluteolinidin,
and to increase luteolinidin and 7-methoxyapigenidin by at least twofold.

Keywords: accelerated solvent extraction equipment; natural colorants; hydrochloric acid treatment;
sorghum polyphenols; thin-layer chromatography; HPLC; 3-deoxyanthocyanidins; LC-MS

1. Introduction

In 1998, the Dionex Corp. [1] patented a bench-scale automated piece of apparatus
that uses pressurized liquid extraction (PLE) principles. This apparatus and methodology,
designated as accelerated solvent extraction (ASE), extracts analytes from a solid or semi-
solid matrix with the use of compressed liquids below the subcritical state. Cardenas-Toro
et al. [2] noted that the subcritical state of water happens at temperatures ranging between
around 150 and 374 ◦C and at pressures higher than its vapor saturation pressure. When
the liquid solvent is hot and pressurized, its dielectric constant decreases and contributes
to an increase in the solubility of target compounds in the matrix to the solvent, resulting
in rapid extraction in comparison with conventional extraction methods including Soxhlet,
maceration, and reflux extraction.
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Although PLE can be used for high throughput, there are some limitations to this
method. For instance, most phenolic compounds are thermal sensitive and, therefore,
extraction temperatures should be studied to evaluate the optimal solubility while mini-
mizing thermal degradation [3]. Additionally, the vessels, valves, and fittings in the ASE
are easily corroded by the presence of strong acids and alkali, limiting the use of solvents.
The ASE machine is also limited by its inability to pressurize higher than 10 MPa.

Sorghum (Sorghum bicolor L. Moench) grain contains a variety of phenolic compounds,
including phenolic acids (ferulic and caffeic acids), flavonoids (apigenin, luteolin, and
naringenin), and 3-deoxyanthocyanidins (3-DA), namely, luteolinidin, apigenidin, and
7-methoxyapigenidin. The extraction of phenolics from sorghum has been studied world-
wide using water [4] and solvent solutions containing acetone [5], ethanol [6,7], and
methanol [8–10].

Despite the use of solvents that are generally recognized as safe (GRAS) for sorghum
extraction methods, some phenolics are not easily extracted in various solvents. To increase
extraction efficiency, acidified methanol at 1% hydrochloric acid (HCl) has been exten-
sively used [8,9]. Hydrolysis can cleave ester bonds to release phenolics and is primarily
performed through acid, alkali, or enzyme treatments [11,12]. In acidic medium, there
is an increase in hydrogen ions, allowing the protonation of phenolics. This assists the
release of phenolics bound to macromolecules (i.e., proteins, lignin, cellulose), subsequently
increasing the solubility of hydrophobic compounds [13,14].

Solutions containing HCl are highly corrosive. In academic studies, solutions with
low concentrations of HCl were shown to be efficient for their goals. Wizi et al. [14]
observed that treating samples with 1% HCl (v/v) increased the colorants luteolinidin and
apigenidin by approximately 17% in Chinese sorghum husks extracted by microwave and
ultrasonification. Paunović et al. [15] showed that acidification with 5% HCl in an aqueous
solution increased the total phenolic content in barley extracts by approximately 200% in
comparison with the non-acidified extracts in 30% ethanol (v/v). Ju and Howard observed
that the post acidification with HCl at 0.1% (v/v) of PLE extracts of red grape skin enhanced
the detection of total anthocyanins similar to acetic acid at 7% (v/v) [16].

For this reason, this work investigates the effect of post acid treatments on phenolic
composition in sorghum extracts derived from PLE technology. The goal was to determine
whether post-extraction acidification would enhance the phenolic content and increase
the amount of detectable phenolics, namely, 3-DA. The advantages of acidification post
extraction are the ability to use PLE and obtain high-throughput extractions while limiting
the amount of HCl waste generated, leading to greener chemistry when extracting sorghum
phenolics.

2. Materials and Methods

2.1. Raw Material and Chemicals

Commercial Sumac bran was purchased from NU Life Markets (Scott City, KS, USA).
The sorghum cultivar PI570366 was grown in Puerta Vallarta, Mexico, by Kansas State
University (Hays, KS, USA), during the 2017 growing season and stored at −20 ◦C. The
grains were decorticated in-house to produce the bran. Sorghum leaf and leaf sheaths
from SC991, a high phenolic genotype, were collected during the 2019 season in Hays (KS,
USA), and milled with the aid of a UDY mill (Fort Collins, CO, USA) using a 0.5 mm screen.
Glacial acetic acid, acetonitrile, hydrochloric acid, methanol, chloroform, deionized water,
formic acid, and ethanol were ordered from Fisher Scientific (Waltham, MA, USA).

The standards used in HPLC analysis include 7-methoxyapigenidin (Cayman, Ann
Harbor, MI, USA), taxifolin (HWI, Ruelzheim, Germany), 4-hydroxybenzoic acid, syringic
acid, protocatechuic acid, ferulic acid, quercetin, naringenin (Sigma-Aldrich, Darmstadt,
Germany), catechin (TCI, Portland, OR, USA), kaempferol, caffeic acid, p-coumaric acid,
eriodictyol, luteolin, apigenin, and the chloride salts of luteolinidin, apigenidin, cyanidin,
pelargonidin, malvidin, and peonidin (Indofine, Hillsborough, NJ, USA).
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Gallic acid hydrate (TCI, Portland, OR, USA), Folin-Ciocalteu (Sigma-Aldrich, Darm-
stadt, Germany) and sodium carbonate (Fisher Scientific, Waltham, MA, USA) were used
for the TPC analysis. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) and Trolox (Sigma-Aldrich,
Darmstadt, Germany) were used for antioxidant potential analysis.

2.2. Pressurized Liquid Extraction (PLE)

The extraction was carried out in Accelerated Solvent Extraction 350 (Dionex, Thermo
Fisher, Pittsburgh, PA, USA, Figure 1) apparatus. Then, 1 g of raw material was mixed
with approximately 6 g of borosilicate glass beads (3 mm i.d., Chemglass Life Sciences,
Vineland, NJ, USA) and inserted into a 10 mL stainless steel extraction vessel (Thermo
Fisher, Pittsburgh, PA, USA) packed with cellulose filters at both ends.

Figure 1. Schematic diagram showing the extraction process using ASE equipment (adapted from
Thermo Fisher [17]).

Once the oven reached the set-up temperature, the nitrogen-driven pump pressurized
the vessel with fresh solvent at 10.34 MPa, starting the extraction process. Two cycles of
5 min each were selected, i.e., the number of times consisting of vessel heating followed
by pressurization with the solvent. The rinse volume was 100% of the vessel volume.
Once the rinse cycles finished, a nitrogen stream (99% pure, Calypso DS, F-DGSi Nitrogen
Generator, France) flushed the line throughout the vessel for 1 min. Afterwards, the vessel
was depressurized, and the PLE finished.

The solvent used was ethanol:water (70:30, v/v) based on prior research suggesting
that it is an optimal GRAS solvent for sorghum phenolic extraction [6]. At first, three levels
of temperature (80 ◦C, 100 ◦C, and 120 ◦C) were used to select to the optimal temperature
to extract phenolics for further acidification. The total extraction time was approximately
20 min. The quantity of solvent spent per experiment varied around 25–30 mL. Such
variation is justified by the nature of the raw material and the quantity of solvent remaining
in the line before the purge phase. Afterwards, the volume of extracts was adjusted to
30 mL to assure equal volume for all samples followed by the TPC assay (see Figure 2).
Two biological replicates were conducted for each temperature tested.
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Figure 2. PLE extracts of sorghum with ethanol 70%: the effect of temperature on (a) global yield,
(b) total phenolic content, and the visual representation of extracts (c) PI570366, (d) Sumac bran, and
(e) SC991 leaf tissue.

2.2.1. Global Yield of Soluble Extract

The extracts were centrifuged at 4 ◦C, 3500× g, for 10 min (Thermo Fisher, Pittsburgh,
PA, USA) to remove any precipitate. The precipitate was discarded, and the supernatant
collected and dried with the use of a Rocket Synergy 2 Evaporation System (Thermo Fisher,
Pittsburgh, PA, USA) at 60 ◦C for approximately 2 h. The global yield, or mass of the dried
supernatant, was calculated according to Equation (1).

X0 =

(
mEXT
mRM

)
× 100 (1)

where X0 is the global yield, expressed as g soluble extract per 100 g of raw material, mEXT
(g) is the mass of dried extract, and mRM (g) is the mass of raw material used in PLE, i.e., 1 g.

2.2.2. Acidification of PLE Extracts

Since HCl is highly corrosive, it cannot be incorporated into solvents for ASE equip-
ment or any other equipment that is sensitive to strong alkali or acids [17]. In this case,
the acidification of extracts with HCl solutions at small volumes was studied to optimize
the release of phenolic species to improve the sample preparation of sorghum extracts for
analytical measurements.

Dried PLE extracts solubilized with 10 mL of pure methanol served as the control.
For acid treatments, extracts were solubilized in 10 mL of methanol–HCl solutions at the
following percentages: 0.5%, 1%, 2%, and 4% (v/v), and stored at −20 ◦C for at least
48 h. The acid-treated samples were then dried under nitrogen. All samples, including the
untreated dried samples, were resuspended in the solvent used for analysis (90% methanol,
10% ethanol). The samples were homogenized and sonicated with the aid of an ultrasonic
bath (ULTRAsonik, Simi Valley, CA, USA) for 20 min. Afterwards, the samples were
centrifuged at 4 ◦C, 3500× g for 10 min (Thermo Fisher, Pittsburgh, PA, USA) to remove
any precipitate. The supernatants were used for analysis. Three biological replicates of
each acidification treatment were studied.

2.3. Characterization of Extracts
2.3.1. Color Analysis

The effect of acidification in the coloration of the extracts was evaluated using a
MiniScan® EZ 4500 portable spectrophotometer (45◦/0◦ geometry, HunterLab, Reston, VA,
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USA). Due to poor transmittance, SC991 plant tissue extracts and PI570366 bran extracts
were diluted in pure ethanol at 1:10, v/v for color analysis (see Figure 3).

Figure 3. CIEBLAB color values for (a) PI570366; (b) Sumac; (c) SC991 leaf and leaf sheaths. Hue
values for (d) PI570366; (e) Sumac; (f) SC991 and chroma values for (g) PI570366; (h) Sumac; (i) SC991
and overall changes in physical appearance for (j) PI570366; (k) Sumac; (l) SC991 with increasing
acid concentration. The results are represented as mean ± standard deviation of three independent
acidified extracts post extraction. Significance: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, *** p ≤ 0.0001.
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The Commission Internationale de l’Eclairage (CIE) system was used to model L*,
a*, and b* color coordinates. The coordinate a* represents the color trend of red (positive)
or green (negative), whereas the b* coordinate represents the color trend between yellow
(positive) and blue (negative). The chroma (C*) represents the color saturation, and the hue
angle (H*) represents the relative intensity of redness and yellowness, where 0◦ denotes
red, 90◦ yellow, 180◦ for green, and 270◦ for blue. The chroma (C*) and hue (H*) values
were calculated using a* and b* values, as mentioned in Equations (2) and (3), respectively.

C∗ =
√
(a∗)2 + (b∗)2 (2)

H∗ = arctan
(

b∗

a∗

)
(3)

2.3.2. Total Phenolic Content Assay

The method previously described by Herald et al. [18] was used to determine the total
phenolic content (TPC) using the Folin–Ciocalteu (FC) method. The FC working reagent
was prepared by diluting FC with deionized (DI) water at a 1:1 (v/v) ratio. The samples
were diluted with ethanol (70% v/v) at a 1:20 ratio. To a 96-well plate, samples or standards
(25 μL) were combined with 75 μL DI water and 25 μL FC working reagent. The plate was
allowed to incubate at room temperature for 6 min before 100 μL of 7.5% (w/v) Na2CO3
was added. The plate was then heat sealed and left to incubate in the dark for 90 min before
reading the absorbance at 765 nm. The absorbance was read using a BioTek Synergy 2
multi-detection plate reader (Winooski, VT, USA). The standard curve was prepared by
dissolving gallic acid (1 mg/mL) in 70% ethanol and ranged in concentration from 0 to
400 μg/L. Sample absorbances were calculated using the standard curve and expressed as
milligram gallic acid equivalents (GAE) per gram of raw material.

2.3.3. DPPH Antioxidant Capacity Assay

Antioxidant capacity was determined using the 2,2-diphenyl-1-picrylhydrazyl (DPPH*)
radical method [19]. Briefly, 50 μL of samples were combined with 10 mL of DPPH reagent
(0.1 mM in 70% ethanol). The samples and standards were briefly vortexed before incu-
bating in the dark for 30 min. The samples were filtered using a 0.45 μm nylon syringe
filter prior to reading absorbance at 517 nm. Absorbance was measured using a UV–Vis
spectrophotometer (Shanghai Metash Instruments Co., Ltd., Shanghai, China). The Trolox
standard curve in 70% ethanol was plotted (0–100 mg/mL). The results of triplicates were
expressed as milligram Trolox equivalents (TE) per gram of raw material.

2.3.4. High-Performance Liquid Chromatography

The 1260 Infinity (Agilent, Santa Clara, CA, USA) HPLC apparatus analyzed the indi-
vidual phenolics in the samples, based on the protocol of Irakli et al. [20] with adaptations
described by Lee and coworkers [21]. The stationary phase consisted of a Kinetex® C18
column (150 mm × 4.6 mm, 100 Å, 2.6 μm, Phenomenex, Torrance, CA, USA) connected
to a guard column (SecurityGuard™, Phenomenex, Torrance, CA, USA). The column tem-
perature was set up at 30 ◦C. The mobile phases consisted of acetonitrile (A), methanol
(B), and acidified water at 0.5% glacial acetic acid, v/v (C). The elution gradient of A:B:C
(v/v/v) at 1 mL/min consisted of an initial composition of 5:5:90, followed by 0–5 min of
8:8:84, 5–15 min of 10:10:80, 15–25 min of 25:0:75, 25–35 min of 30:0:70, and 35–45 min of
60:0:40. A post time of 5 min with the initial gradient was used to stabilize the baseline for
further runs.

Catechin, eriodictyol, taxifolin, 4-hydroxybenzoic-, protocatechuic- and syringic acids,
quercetin, luteolin, and naringenin were investigated at 280 nm. Chlorogenic, caffeic,
p-coumaric, and ferulic acids, rutin, apigenin, and kaempferol were investigated at 320 nm.
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Luteolinidin, cyanidin, peonidin, malvidin, pelargonidin, apigenidin, and 7-methoxyapige-
nidin were investigated at 510 nm. The results were expressed as μg/g raw material.

In Sumac and PI570366, apigenidin was the second most prominent 3-DA in the ex-
tracts. However, in the acidified SC991 extracts, apigenidin could not be detected by HPLC-
DAD using the current protocol, because of peak overlap with 5-methoxyluteolinidin,
which was identified by LC-MS. For the calculation of 5-methoxyluteolinidin, we used the
luteolinidin calibration curve multiplied by the molecular weight correction factor of 0.93,
as described by Speranza and coworkers [22].

Representative chromatograms at 280 nm, 320 nm, and 510 nm, as well as infor-
mation about the HPLC method validation (precision and accuracy) are available in the
Supplementary Materials.

For all studied compounds, the sorghum extracts spiked with phenolics presented
linear behavior with a correlation factor (R2) of 0.998 or better (Table S2.1), which is con-
sistent with the previous findings [23,24]. For one concentration studied, the repeatability
and accuracy for the detection of 3-deoxyanthocyanidins, flavonoids, and phenolic acids
for the genotypes studied (Table S2.2) were comparable with other validated HPLC meth-
ods [23–25].

2.3.5. Thin-Layer Chromatography (TLC)

A qualitative evaluation of the presence of 3-DA and the effect of acidification on the
extracts was carried out with silica gel–glass TLC plates (10 × 20 cm, 60G F254, Merck,
Darmstadt, Germany) as a stationary phase. Stock solutions of apigenidin, luteolinidin,
and 7-methoxyapigenidin at 0.09 mg/mL, in methanol:ethanol (90:10, v/v) were prepared.
One milliliter of non-acidified and acidified extracts at 1% and 4% HCl were dried under
nitrogen (99%, Matteson, Manhattan, KS, USA) and resuspended in 1 mL methanol:ethanol
(90:10, v/v).

Two microliters of standards and four microliters of extracts were injected into the
TLC plates with the use of a chromatographic syringe (Hamilton, Reno, NV, USA). One
hundred milliliters of the mobile phase (chloroform:ethanol:glacial acetic acid:methanol,
95:5:1:10, v/v/v) were inserted into a 20 × 20 cm closed glass chamber and, subsequently,
the TLC plates were eluted with samples and standards injected. After elution, the plates
were recorded under visible and under UV regions with a Cole-Parmer viewing cabinet
(Vernon Hills, IL, USA) equipped with a UV lamp at 366 nm. The theoretically present
3-DA in the extracts was identified via the quality of the bands eluted, and the retention
factor (RF, cm/cm) calculations of the separated zones, i.e., the RF values of the compounds
in the extracts, were compared to the RF values of the standards.

2.3.6. LC-MS Identification of 5-Methoxy Luteolinidin

LC-MS analysis was carried out with a Thermo Q Exactive mass spectrometer coupled
with a Vanquish LC system (Thermo Scientific, San Jose, CA, USA) incorporated with an
electrospray ionization (ESI) for UHPLC-HRMS/MS analysis. Chromatographic separation
was performed using an Accucore Gemini NX-C18 column (50 mm × 2.1 mm; i.d. 2.6 μm,
Thermo Scientific, San Jose, CA, USA). The binary mobile phase system consisted of water
with 0.1% formic acid (FA) (phase A) and acetonitrile (ACN) with 0.1% FA (phase B). The
flow rate was 0.2 mL/min, and the injection volume was 3 μL. The column was eluted
with a gradient program (2% B from 0 to 1 min, 2% to 45% B from 1 to 2 min, 45% to 80%
B from 2 to 6 min, 80% to 100% B from 6 to 6.5 min, and held at 100% for 1 min, then
re-equilibrated with 2% B for another 1 min). The mass conditions were optimized using
a mixture of apigenidin and luteolinidin. The negative ion polarity mode was set for an
ESI ion source with the voltage on the ESI interface maintained at 2.65 kV. Nitrogen gas
was used as the sheath gas at a flow rate of 20 AU and the auxiliary gas at 10 AU. The
collision-induced dissociation (CID) was conducted with an isolation width of 1.5 Da and a
normalized collision energy of 20, 40, and 60 for MS/MS analysis.
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2.4. Statistical Analysis

The one-way analysis of variance (ANOVA) with post hoc Tukey’s test was used
to evaluate the statistical differences. GraphPad Prism version 9.5.1 was used. Data
are represented as mean ± standard deviation of three independent experiments, unless
otherwise stated.

3. Results and Discussion

3.1. Selection of Temperature for Obtaining Phenolic Compounds via PLE

Increasing the temperature increased the global yield of Sumac bran, PI570366 bran,
and the SC991 leaf and leaf sheaths (Figure 2a). A higher yield of crude extract was
not associated with a higher concentration of target compounds, but the association of
pressurized solvent with the temperature may allow the selection of other classes of
compounds, or the use of temperatures higher than 100 ◦C may allow the formation of
degradation products in the extracts, including hydroxymethylfurfural [26]. Since there
was no statistical difference in TPC for the temperatures used (Figure 2b), 100 ◦C was
selected to generate high phenolic extracts for subsequent acid hydrolysis. The TPC
detected in PI570366 at 100 ◦C was 0 mgGAE/g, which is comparable to 45 mgGAE/g
found in Chinese whole sorghum grain extracted with subcritical water at 150 ◦C [4]. For
the replicates reproduced at 100 ◦C, the global yield values were 8.20 ± 0.94 g/100 g for
Sumac, 13.65 ± 4.16 g/100 g for PI570366, and 12.06 ± 0.28 g/100 g for SC991 (Figure 2a).

3.2. Acid Hydrolysis of PLE Extracts
3.2.1. Color Analysis

The color, hue, and chroma results of the acidified extracts post PLE extraction are
represented in Figure 3. In our extracts, the redness of extracts represented by a* coordinate
increased after acidification, while the lightness (L*) and yellowness (represented by b*)
decreased (Figure 3a–c).

For all extracts, the hue angle ranged between 0 and 1, which is an interval expected
for red color, as highlighted by the a* values. Interestingly, increasing the HCl concentration
had an inverse effect on hue in Sumac and SC991. The hue angles in the extracts were lower
than the hue 31–59◦ range previously reported in high-tannin black sorghum extracts [27].
The color saturation represented by chroma (C*) increased significantly after acidification in
all extracts (Figure 3g–i). Our values differed from those found by Wizi and coworkers [14],
who dyed wool fabrics with sorghum leaf sheath extracts acidified with HCl at 1%, and
found L* of 26.4–31.5◦, a* = 15.5–23.7, b* = 13.1–19.1, H = 38.9–40◦, and C* = 26.4–31.5. Our
values also differed from those found in the ethanolic extracts of leaf sheaths harvested
from Benin: L* = 28.1◦, a* = 5.6, b* = −0.4 [28].

3.2.2. Effect of Acidification on Total Phenolic Content

The highest TPC detected in PI570366 was 27.56 mgGAE/g. In Sumac, the TPC ranged
from 17.73 to 26.46 mgGAE/g. This was within the range of 12.03–124.85 mgGAE/g
reported by Herald and coworkers [18], who detected polyphenols in non-tannin and
high-tannin genotypes [18]. No statistical differences were detected in TPC between non-
acidified and acidified extracts, except for SC991 between 0 and 0.5% HCl, which increased
from 10.32 mg GAE/g to 15.17 mg GAE/g (Figure 4c). Kayodé and coworkers reported
much higher concentrations of 103–411 mg GAE/g TPC in their acidified extracts at 1% HCl
(v/v) obtained from leaf sheaths cultivated from an unknown genotype in Benin [28]. Such
differences may be attributed to genotypes, location, and plant growing conditions [29].
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Figure 4. Total phenolic content of (a) PI570366, (b) Sumac, and (c) SC991 at various acid levels.
The data represent mean ± standard deviations of three independent experiments. Significance:
* p ≤ 0.05.

3.2.3. Effect of Acidification on DPPH Antioxidant Capacity

The antioxidant capacity of non-acidified and acidified extracts is represented in
Figure 5. Similar to TPC, there were no statistical differences detected after HCl acidification.
Interestingly, the phenolic compounds’ potential against free radicals is dependent on pH,
i.e., at acidic conditions, the phenolics are deprotonated, leading to the H-atom transfer
and consequently decreasing the oxidative stress [30]. The variety with the highest DPPH
radical scavenging capacity was the PI570366 bran extract, which peaked 1968.24 mg TE/g
at 0% HCl. The Sumac bran extracts ranged from 348.93 to 467.59 mg TE/g. This is in
agreement with the 35.47–742.63 mg TE/g detected in the bran of tannin and non-tannin
lines of sorghum [18], and higher than the 1.65–2.11 mgTE/g detected in the bran of non-
tannin white and red sorghum varieties [22]. The SC991 leaves and leaf sheaths ranged
from 551.85 mg TE/g to 645.27 mg TE/g. No significant effect of acidification on the
antioxidant capacity was found.

 

Figure 5. DPPH radical absorbance capacity for of (a) PI570366, (b) Sumac, and (c) SC991 at various
acid levels.

3.2.4. Phenolic Profile Detected by HPLC

Kaempferol, syringic acid, rutin, pelargonidin, malvidin, and peonidin were not
identified in any of the extracts. In the PLE extracts, the phenolic acids and some flavonoids
were found mostly in the control solvent, i.e., methanol (Table 1A–C). Such reduced
detection in phenolic species after acidification may be justified by the (A) binding of
phenolics to the plant matrix—for instance, p-coumaric acid and ferulic acid are easily
released after the alkaline hydrolysis of lignocellulosic materials, since alkaline hydrolysis is
suitable to dissolve lignin [31]; (B) degradation of phenolics after interaction with HCl [32];
and (C) precipitation of phenolics because of the reduced solubility. In addition, many
phenolics are extracted as glycosides. For instance, flavonoids are generally present in
C-glycoside and O-glycoside forms. The linkage between flavonoids and sugar moieties can
occur through an OH group to form O-glycosides or through carbon–carbon bonds to form
C-glycosides [33]. In sorghum bran genotypes, the glycosides of luteolinidin, apigenidin,
kaempferol, luteolin, and apigenin were detected previously by LC-MS [27,34,35].
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Flavonoids: 3-Deoxyanthocyanidins

In the non-acidified extract, luteolinidin eluted at 18.25 min, apigenidin at 21.42 min,
and 7-methoxyapigenidin at 23.8–24 min. Prominent, unknown peaks at 21.95, 22.16, 23.37,
and 27.10 min were observed at the 510 nm wavelength (Figure S1.9). The peak at 21.945 min
was identified as 5-methoxyluteolinidin by LC-MS. As shown in Figure 6, this unknown
compound (RT: 6.75 min) had the molecular ion at m/z 283.0608 ((M − H) − calculated
283.0605) under high-resolution negative ESI mode, which showed one more methyl unit
than luteolinidin (m/z 269.0450). The typical fragment ions at m/z 268.0375, 240.0425,
and 196.0526 of this unknown compound are similar to those of 5-methoxyluteolinidin
reported from sorghum (Peak 75 in Xiong and coworkers [24]). Therefore, this compound
was tentatively characterized as 5-methoxyluteolinidin.

Figure 6. Ion chromatogram (A) under selected ion mode and MS2 spectrum (B) of 5-methoxy-
luteolinidin in sorghum samples at negative ESI mode.

In Sumac bran, the luteolinidin increased from 60.63 μg/g to 132.30 μg/g (Table 1A)
after acidification at 4% v/v HCl, which was significant compared to the control. The
luteolinidin in acidified PI570366 bran ranged from 1067.4 to 1197.85 μg/g, which was
significantly higher than in the non-acidified extracts (613 μg/g). There were no statistical
differences among the HCl treatments (Table 1B). The luteolinidin concentration in non-
acidified and acidified PI570366 extracts (Table 1B) was higher than the 319.9 μg/g obtained
after the microwave-assisted extraction of non-tannin black sorghum genotypes, as reported
by others [9].

In the SC991 leaf extracts, the luteolinidin increased after acidification, but the differ-
ence was not significant. According to Mizuno et al. [36], the RedforGreen (RG) mutant
genotype contains over 1000-fold more 3-DA than the wild sorghum genotypes. However,
the luteolinidin found by Petti et al. [37] in the RG genotype (1768 μg/g) is comparable
to the SC991 leaf extracts (1486.01–1595.43 μg/g) reported in Table 1C. This contradicts
Mizuno et al.’s [36] findings and support the findings of Petti et al. [37] that some natural
genotypes of sorghum may also serve as low-cost sources of 3-DAs, i.e., pigments. 3-DAs
provide superior properties such as improved stability after long storage, resistance to
thermal processing, acidification, and color bleaching when compared to other naturally
derived pigments such as carotenoids [31,34,38].

After acidification, the apigenidin peak at 22.16 min was dominated by 5-methoxylut-
eolinidin (identified by LC-MS) in SC991 leaf and leaf sheaths. This made apigenidin not
quantifiable using the current methods after the appearance of the 5-methoxyluteolinidin
peak. Figure S1.10, available in the Supplementary Materials, shows the peak separation
after spiking the acidified SC991 extract with apigenidin.

The apigenidin increased twofold after acidification in the Sumac bran extracts after
0.5% v/v HCl treatment with no additional significant increase at higher HCl concentrations.
In the PI570366 bran extracts, the apigenidin significantly increased at 1% v/v HCl with no
additional increase at higher HCl concentrations. In the SC991 extracts, apigenidin was not
quantified after acid treatment due to the reasons stated previously.
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In the Sumac bran extract, 7-methoxyapigenidin was not detected. In the PI570366 bran
and SC991 leaf extracts, 7-methoxyapigenidin significantly increased 5-fold and 10-fold
with HCl treatments. There was no additional significant increase in 7-methoxyapigenidin
at HCl concentrations higher than 0.5% v/v. 5-methoxyluteolinidin was only detected in
SC991 leaf tissue after the acid treatments; therefore, the amount of 5-methoxyluteolinidin
increased from non-detectable to a range of 1733.41–1881.75 μg/g raw material after acid
treatment. There were no statistical differences between the acid treatment concentrations.

Overall, the acid treatments greatly improved the quantifiable levels of 3-DA. The
increase in the 3-DA concentrations was achievable using 0.5% v/v HCl.

Flavonoids: Other Classes

In the Sumac and PI570366 extracts, cyanidin could only be detected after acidification
(Figures S1.3 and S1.6), and the highest significance was found at 4% HCl (v/v) for both
genotypes (Table 1A,B).

A non-identified compound that eluted at 6.55 min (Figure S1.1) and taxifolin
(261.32 μg/g) were the most prominent compounds in the non-acidified extracts of Sumac
at 280 nm. In Sumac, the acidification significantly decreased taxifolin from 261.32 μg/g to
54.61–88.14 μg/g and catechin from 67.48 μg/g to 3.88–12.16 μg/g.

In the PI570366 extracts, a significant catechin increase was observed at 4% HCl
(Table 1B). Condensed tannin monomers such as catechin could not be found in SC991,
which was different from the findings of Oboh and coworkers, who detected 16.09 mg/g
catechin in Nigerian sorghum stems [39].

In the non-acidified extracts of Sumac and PI570366, a prominent peak at approxi-
mately 34.17 min with different spectra (Figure S1.1) was observed, and after acidification,
the peak was replaced by naringenin at 33.99 min. In Sumac, no statistical differences in
naringenin were found across the HCl treatments. In PI570366, naringenin could only be
detected in the acidified extracts (Table 1B). In PI570366, 0.5%, 2%, and 4% HCl significantly
increased the naringenin.

Glycosylation, or the hydrolysis of glycosides, converts the theoretical phenolic glyco-
sides present in the extracts into aglycones such as naringenin, which is an aglycone form
of naringin. According to Mizuno et al. [36], naringenin is considered the branching point
of the metabolic pathway of 3-DA. The acidification favored the release of both naringenin
and 3-DA in PI570366. Interestingly, no naringenin was found in the SC991 leaf extracts
after acidification (Table 1C), even with the substantial increase in 3-DA.

In the Sumac and PI570366 extracts, no statistical difference in apigenin content was
observed within the HCl treatments (Table 1A,B), whereas for the SC991 extracts, apigenin
decreased significantly after acidification.

In the grain extracts, luteolin significantly increased in Sumac from 27.87 μg/g in the
non-acidified extract to 46.83 μg/g at 4% HCl (Table 1A), and in PI570366 from 32.22 μg/g
in the non-acidified extract to 56.70 μg/g at 2% HCl (Table 1B). In the SC991 extracts, no
additional significant luteolin increase was observed with increasing HCl percentage, from
which the content ranged from 260.38 μg/g to 362.26 μg/g (Table 1C).

After acidification, there were no significant differences in eriodictyol concentrations
in Sumac (Table 1A), whereas in PI570366, 0.5%, 2%, and 4% eriodictyol significantly
increased from 12.11 μg/g in the non-acidified extract to 75.40 μg/g in 0.5% HCl (Table 1B).
No eriodictyol was detected in the SC991 extracts.

Non-Flavonoids

In Sumac, the effect of acidification on the protocatechuic acid was most significant at
0.5% HCl (Table 1A). In PI570366, acidification increased protocatechuic acid from 7.16 μg/g
in the non-acidified extract to 16.39–18.84 μg/g in the acidified extracts, representing an
increase of over 50% (Table 1B). In SC991, no significant changes in protocatechuic acid
were detected throughout the acidification (Table 1C).
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In the Sumac extracts, no significant increase was found in p-coumaric after acidifi-
cation. For PI570366, a 33% increase in the p-coumaric acid content was observed from
2.19 μg/g in the non-acidified extract to 2.93 μg/g detected in the extract acidified with
0.5% HCl, and a significant decrease to zero in the p-coumaric acid concentration was
observed with increases toward a higher HCl content (Table 1B). In the SC991 extracts,
p-coumaric increased from 138.67 μg/g in the non-acidified extract to 173.01 μg/g in the
acidified extract at 0.5% HCl, followed by decrease with the HCl concentration (Table 1C).

Caffeic acid was only detected in the Sumac bran, from which a significant decrease
was observed from 9.25 μg/g in the non-acidified extract to 0 μg/g at 4% HCl (Table 1A).

In the Sumac and PI570366 extracts, no significant increase in ferulic acid was observed
after HCl treatment (Table 1A,B).

Acidification reduced chlorogenic acid in all products studied. Chlorogenic acid
reductions to 0 μg/g were observed in Sumac and SC991 with HCl concentrations. In
PI570366, acidification decreased the chlorogenic acid significantly; however, no additional
reductions were observed at higher HCl concentrations (Table 1B).

3.2.5. Thin-Layer Chromatography (TLC)

Multiple bands of compounds were detected in non-acidified extracts of SC991 and
PI570366 at 366 nm. However, in Sumac, pale purple spots were observed at visible
light. The separation of the bands in the stationary phase decreased according to the HCl
concentration. The silica gel used as the stationary phase is a polar, and slightly acidic
adsorbent. Therefore, the HCl present in some extracts negatively affected the binding
ability of the analytes to the stationary phase. There are no analytical standards available
for 5-methoxyluteolinidin, so we were not able to establish qualitative TLC comparisons
with HPLC results for this compound.

Pure luteolinidin, after elution, resulted in a long purple spot at RF = 0.27 (Figure 7a).
Acidification increased the TLC intensity of luteolinidin in SC991 followed by the PI570366
extracts. However, in Sumac, the luteolinidin streaks were almost imperceptible (Figure 7a).
Like the HPLC analysis, the TLC showed that luteolinidin is the dominant 3-DA in PI570366
and SC991 extracts. The low concentration of luteolinidin in Sumac detected by HPLC
justifies its lack of intensity in the TLC plates.

 

Figure 7. Thin-layer chromatography of 3-deoxyanthocyanidins and the selected extracts at (a) visible
light and (b) 366 nm.

Apigenidin standard elution resulted in a red (RF = 0.45) and pale purple (RF = 0.60
and 0.63) spot under visible light that emitted dark blue and orange fluorescent colors at
366 nm. In the non-acidified SC991 extracts, the orange fluorescent bands matched with
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apigenidin at RF = 0.63. In the acidified extracts, we found that the prominent red spot’s
intensity decreased (Figure 7b). At RF = 0.44, red spots of low intensity under visible light
and at RF = 0.52, orange fluorescent spots at 366 nm were observed in the SC991 extracts,
which were qualitatively comparable with the apigenidin standard (Figure 7b). In the
acidified PI570366 extract at 0.5%, it was possible to observe a pale red spot at RF = 0.44,
comparable to the apigenidin standard. Although detected in Sumac via HPLC, apigenidin
could not be qualitatively detected in the TLC plates.

The pure 7-methoxyapigenidin eluted as a dark blue spot at RF = 0.52, which could be
visualized in the acidified SC991 extracts at low intensity, but could not be visualized in the
PI570366 and Sumac extracts.

4. Conclusions

In this work, a two-step strategy was developed with aim of (1) extracting sorghum
phenolics in a high-throughput process, (2) improving sorghum phenolic detectability with
post extraction acid treatments, and (3) evaluating the concentration of acids used for post
extraction treatment to improve green chemistry practices.

The color analysis indicated that acidification decreased the luminosity and increased
the redness of the extracts. Even with almost no statistical increase found in TPC and an-
tioxidant capacity with acidification, the HPLC analysis showed us diversity in the phenolic
species present in each genotype and how the release of the same compounds differed after
acidification across the genotypes studied. For instance, in the SC991 extracts, apigenidin
was not detected in the acidified extracts by HPLC because 5-methoxyluteolinidin became
dominant. Increasing the HCl concentration above 0.5% did not significantly increase the
anthocyanidin or the 3-DA. For this reason, our results show that the addition of HCl
at concentrations of 0.5% v/v would be enough for the detection of the purple colorant
cyanidin and 5-methoxyluteolinidin and to increase the concentration of luteolinidin and
7-methoxyapigenidin twofold.

Interestingly, cyanidin was not detected in the Sumac and PI570366 extracts until
the acid treatment. Overall, the chlorogenic acid, caffeic acid, taxifolin, and quercetin
significantly decreased after the acidification of the extracts. In addition, there were no
statistical differences after acidification for protocatechuic and ferulic acids.

The qualitative (TLC) and quantitative (HPLC) analysis of 3-deoxyanthocyanidins
showed that luteolinidin is the most abundant compound and its quantified amount
increased with HCl addition, highlighting the byproducts of sorghum as a low-cost source
of red colorants with desirable properties for industry.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr11072079/s1. References [23–25,40] are cited in the
supplementary materials. Figure S1.1. The chromatograms at 280 nm registered for Sumac extracts.
Figure S1.2. The chromatograms at 320 nm registered for Sumac extracts. Figure S1.3. The chro-
matograms at 510 nm registered for Sumac extracts. Figure S1.4 The chromatograms at 280 nm
registered for PI570366 extracts. Figure S1.5. The chromatograms at 320 nm registered for PI570366
extracts. Figure S1.6. The chromatograms at 510 nm registered for PI570366 extracts. Figure S1.7. The
chromatograms at 280 nm registered for SC991 extracts. Figure S1.8. The chromatograms at 320 nm
registered for SC991 extracts. Figure S1.9. The chromatograms at 510 nm registered for SC991 extracts.
Figure S1.10. The acidified extract of SC991 (1%HCl) before and after apigenidin (0.045mg/mL)
spiking (a) and the comparisons within the spectra (b). Figure S2.1 The representative chromatograms
of blanks, the spiked extracts and the external standards recorded at 280 nm (A, A.1 and A.2), 320 nm
(B, B.1 and B.2) and 510 nm (C, C.1 and C.2). Group 1 (or G1) of standards consisted of: protocatechuic
acid, 4-hydroxybenzoic acid, caffeic acid, ferulic acid, luteolinidin, 7-methoxyapigenidin, luteolin
and naringenin. Group 2 (or G2) of standards consisted of: catechin, chlorogenic acid, p-coumaric
acid, taxifolin, cyanidin, apigenidin, quercetin, and apigenin. The concentration of standards was
0.009 mg/mL. Figure S2.2 The representative chromatograms of spiked extracts and the external
standards recorded at 280 nm for the Group 2 of standards (A) the spectrum of 4-hydroxybenzoic
acid ((B) detected in the spiked sample and the spectrum of catechin standard (C). Group 2 (or G2) of
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standards consisted of: catechin, chlorogenic acid, p-coumaric acid, taxifolin, cyanidin, apigenidin,
quercetin, and apigenin. The concentration of standards was 2.25 μg/g. Figure S2.3 The representa-
tive chromatograms of non-spiked extract mixture used for method validation at 280 nm (A), 320 nm
(B) and 510 nm (C). Table S2.1. The calibration curve, correlation factor (R2), limit of detection (LOD)
and limit of quantification (LOQ). Table S2.2. Within day and between day precision evaluated at
(2.25, 12.5, 22.5 μg/g) in sorghum.
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Abstract: Research on cannabis oil has evolved to encompass the pharmaceutical industry for the
therapeutic potential of the active compounds for pathologies such as Alzheimer, auto-immune
disorders, and cancer. These debilitating diseases are best treated with cannabinoids such as tetrahy-
drocannabinol (Δ9-THC), cannabigerol (CBG), and cannabinol (CBN), which relieve neuropathic pain
and stimulate the immune system. We extracted cannabinoids from plants with supercritical CO2

and produced an extract with a total yield close to 26%. The three-level Box–Behnken experimental
design considered four factors: Temperature, pressure, CO2 flow rate, and processing time, with
predetermined parameters at low, medium, and high levels. The mathematical model was evaluated
by regression analysis. The yield of Δ9-THC and CBG reached a maximum after 2 h and 15 g/min
of CO2, 235 bar, 55 ◦C (64.3 g THC/100 g of raw material and 4.6 g CBG/100 g of raw material).
After another 2 h of extraction time, the yield of CBN reached 2.4 g/100 g. The regression analysis
identified pressure and time as the only significant factors for total yield while pressure was the only
significant factor for Δ9-THC and CBG. Time, temperature, pressure, and flow rate were all significant
factors for CBN.

Keywords: cannabinoids; Box–Behnken; optimization; supercritical carbon dioxide

1. Introduction

The cannabis plant was originally used in central Asia during the Neolithic period.
Western medicine adopted medicinal cannabis in the 1800s, when the Irish physician
William O’Shaughnessy and French psychiatrist Jacques-Joseph Moreau attempted to treat
tetanus, rabies, and mental disorders with it [1]. For example, dronabinol, a synthetic
tetrahydro-cannabinoid (Δ9-THC), is effective for anorexia, nausea, and vomiting, and was
initially approved by the FDA on 31 May 1985 [2]. The interest in cannabis interest grew,
especially for the psychoactive ingredients of the plant in other medical contexts, such as
weight gain in HIV-positive patients [3].

Chronic pain affects 30% of the adult population, with prognostic factors of age,
baseline pain, mental health complaints, and genetic factors. In fact, patients experience
the same pain at multiple sites in the body [4]. Ointments and tinctures were the first forms
of medical cannabis applied to relieve soldier’s pain during the American civil war [1] but
they also came as oils and resins [5]. In addition to these medicinal forms, people smoke
cannabis for recreational purposes or apply it as a wax [6].
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In 2019, cannabis plant seeds and female flowers were recognized as pharmaceuticals
and nutraceuticals by Health Canada [7]. Results from clinical trials published in 2022
confirmed the safety, tolerance, and pain reduction properties of medical cannabis for older
adults [8].

Pain costs society billions of dollars in lower productivity and affects millions of
people [9]. However, the scale and standardization of cannabis-based product is still
a challenge. There is an urgent need to establish the efficacy of medical cannabis and
standardize its properties for adjunctive therapy [10]. The European Pain Federation
advises patients to use medical cannabis as an oil extract [11].

For the cannabis industry, choosing a technology depends on the composition of
the natural plant, but also on the end use (recreational vs. pharmaceutical, for example).
Supercritical fluid extraction (SFE) is a technology already commercialized for cannabis
oil extraction for recreational purposes. It is considered a green technique because of its
minimal environmental impact and the absence of non-hazardous solvents. However, the
lack of data concerning the interactions between the operational parameters and biomass
source remains an active area of research.

Recent studies focus on pressure and temperature, but the experimental design must
also consider objectives beyond extraction yield end use, cost, and time. Several studies
use supercritical CO2 to produce pharmaceutical-grade extracts with varying pressure and
temperature while maintaining the same CO2 densities [12]: For 100 g of CBD-dominant
biomass, the total extraction yield was 8.8%. Qamar and co-workers [13] reported among
the highest total yields (29.7%), using 500 g of the same type of biomass, which was double
their earlier studies with 1 g of biomass [14]. On a similar Indica plant, Pattnaik et al. [15]
reported a 7.3% total yield for 100 g feed after 1.7 h processing time, while Rochfort et al. [5]
added a decarboxylation step and processed 1 kg of the same biomass type for 10 h and
obtained a similar total yield of 7.1%.

Adding ethanol as a co-solvent increases the polarity of CO2 and yield. Kargili and
Aytaç [16] increased the total yield to 9.7%, with 2% ethanol on 100 g of CBD biomass after
2 h, but decarboxylated the biomass before the extraction. Grijo [17] and Fernandez [18]
also added ethanol as a co-solvent, decarboxylated, and reported 31% and 18% total yield,
respectively.

Ethanol increases total yield even without the decarboxylation step [19–21] and reaches
up to 22%. However, decarboxylation activates the pharmacological properties of cannabi-
noids [22], which is missing in many studies.

From the above-mentioned studies, only four (Grijo, Rovetto, Lewis, and Fernandez)
tested Δ9-THC-dominant biomass, reporting 37%, 17%, 26%, and 21% total yields, respec-
tively, with correspondingly large differences in the mass treated (6 g, 500 g, 0.25–3.75 g,
and 3.7–5.1 g). Ethanol was the co-solvent in all cases. Although the extraction conditions
were similar, two factors that account for the differences in total yield are the CO2-to-feed
ratio and the CO2 density. The yield from 600 g of THC dominant biomass was 7.2% with
17% ethanol and 1 h processing time [23], while for 8 g of biomass, it reached 26% with
5% ethanol and 4 h processing time [24], both without decarboxylation. The yield from
decarboxylated THC-CBD balanced biomass was 18% with 5% ethanol and 16% in the
absence of ethanol [25]. Ethanol increases the yield and concentration of cannabinoids but
considering the International Council for Harmonisation threshold for solvent residue in
the pharmaceutical formulations, which is 0.005 v/v, the quality of the product should be
prioritized on the quantity and total yield.

Here, we optimize the supercritical CO2 conditions to extract Δ9-THC, CBG, and CBN
from 15 g of LSD-balanced hybrid, THC-rich cannabis biomass from Quebec, targeted by a
Canadian company to initiate standardization of a nutraceutical grade natural extract, with
the perspective of providing products to meet the increasing demand of the Canadian mar-
ket. This contribution to standardization is an important step in the Goods Manufacturing
Practices (GMP) compliance process.
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2. Materials and Methods

2.1. Plant Material

We purchased 1 kg of dried and crushed Quebec LSD-type Cannabis flowers (18–28% THC)
from QCGold TECH, (Saint-André-Avellin, QC, Canada). The cannabis was stored in the
dark, at room temperature.

2.2. Chemicals

CO2 (99% purity) used for the supercritical extraction was from Oxymed (Montréal,
QC, Canada). HPLC solvents, methanol (MeOH), and formic acid (HCOOH) were of
analytical grade from Techni Science (Oisterwijk, The Netherlands). The standards used
for the HPLC quantification are THCA, Δ9-THC, CBD, CBG, and CBN, of 1.0 mg/mL in
methanol, bought from Sigma Aldrich (Oakville, ON, Canada).

2.3. Experimental Method
2.3.1. Decarboxylation

The cannabis plants were decarboxylated at 120 ◦C for 90 min in a Thermo Electron
Corp. (Waltham, MA, USA) oven (model 6520 series) that employs gravity convection as a
method of heat transfer.

2.3.2. Supercritical Fluid Extraction (SFE) Protocol

A half-liter Thar Technologies extraction vessel was equipped with a removable basket
that facilitated the transfer of material to and from the system. The basket was 230 mL. The
reactor was also equipped with a controlled heating element.

In each run, 15 g of dried decarboxylated cannabis was placed in the extraction
vessel (Figure 1). The CO2 was filled from a 50 L cylinder and compressed to the desired
pressure by a model P50 CO2 pump from Thar Technologies (Pittsburgh, PA, USA). A
manual backpressure regulator maintained the pressure at the prescribed settings (BPRV,
model BP66-1A11QEQ151, 0–10,000 PSIG, GO Regulator, Wajax, Montreal, QC, Canada).
The extract was separated from the solvent when the pressure dropped to 50 bar in the
receiver vessel.

Figure 1. Supercritical carbon dioxide extraction unit.

After extraction, an analytical balance weighed the estimated yield, which was ex-
pressed as a mass percentage on a dry basis (% d.b.).
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The total yield (Y) is the ratio of the mass of extract, Me, to the mass of raw material
loaded to the reaction, Mrm,

Y =
Me

Mrm
∗ 100 (1)

The yield for each cannabinoid in g/100 g raw material, Yi, is the ratio of the mass
percentage of the cannabinoid, Mi (Xi Me/100), to Mrm

YCannabinoid,i =
Mi

Mrm
∗ 100 (2)

Xi =
Ci

Cs
·100 (3)

Cs =
Ma

Vs
(4)

where:

Xi: Mass percentage of the cannabinoid i, in g/100 g of extract.
Ci: Concentration of cannabinoid i, measured by HPLC.
Cs: Concentration of the analyzed solution of cannabinoid i.
Ma: Mass of analyzed cannabinoid i.
Vs: Volume of analyzed solution of cannabinoid i.

2.3.3. Box–Behnken Experimental Design

We applied a Box–Behnken experimental design with 4 factors at 3 levels (Table 1).
Ranges for the 4 factors were chosen based on literature data [26]. A randomization
factor was added to the experimental plan to restrict the variability of the response due to
external factors, for a total of 27 experimental runs. The central point was repeated three
times. All responses are expressed in a second-order polynomial equation, as a function of
independent variables, according to Equation (5):

Z = a0 + a1X1 + a2X2 + a3X3 + a4X4 + a11X1
2 + a22X2

2 + a33X3
2 + a44X4

2 + a12X1X2 + a13X1X3 + a14X1X4 +
a23X2X3 + a24X2X4 + a34X3X4

(5)

where Z is the response, a0, a1, a2, a3, and a4 are the linear coefficients, a11, a22, a33, and a44
are the quadratic coefficients, and a12, a13, a14, a23, a24, and a34 are the interaction coefficients
for the independent variables X1 (temperature), X2 (pressure), X3 (flowrate), and X4 (time).
Statistical analysis was performed using Statistica® software (14.0.0.15). Analysis of an
experiment with three level factors for Box–Behnken designs (α < 0.05) and a model of
2-way interactions (linear.quadratic.) were used to evaluate the model’s fit (the block effect
was excluded).

Table 1. Range and variables for the experimental design.

Independent Variables
Levels

Low (−1) Average (0) High (+1)

T (◦C) 40 55 70
P (bar) 150 235 320
Q CO2 (g/min) 5 10 15
t (h) 2 3 4

The correlation between the predicted and observed data was established using the
coefficient of determination (R2). The accuracy of the model was evaluated using the
values of R2 and R2 adjusted. The model equation can be used for interpolation in the
experimental domain because it defines the true behavior of the system and has acceptable
values of R2 [27].
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2.3.4. HPLC Analysis

All chromatographic analyses were performed using an Agilent 1260 Infinity Quater-
nary HPLC (Agilent Technologies Canada, Montreal, QC, Canada), including a quaternary
pump, a solvent degasser, an autosampler, and a column temperature regulation module.
A 1260 Agilent photodiode-array detector (DAD) with a Phenomenex Kinetex® (Torrance,
CA, USA) C18 100 Å column (50 × 2.1 mm ID and 2.6 μm particle size) measured the
concentration of the extract at a wavelength of 220 nm. Data acquisition and integration
were performed with MassHunter Quantitative Analysis Software (6.0.388.0).

The mobile phase A was a mixture of 5% MeOH, 94.9% H2O, and 0.1% HCOOH. Mo-
bile phase B was 99.9% MeOH and 0.1% HCOOH. The column temperature was maintained
at 40 ◦C with a mobile phase flow rate of 0.4 mL/min.

We injected 7 μL and the total run time was 26 min. A variable gradient was used,
starting with 48% B, gradually increasing to 88% B over 18 min, then to 100% B after 1 min,
and decreasing to 48% B after 7 min.

Standards at 100, 50, 25, 12.5, 6.25, and 3.125 mg/L were prepared for the calibration
curve, for each cannabinoid (THCA, Δ9-THC, CBDA, CBD, CBN, and CBG).

The 7 μL sample was drawn from a solution of 25 mg of extract charged to a 25 mL
flask with 20 mL of methanol. All samples were filtered and loaded into the sample vial,
then injected into the HPLC. For Δ9-THC analysis, we diluted the sample by a factor of 10
with methanol, since LSD cannabis is a THC-rich plant.

3. Results

3.1. Effects of Decarboxylation

Decarboxylation of the cannabis biomass was performed to convert the acidic cannabi-
noids into their neutral forms, making them more extractable because of their lower polar-
ity [20] and biopharmacologically active [22]. According to a study that compared SC-CO2
extraction with and without decarboxylation, the first extract contained 5- to 10-fold higher
CBD and Δ9-THC content [25].

Decarboxylation increased Δ9-THC yield and reduced total THCA (Table 2). Moreover,
the quantity of CBN increased due to the oxidation of CBNA and Δ9-THC. CBG increased
as a product of CBGA oxidation.

Table 2. Cannabinoids concentration before and after decarboxylation.

Cannabinoids
CBN THCA Δ9-THC CBG CBDA CBD

mg/100 g Raw Material (RM)

Before 0.31 22.4 1.11 / 0.2 0
After 0.67 0 15.7 0.48 0 0.07

In the three natural synthetic pathways for the most studied cannabinoids [12,22,28],
(Figure 2), (1) CBGA decarboxylates to CBG and biosynthesizes CBDA, CBCA, and THCA;
(2) CBCA decarboxylates to CBC, CBDA to CBD, and THCA to Δ9-THC, but also oxidizes to
CBNA; and (3) CBNA potentially decarboxylates to CBN, and finally, Δ9-THC also oxidizes
to CBN.

3.2. Supercritical Fluid Extraction Yields

In this study, the effects of four parameters (pressure, temperature, time, and CO2
flow rate) on cannabinoid extraction are investigated. Table 3 summarizes all extraction
results. The yield is the total extract weight recovery, and cannabinoids (THC, CBG, and
CBN) content is expressed as a weight percentage of each one in the dry extract.
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Figure 2. Simplified cannabinoid synthetic pathway: Decarboxylation, biosynthesis [29].

Table 3. Extraction yield and cannabinoid content.

Run
T P Q t Yield Δ9-THC CBN CBG
◦C Bar g/min h % g/100 g Extract

1 40 150 10 3 11.1 62.0 2.1 3.7
2 70 150 10 3 18.2 51.1 1.7 4.1
3 40 320 10 3 11.6 48.2 1.8 2.6
4 70 320 10 3 22.9 50.3 1.8 4.6
5 55 235 5 2 7.4 62.6 2.2 3.9
6 55 235 15 2 22.7 64.3 2.1 4.6
7 55 235 5 4 16.0 59.1 2.2 4.0
8 55 235 15 4 25.9 52.3 2.4 4.1
9 55 235 10 3 11.3 45.0 1.8 3.1

10 40 235 10 2 15.2 55.7 1.5 5.8
11 70 320 10 2 18.0 51.9 1.9 3.8
12 40 235 10 4 21.1 48.9 1.8 4.1
13 70 235 10 4 21.7 55.0 1.9 4.4
14 55 150 5 3 12.0 62.0 2.0 3.8
15 55 320 5 3 11.0 60.7 2.2 4.6
16 55 150 15 3 6.7 62.6 2.1 4.0
17 55 320 15 3 19.0 49.8 1.5 3.9
18 55 235 10 3 9.3 53.9 2.0 6.0
19 40 235 5 3 12.1 52.8 1.9 4.1
20 70 235 5 3 8.5 57.8 2.2 5.1
21 40 320 15 3 19.5 61.1 1.8 3.7
22 70 235 15 3 12.7 49.7 1.8 4.5
23 55 150 10 2 2.4 50.2 1.6 4.0
24 55 320 10 2 16.2 50.2 1.8 3.8
25 55 150 10 4 11.0 54.9 2.1 4.8
26 55 320 10 4 24.9 51.6 1.8 3.2
27 55 235 10 3 12.2 59.7 2.1 3.6

The conditions of run 8 (235 bar, 55 ◦C, and a CO2 flow rate of 15 g/min for 4 h) had
the highest yield at 25.9%. This yield is comparable to the maximum yield obtained by
Gallo-Molina and co-workers (26.4%) [24], with ethanol as a co-solvent. These conditions
demonstrate the effectiveness of the supercritical solvent, attributed to the elevated extrac-
tion pressure. Lower temperatures can enhance the extraction yield [30] due to the increase
in SC-CO2 solubility by increasing its density [16], but this impact becomes less significant
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at high pressure. This phenomenon, called the cross-over region, also affects the selectivity
of the SC-CO2 extractions [25], thus increasing the cannabinoids’ volatility at higher tem-
peratures [16], which leads us to question if variations of the extraction conditions affect
the recovery of cannabinoids of interest in the range of optimal CO2 density since it affects
its polarity [25].

The yield of run 26 was also high (24.9%) at 320 bar, 55 ◦C, and 10 g/min of CO2
flow rate for 2 h. Similarly, run 6 achieved a high yield of 22.7% using the same pressure,
temperature, and CO2 flow rate as run 8, but with a shorter extraction time of 2 h instead
of 4 h.

Previous studies [18,21] achieved comparable yields under similar pressure condi-
tions, but with different biomass compositions (CBD-rich and THC-rich, respectively), and
employed ethanol as a co-solvent in the latter case. Gallo-Molina previously explained how
the raw material composition and extraction conditions impact cannabinoid content [24].
These similar recoveries, despite the use of co-solvent and shorter processing time, could
be due to the variation of the CO2-to-feed ratio, considering the CO2 density is the same
(same pressure and temperature).

The highest extraction yield of 25.9% was achieved by employing a combination of
the longest extraction time (4 h), the highest flow rate (15 g/min), and a medium pressure
of 235 bar. These conditions also resulted in high Δ9-THC recoveries. However, due
to the limited number of studies focusing on cannabinoid content using neat CO2, it is
premature to draw definitive conclusions about the optimal Δ9-THC recovery conditions
for different biomass. Fernandez et al. quantified Δ9-THC at 63.6 g/100 g extract, using
similar biomass [18], but the inclusion of ethanol as a co-solvent enhances CO2 solubility,
compromising a direct comparison. In contrast, the lowest extraction yields (2.4%, 6.7%,
and 7.4%) were obtained using lower to medium flow rates, shorter extraction times of
2–3 h, and pressures in the low to medium range.

Interestingly, the three center point runs (9-18-27) resulted in low extraction yields
but high Δ9-THC content, suggesting potential medicinal value under these specific pro-
cess conditions. Thus, we confirm that CO2 density may have a limited impact on the
cannabinoid’s solubility, even at the optimal CO2 density of 818 kg/m3 as reported by
Qamar [25].

ANOVA analyses and effect estimates confirmed that pressure and time have a sig-
nificant impact (p < 0.05) on extraction yield (Table 4). The fitted equation for Δ9-THC
content in the cannabis extract shows that only pressure positively affected the content,
while temperature, flow rate, and time had no effect. However, a median temperature
(55 ◦C) and pressure (235 bar) with high flow rate and low time were associated with high
Δ9-THC and CBG yields. When time increases, Δ9-THC and CBG yields decrease, whereas
CBN yield increases.

Table 4. Effect estimates for the total yield.

Factors Effect p-Value Coefficient

Mean interaction 16 0.0000 16
T 0.4 0.89 0.2
P 8 0.014 4
Q 5.5 0.081 2.7
t −4.2 0.049 −2.1

Moreover, according to the three best extraction conditions for CBN yield, high tem-
perature increases CBN yield, while, conversely, the Δ9-THC and CBG yield decreases
(Table 3). This leads us to choose a point where the extract contains the maximum of the
three cannabinoids simultaneously.

The optimal SC-CO2 runs were selected using the desirability value after varying the
constraints. Run 6 (235 bar, 55 ◦C, 15 g/min, 2 h) was optimal and was used for verification.
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Conditions in run 8 (235 bar, 55 ◦C, 15 g/min, 4 h) are the same as run 6, but with an
extended processing time.

The first-order term of temperature (X1), flow rate (X3), and time (X4) had a significant
effect (p < 0.05) on CBN in raw extract (Table 5). The first-order term of pressure (X2) had a
significant effect (p < 0.05) on Δ9-THC, CBG, and CBN extraction yields. The second-order
interactions between time and flowrate (X3 X4) and pressure and flowrate (X2 X3) also had
a significant effect (p < 0.05) on CBN content in raw extract.

Table 5. Analysis of variance.

Factor
Δ9-THC CBG CBN

SS MS p-Value SS MS p-Value SS MS p-Value

T 0.01 0.01 0.97 0.001 0.001 0.77 0.01 0.01 0.04
P 39.8 39.8 0.04 0.06 0.06 0.03 0.04 0.04 0.02
Q 14.9 14.9 0.19 0.01 0.01 0.24 0.05 0.05 0.02
t 11.5 11.5 0.25 0.02 0.02 0.15 0.15 0.15 0.01
t(Quad) × Q(Lin) / / / / / / 0.16 0.16 0.01
P(Quad) × Q(Lin) / / / / / / 0.21 0.21 0.01

The impact of pressure was linear on the Δ9-THC content, while temperature had no
significant effect based on the statistical model (Table 6). Δ9-THC recovery does change
with temperature, which is likely due to differences in temperature-induced polarity. This
observation leads us to investigate the impact of CO2 density and the CO2-to-biomass feed
ratio to identify the optimal CO2 density, maximizing cannabinoid extraction [25], and
determine if it is independent of the solvent-to-feed ratio.

Table 6. Regression model.

Response Model Equation p-Value

Extract yield Linear Y = 16 + 4.0P − 2.1t 0.05
Δ9-THC Linear Y = 8.6 + 2.0P 0.05
CBG Linear Y = 0.296 + 0.075P 0.05
CBN Quadratic Y = 0.657 + 0.148t + 0.183T2Q+ 0.199P2t 0.009

4. Discussion

Pressure is a significant factor in both the total extraction yield and the quantity of
bioactive compounds extracted. Increasing the pressure from 150 to 320 bar increases
the yield of cannabis extract. However, it increases total yield at the expense of Δ9-THC,
CBN, and CBG content. Higher pressures increase solvent strength and decrease extraction
selectivity [24]. Recent studies [5,16,24,31,32] indicate that pressure impacts the extraction
process, regardless of whether or not ethanol is a co-solvent. This impact is significant
when the objective is the extraction of cannabinoids, particularly Δ9-THC. Temperature
affects extraction yield but not cannabinoid content [32].

The cannabinoid yield is influenced by the operating conditions, which depend on
their respective solubilities. Perrotin et al. determined the solubility of four cannabinoids
in supercritical carbon dioxide [33,34]. Molar solubility for Δ9-THC lies between 0.20 and
2.95 × 10−4, 42 and 72 ◦C, and 130 and 250 bar. The molar solubility of CBN (1.26 to
4.16 × 10−4) and CBG (1.17 to 1.91 × 10−4) was determined in the range of 41 to 61 ◦C and
113 to 206 bars.

The optimal extraction parameters (235 bar, 55 ◦C, and 15 g/min) produce the most
Δ9-THC and CBG at 2 h processing, but at 4 h, the CBN yield increases at the expense of
Δ9-THC and CBG. This trend agrees with kinetic models suggesting that both CBG and
Δ9-THC degrade to CBN [22]. Therefore, Δ9-THC and CBG formulations should not exceed
2 h, while if CBN is the target molecule, longer times are better.
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In our attempt to establish a correlation among the studied parameters (pressure,
temperature, time, and flowrate), we hypothesize that the combination of temperature and
pressure can be effectively represented by the density, while the combination of time and
flowrate can be represented by the CO2-to-feed ratio. Further investigation is needed to
validate this hypothesis and explore the precise relationships between these parameters.

Our research specifically targets the extraction of THC, CBG, and CBN for medical
purposes, considering their complementary therapeutic effects [28] and similar solubilities,
which facilitate their simultaneous extraction [20,34]. However, during this study, our
focus is primarily on THC, as a preliminary test, when examining the CO2 density and
solvent-to-feed ratio.

Figure 3 illustrates that, regardless of the CO2 density (796.94 kg/m3), the solvent’s
ability to extract THC varies, resulting in both maximum and minimum THC yield. This
observation holds true for all other tested densities. This can be attributed to the increase
in vapor pressure, where the temperature has a greater influence on solubility compared to
density, particularly at pressures above 200 bar [25]. Consequently, we conclude that CO2
density only plays a minor role to optimize cannabinoid extraction.

 

Figure 3. Variability plot of Δ9-THC as a function of CO2 density.

Similar to density, the CO2-to-feed ratio as a single factor is incapable of accounting
for the variance in the data (Figure 4). Specifically, for a fixed ratio of 120, the CO2
extraction yields both the maximum and minimum Δ9-THC concentrations. Grijo et al. [17]
reported a similar crossover behavior in their investigation of solvent-to-feed ratios for
cannabinoid-rich plants, indicating that higher densities may result in lower Δ9-THC
concentrations. Rovetto et al. [20] explained that while consuming the same amount
of CO2, higher pressures are associated with an expected increase in yield. Therefore,
in cannabinoid extraction, the interplay between the solvent-to-feed ratio, density, and
pressure should be considered. Including these factors, the extraction conditions for our
Quebec LSD-type cannabis flowers of maximum Δ9-THC, CBG, and CBN are 235 bar, 55 ◦C,
15 g/min, 4 h, 797 kg/m3 of CO2 density, and a 120 solvent-to-feed ratio.

Rochfort et al. [5] conducted a medicinal cannabis extraction study and emphasized
the complexity of Δ9-THC recoveries compared to CBD, indicating that the interaction
between time and pressure plays a role. Additionally, longer extraction times may not
always lead to increased total yield under the same pressure and temperature conditions.
These findings support our approach of prioritizing the balance between CO2 density and
the solvent-to-feed ratio over the initial parameters studied.
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Figure 4. Δ9-THC as a function of CO2-to-feed ratio.

Prior to undertaking any process development, it is crucial to thoroughly test and
optimize the extraction conditions specific to the composition of different cannabis plants,
including cannabinoids and other compounds [33]. Consequently, we present this experi-
mental research focusing on the LSD cannabis indica type from Quebec, aiming to support
the industry in gathering data and establishing Good Manufacturing Practices (GMPs)
for their facilities. This study not only sheds light on the impact of varying extraction
conditions on Δ9-THC, CBG, and CBN cannabinoids but also examines their interrelation.
While the optimization primarily emphasizes Δ9-THC yield, it can serve as a valuable
starting point for investigations targeting the extraction of CBG or CBN.

5. Conclusions

Supercritical carbon dioxide is a selective extraction method for cannabinoids. Litera-
ture supports the observation that the concentration of cannabinol (CBN) increases over
time due to the degradation of delta-9-tetrahydrocannabinol (Δ9-THC) and cannabigerol
(CBG), demonstrating that reaction kinetics are involved. The optimal conditions for
extracting Δ9-THC and CBG from the Quebec LSD cannabis plant, were 55 ◦C, 235 bar,
15 g/min CO2, and 2 h. The optimal conditions for CBN extraction were the same but with
a longer duration of 4 h. When targeting cannabinoid extraction, it is important to consider
the CO2 density (818 kg/m3) and the CO2-to-feed ratio (120). The pressure was identified
as the primary factor influencing Δ9-THC yield, while time was found to be a limiting
factor due to Δ9-THC degradation into CBN. Additionally, time is a significant factor in
increasing total yield. The results of our experimental work, based on the Box–Behnken
design of experiments, align with the existing literature: SC-CO2 can achieve maximum
extract yields of 24% (w/w) and a Δ9-THC content of 64 g/100 g of extract. The CO2-to-feed
ratio and CO2 density are also two key factors to balance in order to extract the highest
concentrations of cannabinoids.
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Abstract: Supercritical CO2 (scCO2) is utilized in the supercritical fluid extraction of emulsions
(SFEE) to swiftly extract the organic phase (O) from an O/W emulsion. The dissolved substances
in the organic phase precipitate into small particles and remain suspended in the water (W) with
the aid of a surfactant. The process can be continuously conducted using a packed column in a
counter-current flow of the emulsion and scCO2, at moderate pressure (8–10 MPa) and temperature
(37–40 ◦C). To ensure the commercial viability of this technique, the organic solvent must be separated
from the CO2 to facilitate the recirculation of both streams within the process while minimizing
environmental impact. Thus, the aim of this work was to design a plant to produce submicron
materials using SFEE, integrating the recovery of both solvents. First, experimental equilibrium data
of the ternary system involved (CO2/ethyl acetate/water) were fitted with a proper thermodynamic
model. Then, simulations of the whole integrated process at different scales were carried out using
Aspen Plus®, along with economical evaluations. This work proposes the organic solvent separation
with a distillation column. Thus, the two solvents can be recovered and recycled to the process in
almost their entirety. Furthermore, the particles in the aqueous raffinate are produced free of solvents
and sterilized for further safe use. The costs showed an important economy scale-up. This work
could ease the transfer of the SFEE technology to the industry.

Keywords: counter-current packed column; scale-up; continuous process; supercritical carbon
dioxide; supercritical fractionation

1. Introduction

Supercritical fluids are substances that are heated and pressurized to a temperature
and pressure beyond their critical point, where they exist in a state that is neither purely
liquid nor purely gas [1]. The higher diffusivity and lower viscosity of these fluids com-
pared to liquid solvents ensure a better mass transfer, which is often a limiting factor in
extraction processes [2]. Among all supercritical fluids, supercritical carbon dioxide (scCO2)
is the most utilized in the formation of micro- and nanocarriers, owing to their distinct
thermodynamic and fluid-dynamic properties [3,4]. Furthermore, scCO2 has proven to be
versatile in such technologies thanks to its non-flammability, non-toxicity, low cost, and
availability [2,5]. These beneficial properties make supercritical fluids, and particularly
scCO2, popular in a wide range of particle formation and design processes [4].

Supercritical fluid extraction of emulsions (SFEE) technology has been proposed and
successfully used to micronize particles and encapsulate compounds among all the avail-
able supercritical techniques [6,7]. This method capitalizes on the benefits associated with
conventional emulsions and the unique properties of supercritical fluids to manufacture per-
sonalized micro- and nanoparticles and embed compounds in such carriers. By modifying
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the initial emulsion composition, SFEE can encapsulate either hydrophilic or lipophilic com-
pounds. Lipophilic compounds can be encapsulated with an oil-in-water (O/W) emulsion,
whereas a water-in-oil-in-water (W/O/W) emulsion can be used to enclose hydrophilic
materials [8]. SFEE uses CO2 as a solvent mainly because it has a near-ambient critical
temperature (TC, 31.1 ◦C) and a relatively low critical pressure (PC, 7.4 MPa) compared to
other fluids; it is innocuous, completely removable from the extract and raffinate via simple
decompression, and it has also been given a “Generally Recognized As Safe” (GRAS) status,
encouraging its use in the pharmaceutical and food industries [9].

SFEE is founded on the principle of utilizing scCO2 to rapidly extract the organic phase
(O) from an emulsion, typically an O/W emulsion, in which a bioactive compound and a
coating polymer have already been dissolved. When the solvent is removed, both materials
precipitate, generating a suspension of particles in the water (W) [10,11]. Aggregates are
usually produced with this technology [10]; however, carriers with a core–shell structure
can be also created when the compound is liquid [11]. The particles produced have a
controlled size and morphology due to the use of the emulsion and the rapid kinetics of
the scCO2 extraction. In addition, particle agglomeration in the water phase is avoided as
the particles are stabilized by the surfactant [6].

SFEE has proven to be an effective technique for encapsulating sensitive bioactive
compounds without compromising their functionality [10]. This makes it a suitable method
for micronizing and encapsulating compounds, such as pharmaceuticals (for protection
and/or controlled release), nutraceuticals, bioactive and probiotics (for their incorporation
into functional foods), cosmetics, pigments, explosives, and semiconductor precursors,
among others [8]. Additionally, SFEE is highly versatile [10,12]: (i) the fast kinetics of the
process allow for a controlled particle size and morphology; (ii) non-aggregated spheres are
produced, and the particle size can be precisely adjusted by modifying the initial emulsion
formulation; (iii) the produced particles remain stable over extended periods of storage; and
(iv) the technology can be easily scaled up as a counter-current process of liquid mixtures
with supercritical or near-critical fluids.

In a previous work reported by our research group [10], a stainless-steel packed column
was used to encapsulate astaxanthin in ethyl cellulose, in which CO2 was fed from the
bottom and the emulsion was delivered from the top of the column. By fixing the oil–water
ratio at 20/80 (ethyl acetate/water), the process was conducted at 8.0 MPa and 38 ◦C with a
liquid to supercritical gas (L/G) ratio of 0.1 (CO2 flow rate of 1.4 kg h−1). Spherical particles
with a mean diameter of 360 nm and a narrow particle size distribution (polydispersity
index of 0.16) were obtained. The yielded particles had a high encapsulation efficiency of
roughly 85% with an average polymer recovery of around 90%. Accordingly, the loading
ratio astaxanthin/polymer was 2.1 mg astaxanthin g powder−1. The aforementioned work
claimed that the use of a counter-current packed column during the SFEE process offered
the possibility of a high production capacity of micro- and nanoparticles with a small
volume plant in only a few minutes, along with greater product homogeneity and recovery.

Although the operation has shown to be of promise, no widely implemented industrial
application has been found even though industrial fractionation units do exist, which could
be related to the complexity and the significant economic cost of performing basic and
engineering studies on an industrial scale [10,11]. Moreover, SFEE is strongly protected by
the patents of Ferro Corporation [13,14] and by the group of Professor Ernesto Reverchon
from the University of Salerno [15], which could jeopardize its commercialization. Hence,
performing a rigorous economic evaluation would be crucial in assessing the viability of
utilizing this technology for commercial production.

The promising results of SFEE make its study and extension as a counter-current
supercritical fluid fractionation technology interesting while keeping in mind that for
nearly all industrial processes, the solvent, i.e., CO2, must be recycled. Additionally, as
all other technologies involving high-pressure CO2, the industrial SFEE process does not
contribute to the environmental CO2 problem [16].
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Complex problems in the industry are often not solved by hand for two reasons:
associated costs and equipment availability. Additionally, in response to this, there are
several simulation programs used in the chemical engineering field depending on the
application and desired simulation products. In this regard, when used to its full potential,
Aspen Plus® (Aspen Technology, Bedford, MA, USA) can be a very powerful tool for a
chemical engineer in a variety of fields, including high-pressure processes [17]. Moreover,
process integration has become increasingly important [18].

The phase equilibrium relevant to the SFEE column involves at least a ternary mixture,
not including the solute and carrier, which are typically present in low concentrations [11].
Advanced thermodynamic models, utilizing equations of state with activity coefficients,
are necessary to describe these complex and non-ideal mixtures at high pressure [19].
Therefore, the primary objective of this study was to accurately model the experimental
equilibrium data of the ternary system involved in particle formation by SFEE. Specifically,
the pseudo-ternary mixture of CO2/ethyl acetate/water was investigated. Ultimately, this
research aimed to establish a reliable method for the development of an industrial-scale
SFEE process capable of producing submicron structures for the inclusion of bioactive
compounds in the formulation of cosmetics, para-pharmaceuticals, and hydrophilic foods.
In order to carry this out, previous laboratory-scale experimental data obtained with a
counter-current packed column [10] were simulated in Aspen Plus®. Afterward, pilot- and
semi-industrial scale units were simulated in the same process simulation tool, along with
economical evaluations.

2. Materials and Methods

2.1. Block Diagram

Figure 1 shows the block diagram of the SFEE process of this study. The solvent
(scCO2) and emulsion (ethyl acetate + water) streams entered the first stage of the process
(extraction). A stream exhausted in ethyl acetate, along with the newly formed nanoparti-
cles, exited this extraction stage. In the second stage (solvent recovery), the scCO2 and ethyl
acetate were separated and then recycled to extraction otherwise, the process would not be
profitable nor environmentally sustainable. If the particles obtained are to be used as solids,
they would have to be dried. However, this last step was not considered in this simulation.

Figure 1. Block diagram of the supercritical fluid extraction of emulsion (SFEE) process.

2.2. Definition of Purities, Recoveries, and Key Components

The emulsion fed to the extraction had a mass fraction composition of 80% water and
20% ethyl acetate, as in the laboratory-scale experimental work [10]. In order to produce
particles suitable for food and pharma applications, the maximum residual ethyl acetate
concentration in the water suspension had to be less than 5000 ppm [20]. Additionally, the
purity of the recovered organic solvent had to be at least the ethyl acetate concentration in

77



Processes 2023, 11, 1063

the emulsion (mass fraction ≥ 80%). Finally, the CO2 stream had to be recirculated pure to
the process (≥99.9%) to maintain a high solvent capacity.

2.3. Thermodynamic Modelling

To design an SFEE process, a reliable phase equilibrium model had to be established
for the main column. The complex system involved was handled as a pseudo-ternary
system consisting of the three major components of the system: CO2, ethyl acetate, and
water. The bioactive compound and the coating polymer were not considered since their
concentration in the emulsion was very low (<1%) [10,11]. The property method selection
assistant in Aspen Plus® V11 was used to select the most appropriate one. We also built on
our research group’s previous experience simulating high-pressure processes involving
CO2, water, and organic solvents [19,21]. Thus, the Schwartzentruber–Renon (SR-Polar),
Predictive Soave–Redlich–Kwong (PSRK), and electrolyte non-random two-liquid (eNRTL)
thermodynamics model were tested to describe the ternary equilibrium. The available
experimental equilibrium data [22] were compared with the simulation software results,
and the most accurate model was chosen to represent the experimental phase equilibrium
data for simulating the SFEE column. Additionally, the best thermodynamic model predict-
ing equilibrium data of the CO2-ethyl acetate mixture under typical separator conditions
were investigated.

2.4. High-Pressure Column Simulation

SFEE can be managed as a multistage counter-current separation. In such a case,
the components distribute between the solvent (extract phase) and the liquid (raffinate
phase), which counter-currently flow through the separation column. Thus, the SFEE
unit was simulated in the Aspen Plus® environment using the Extract block available
in the equipment model library. Extract is a rigorous model to simulate liquid–liquid
extractors [23]. It was used in counter-current flow without reflux (since no high-purity
extract was sought, but an exhausted raffinate) where the upper inlet stream was the
emulsion, and the solvent stream was the continuous phase entering at the bottom of the
column. The liquid phase exhausted in ethyl acetate was obtained as the bottom product.
Meanwhile, the phase containing the CO2 and the ethyl acetate left the column as the top
product stream. To simulate, it was mandatory to specify before components, mass flow
and mass fraction composition of the emulsion and CO2, the thermodynamic model, inlet
streams, and the extract column itself.

3. Results and Discussion

This study aimed to design a plant to produce submicron materials using SFEE, integrat-
ing the downstream processing with the same solvent (CO2). Since the continuous particle
production by SFEE was previously studied by our research group [10], this work was focused
on the design and simulation of the process using a counter-current packed column. First, a
prior selection of the thermodynamic model that better described the CO2–ethyl acetate–water
equilibrium data was carried out. Then, a proposal for the flowsheet of the plant was provided.
Additionally, simulation results from different scales (lab, pilot, and semi-industrial) were
performed. Finally, an economical evaluation of the process was presented.

3.1. Selection of the Thermodynamic Model

To the best of our knowledge, only the study performed by Luther et al. [22] has re-
ported enough CO2–ethyl acetate–water phase equilibrium data at the operating conditions
used in this study. A comparison was performed between equilibrium data from those
authors [22] and data retrieved from simulations employing the thermodynamic models
mentioned in Section 2.3.

As a result of the comparison, PSRK was the model that best predicted the CO2–ethyl
acetate–water behavior at the condition explored. Figure 2 shows a comparison between
the experimental high-pressure vapor–liquid equilibrium data at 8.5 MPa and 37 ◦C of the
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ternary system CO2–ethyl acetate–water [22] and the fit generated by Aspen Plus® with the
PSRK thermodynamic model. As can be seen in Figure 2, PSRK correctly predicted the type
II behavior [24] of the mixture with less than 5% error between predicted and experimental
compositions of the light (CO2-rich) phase, over the entire ethyl acetate concentration range.
Additionally, at the lowest molar fractions of ethyl acetate, the fitting in the water-rich
phase was found to be even better, which further improves the predictions, as low fractions
of ethyl acetate were found when the column was operated.

 
Figure 2. Ternary phase diagram (mol basis) of the system CO2–ethyl acetate–water at 8.5 MPa and
37 ◦C provided by Aspen Plus® using the PSRK model (•) and compared with experimental phase
equilibrium data (�) [22].

Equilibrium data of the CO2-ethyl acetate mixture were also needed at the typical
conditions of flash separators (~22 ◦C and 6 MPa) as these are the room conditions of
the CO2 make-up from the storage (i.e., at its vapor pressure). Experimental data under
these conditions were found in the literature [25] and in the Aspen Plus® V11 database
as BVLE010.

As can be seen in Figure 3, the Peng–Robinson equation of state with Wong–Sandler
mixing rules correctly predicted the CO2–ethyl acetate behavior at the separator. The load
of gaseous CO2 in ethyl acetate was relatively high in all ranges of pressures. Unfortu-
nately, large amounts of CO2 will dissolve in the ethyl acetate-rich phase at the same time.
Therefore, the separation of ethyl acetate and CO2 is difficult.

3.2. Operating Conditions of the Fractionation Column

Optimal operating conditions should be employed to facilitate the organic solvent
extraction from the emulsion while preventing the dissolution of the bioactive compound
and the polymer in sc-CO2, as well as avoiding the loss of the emulsion through washout
in the scCO2 stream.
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Figure 3. Experimental [25] and correlated data with Peng–Robinson equation of state with Wong–
Sandler mixing rules for the system CO2/ethyl acetate, at 22 ◦C (295 K).

The simulation proposed in this work was conducted under the same conditions as
the previous experimental work [10], i.e., at 8.0 MPa and 38 ◦C. At these conditions, the
mixture of ethyl acetate/scCO2 is supercritical [26] and water is only slightly soluble in
scCO2 [27], thus enhancing the ethyl acetate extraction from the emulsion. Additionally,
38 ◦C was below the glass transition temperature (Tg) of ethyl cellulose, which is roughly
133 ◦C [28]. Using a higher pressure was not considered since microspheres coalescence
was observed in previous work [29]. Low pressure also helps reduce energy costs, which
improves the viability of the process on a commercial scale.

The decision to operate at the lowest possible pressure was also influenced by the
larger density difference between the scCO2 (304 kg m−3) and the emulsion (965 kg m−3) at
the column inlet [30], which promoted the formation of two separate phases in the column,
which was critical for the efficient operation of the system as it prevented flooding.

3.3. Aspen Plus® Process Simulation

The proposed flowsheet for the continuous SFEE integrated process with the organic
solvent recovery and the recirculation of scCO2 to the process is shown in Figure 4. This
same flowsheet was used to simulate the SFEE process at pilot and industrial scales.

In Figure 4, the emulsion (stream 1; mass fraction composition of 80% water and 20%
ethyl acetate) entered the extract column (C-101) at the first stage (top of the column) and
the scCO2 (stream 2) came recirculated from the distillation column and introduced at the
bottom of the column. The extract phase containing scCO2 and ethyl acetate left the column
as the top product stream (stream 4) and the liquid phase exhausted in the organic solvent
was obtained as the bottom product (stream 3).

3.3.1. Number of Theoretical Stages of Extract Unit

It was necessary to employ only three equilibrium stages adiabatic columns using a
solvent-to-feed ratio of 10 (kg kg−1), to reduce the amount of ethyl acetate in the water-rich
raffinate (stream 6) below 5000 ppm, as recommended [20], operating at 38 ◦C and 8.0 MPa.

In fact, from the simulation in Aspen Plus, the residual concentration of ethyl acetate
in the obtained particles (stream 6) was roughly 37 ppm. In this regard, particles with a
residual ethyl acetate concentration of 40 ppm were obtained with the laboratory-scale
experiments [10], which meant that the experimental conditions were reproduced by the
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simulation. In the aforementioned investigation [10], the column was formed by three
AISI 316 stainless steel cylindrical sections of 30 cm height connected by four cross-unions
and was packed with 0.16-inch Pro-Pak® [31]. This means that the height equivalent to a
theoretical stage (HETS value) would be 30 cm.

Figure 4. Proposed flowsheet of the SFEE plant.

3.3.2. Design of the Integrated Process

The economic and environmental viability of this technology on a commercial scale
is heavily reliant on successfully separating the organic solvent from the scCO2 for both
streams to be recirculated to the process. However, ethyl acetate’s high solubility in CO2,
even at low pressures [22], makes complete separation challenging. Traditional methods,
such as reducing pressure in a flash tank to 5–6 MPa, which are effective in the recovery
of “heavy” extracts in other supercritical extraction processes [16,32], are insufficient for
complete separation. In fact, the binary analysis of the ethyl acetate-scCO2 mixture showed
that the concentration of ethyl acetate in the gas phase was 0.2–0.4% for all pressures below,
as shown in Figure 3. Similar results were reported by Budich and Brunner [32] for the
ethanol–scCO2 system.

To obtain ethyl acetate (stream 8) and scCO2 with a purity of over 99.9% (stream 7),
an Aspen Plus® simulated distillation column as a RadFrac block (C-102 in Figure 4) with
five stages, a reflux ratio of 0.2, and a distillate to feed ratio of 0.85 were used. The extract
stream (stream 4) was fed to the distillation column. The resulting scCO2 was compressed
(stream 11) using a pump (P-101) up to 10 MPa and heated up to 38 ◦C (stream 12) in a
heat exchanger (E-101). A pure CO2 stream (stream 13) was required to compensate for the
lost CO2 from the raffinate and extract. Stream 13 (0.19 kg h−1 at lab scale) was combined
with stream 12 in a mixer (M101) to recirculate the resultant stream (stream 2) as feed to the
extraction column C-101. Stream 8 obtained from C-102 was split in a flash separator (S-102)
at atmospheric pressure and 5 ◦C. The resulting stream 10 had a purity of approximately
91% ethyl acetate, with the remaining composition being 6.2% water and 2.8% CO2. After
the CO2 vaporized, stream 10 was used directly in the formulation of the starting emulsion,
resulting in a stream with 94% ethyl acetate and the rest water. Finally, the raffinate (stream
6) obtained from C-101 bottoms contained mainly particles suspended in water and had a
remaining ethyl acetate concentration of around 37 ppm, as previously mentioned.

3.4. Scale-Up

The mass flow rate of lab-scale inlet streams 1, 2 and 13 in Figure 4 was increased
according to the scaling factors for the pilot and industrial plants of Atelier Fluides Super-
critiques from France. The characteristics of such equipment are described in [33]. The
pilot plant has two pumps to supply up to 5 L and 20 L of liquid, respectively; and 80 kg of
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CO2 up to 30 MPa. The industrial plant allows a maximum liquid capacity of 50 L h−1 and
a top CO2 capacity of 600 kg h−1. Thus, the production capacity (stream 6 in Figure 4) was
increased to 2.2 kg h−1 for the pilot plant (a scale factor of 20), and to 33.1 kg h−1 (a scale
factor of 300) for the industrial plant. The dimensions, packings, and capacity of the three
installations are compared in Table 1.

Table 1. Dimensions, packings, capacities, and costs of the scaled SFEE installations.

Lab Pilot a Industrial a

Diameter (m) 0.013 0.058 0.126
Height (m) 1 4 8
Volume (L) 0.13 11 100

Maximum liquid capacity a (L h−1) 5–20 50
Top CO2 capacity a (kg h−1) 80 600

Packing 0.16-inch Pro-Pak VFF Interpack (10–15 mm) Sulzer CY
Production capacity (stream 6) 0.11 2.2 33

Equipment cost (EUR) 150,000 b 976,000 c 3,205,000 c

Utilities cost (EUR /year) d 37,284 74,568 123,736
a Equipment specifications of the Atelier Fluids Supercritique. b Given by supercritical equipment providers.
c Estimated using the Perrut equation. d Provided by Aspen Plus® V11.

3.5. Economic Evaluation

We have asked manufacturers of CO2 plants for bids for the lab-scale installation,
ranging from EUR 125,000 (with only one separator) to EUR 180,000. Using an intermediate
value as a basis, we used Michel Perrut’s equation to estimate the price of the pilot and
industrial scale facilities. Based on his experience in SEPAREX, building supercritical
fluid extraction, fractionation, impregnation, and particle formation installations at all
scales, Professor Perrut concluded that all prices approximate a straight line with a slope of
0.24 versus the logarithm of the product of the total net volume (VT) of the column by the
design CO2 flow rate (Q) [34]. This means that there is a huge economy of scale in capital
expenditure (CAPEX) in supercritical CO2-based processes. With the resulting column
volumes from the simulations of the pilot and industrial scale installations and considering
that the CO2 flow rates were ten times higher than the liquid feed in the respective scales,
we arrived at the costs shown in Table 1.

Utility costs estimated using the APEA tool of Aspen Plus would drop from EUR
47 kg−1 at lab scale to EUR 0.52 kg−1 product for the largest scale, showing also very
important savings with production capacity. If the particles had to be dried/lyophilized,
this additional cost would have to be considered apart. Installation costs, assuming a
payback period of 10 years, would increase the product price by 30 cents per kg for the
laboratory scale, but by less than 5 cents for the industrial scale (operating 300 days per
year, 24 h per day).

4. Conclusions

The SFEE column and the solvent recovery separator were designed to achieve a
specified amount of residual organic in the leaving streams, according to the tight re-
quirements of the food and pharmaceutical industries [20]. The most difficult part is the
organic solvent separation from the CO2 as they are very soluble. However, it is possi-
ble with a distillation column. Thus, the two solvents can be recovered and recycled to
the process in almost their entirety. Furthermore, the particles in the aqueous raffinate
are produced free of solvents. Because of the biocidal and virucidal power of the scCO2,
the particle suspension is sterile [21], thus easing the direct further packaging. Based on
the utilities and installation costs for increasing production capacities, the importance of
economy of scale in supercritical CO2 installations is verified. On the other hand, CO2
fractionation in packed columns is already commercial, e.g., Atelier Fluids Supercritique in
France, https://www.atelier-fsc.com/ (accessed on 19 January 2023) or Solutex in Spain,
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https://solutexcorp.com/technology/platforms/#flutex (accessed on 19 January 2023).
The SFEE process could be carried out in similar installations, facilitating the technology
transfer of the SFEE procedure for particle production to the industry.
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Abstract: The effect of temperature was studied on the synthesis of fatty acid alkyl esters by means of
transesterification of waste beef tallow using ethanol and, iso-butanol and 1-butanol at supercritical
conditions. These alcohols are proposed for the synthesis of biodiesel in order to improve the cold
flow properties of alkyl esters. Alcohol–beef tallow mixtures were fed to a high-pressure high-
temperature autoclave at a constant molar ratio of 45:1. Reactions were carried out in the ranges of
310–390 ◦C and 310–420 ◦C for ethanol and iso-butanol, respectively; meanwhile, synthesis using
1-butanol was assessed only at 360 ◦C. After separation of fatty acid alkyl esters, these samples
were characterized by nuclear magnetic resonance (NMR) and gas chromatography coupled to mass
spectrometry (GC-MS) to quantify yields, chemical composition, and molecular weight. Results
indicated that yields enhanced as temperature increased; the maximum yields for fatty acid ethyl
esters (FAEEs) were attained at 360 ◦C, and for fatty acid butyl esters (FABEs) were achieved at 375 ◦C;
beyond these conditions, the alkyl ester yields reached equilibrium. Concerning the physicochemical
properties of biodiesel, the predicted cetane number and cloud point were enhanced compared to
those of fatty acid methyl esters.

Keywords: fatty acid ethyl ester; fatty acid butyl ester; 1-butanol; ethanol; iso-butanol; supercritical;
waste beef tallow; transesterification

1. Introduction

Energy consumption changes according to the world population density and tech-
nological advances, as well as human needs and comforts. According to a projection for
the year 2050 published in the latest report of the U.S. Energy Information Administration,
energy utilization is going to increase in sectors such as electric power, transportation and
industry in the next years. Moreover, residential and commercial segments are expected
to keep the same consumption energy rate. In the early years, the three most produced
energy sources are expected to be natural gas, oil, and renewable materials; furthermore,
the maximum fossil oil demand will be achieved, followed by variable consumption in
benefit of other energy sources. Natural gas and renewable materials will have a constant
growing demand between the years 2022 and 2050, with a production of about 35 to 44 and
10 to 22 quadrillion of BTU, respectively [1].
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Biodiesel is a liquid biofuel derived from biomass and is constituted by fatty acid alkyl
esters mainly obtained by transesterification of fatty acids with methanol (FAME) in which
the final product (100% biodiesel, B100) has similar properties to fossil diesel [2]. Biodiesel
development has been focused on FAMEs, however exploration and development to use
higher alcohols, such as ethanol and butanol, to obtain fatty acid ethyl and fatty acid butyl
esters are also relevant [3,4]. Ethanol and butanol are gaining attention recently since these
are potential additives for fuels and especially due to the fact that these could be produced
by fermentation; therefore, a combination of biodiesel and green alcohol technologies
would strengthen the development of sustainable fuels [5–7].

Transportation engines commonly use blends of biodiesel (B20: 20%) + diesel (80%) [8].
Fatty acids are supplied from feedstocks classified as renewable materials such as vegetable
oils, animal fats, waste oil or fat, algae, among others [9,10]. Vegetable oils are the major
source used around the world but are also destined for human consumption; then, the
other materials are taking growing participation, i.e., beef tallow [11]. Non-edible tallow
feedstock had a remarkable role in Brazil (13%) in 2018 and has been gaining presence with
about 7% in the United States since 2021 where soybean oil was the main feedstock, at
50% [12–14].

Biodiesel production from non-edible tallow, under certain pathways, carries some benefits,
such as low-cost feedstocks, and overwhelms obstacles associated with the high content of free
fatty acids (FFA) and moisture that reduce yields and affects its properties. Low yields on fat
synthesis attract the interest of improving transesterification to attain new insights in basic, acid
and enzymatic catalysis; each pathway has its own characteristics, and the conditions include
moderated temperatures, low-cost catalysts, and novel catalysts [15–24].

Transesterification with alcohols at supercritical conditions is a viable option carried
out at higher temperatures and pressure among the abovementioned methods [24]. Produc-
tion of fatty acid alkyl esters from beef tallow with high FFA content can be enhanced since
the mass transfer and the homogeneous medium are promoted at supercritical conditions.
Among the alcohols, methanol is the most used in transesterification for several feedstocks,
for instance fresh or used vegetable oils [25–46]. Ethanol and butanol are other alternative
solvents for fatty acid alkyl esters production, and both can be transformed from chemical
and biochemical processes [47,48]; bioethanol and biobutanol are generated as main or
secondary by-products using biological methods from first, second and third generation
feedstocks. These solvents have attracted much attention; hence, new developments have
been reported recently [49–53].

Insights about the transesterification of animal fats with supercritical long carbon-
chain alcohols are limited [29,42–45,54], and to the best of our knowledge, two contributions
are specialized on beef tallow [34,55]. Marulanda-Buitrago and Marulanda-Cardona [55]
evaluated the effect of temperature (320–400 ◦C), alcohol excess (9–15) in the feed molar
ratio and time (8–40 min) in the transesterification of beef tallow with supercritical ethanol;
the highest conditions were claimed to promote the ester production. Bolonio et al. [34]
evaluated the fatty acid ethyl esters manufacture from beef tallow by two methods: one-
step transesterification under supercritical ethanol, and two-step reactions consisting of
hydrolysis and esterification. The one-step method was explored in ranges of 300–350 ◦C
and 40–120 min, and 20 or 40 mol of ethanol per mol of animal fat. For the two-step method,
reactions lasted 60 min and temperature ranged from 200 to 350 ◦C; hydrolysis needed a
high water/tallow volume ratio (2/1) and esterification operated at 7/1 of ethanol/free
fatty acids molar ratio. Both methods had their own advantages: the first was simple, the
esters had low content of polyunsaturated compounds and reported few degradations,
while the second generated FAEEs rich in unsaturated chemicals.

Due to the fact that the raw material composition affects the properties of the final
product, our contribution is aligned with the valorization of beef tallow waste for the fatty
acid alkyl esters production. The aim of this work was to study the effect of alcohols and
temperature on the fatty acid alkyl ester yields using three different alcohols (ethanol, iso-
butanol, 1-butanol) at a fixed molar ratio of alcohol/tallow (45/1) during 60 min based on
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our previous findings using supercritical methanol [56] and the literature compilation [34,55].
This research also presents the quantitative characterization of fatty acid alkyl esters.

2. Materials and Methods

2.1. Materials

ACS grade iso-butanol and n-butanol were provided by Reactivos Química Meyer,
having 0.1% of water content. Commercial ethanol had a water content of 3.6%. A sample
lot of beef tallow was picked up from different local markets in the State of Mexico, this
waste did not have any further valorization. Then, meat residues were separated from beef
tallow by a simple filtration following a previous melting stage. The external standard
(49454-U) for quantification of fatty acid ethyl ester was provided by Sigma-Aldrich. Fatty
acid content and physicochemical properties of waste beef tallow have been previously
reported and are listed in Table 1. This raw material was analyzed by Fourier-transform
infrared spectroscopy (FTIR) and nuclear magnetic resonance (1H-NMR and 13C-NMR).
Detailed analytical conditions can be found in an earlier contribution [56].

Table 1. Physicochemical properties of waste beef tallow (WBT) [56].

Property Value

ρ at 308.15 K/g cm−3 0.890
MWWBT/g mol−1 737.7 ± 2.0 a

MWWBT/g mol−1 742.5 ± 1.8 b

HHV/J g−1 39,143.7
water content/ppm 200

SI 189.1
% FFAC16:0 3.55 ± 0.04
% FFAC18:0 3.94 ± 0.03

% FFAC18:1 n−9 3.91 ± 0.04
a HPLC-MS; b Cryoscopy.

2.2. Transesterification

A batch autoclave made of Inconel 625 alloy with a volume capacity of 170 cm3 was
operated to implement the synthesis at supercritical conditions. The procedure briefly
consisted of pouring 150 cm3 of alcohol–waste beef tallow blend to the autoclave with
a molar ratio of 45/1, sealing, degassing, and wrapping the autoclave in an electrical
heating resistance, turning on the magnetic shaft stirrer (1000 rpm) coupled to a three-blade
propeller. Then, autoclave temperature was set above the critical point of the alcohol
(ethanol: Tc = 240.77 ◦C, pc = 61.48 bar; iso-butanol: Tc = 274.63 ◦C, pc = 43 bar; 1-butanol:
Tc = 289.9 ◦C, pc = 44.23 bar) [57]. Furthermore, the temperature was monitored by a cali-
brated K-type thermocouple vertically immersed near the internal bottom of the autoclave.
A gradual heating rate was established with the aim of minimizing the thermal degradation,
particularly at elevated temperatures. Once desire temperature was reached, the synthesis
lasted 60 min in order to guarantee the maximum yield [34,55,56]. Pressure changes in
the constant volume autoclave were dependent on temperature and volume feedstock
variations; moreover, the addition of a pressurizing agent (hydrogen, nitrogen, or carbon
dioxide) was not considered since this component modifies the phase diagram. Thereafter,
the heating was immediately stopped to inhibit further reactions by circulating cold water
throughout an internal coil and removing the autoclave from the electrical resistance. Fi-
nally, the collected liquid sample was distilled for alcohol recovery, and the residual section
was poured in a separation funnel. After stabilization of the residual, the glycerol-rich
phase located on the bottom phase and the fatty acid alkyl esters in the upper phase were
separated. Esters were stored into amber bottles for subsequent analyses. Reactions were
performed thrice for each temperature by separating the total amount of waste beef tallow,
thus, to avoid different composition on raw material for each set of experiments.
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2.3. Quantification

The recovered fatty acid alkyl esters were characterized by nuclear magnetic reso-
nance spectroscopy (1H-NMR) in a Bruker Ascend 750 MHz to determine yields, as well
as gas chromatography coupled to mass spectrometry (GC-MS) to generate FAEEs and
FABEs profiles and their molecular weight. Physicochemical properties, cloud point (CP),
calculated cetane number (CN), color Gardner (CG) and free fatty acid content (FFAi) were
also reported with basis on standard methods and correlations detailed elsewhere [56].

3. Results and Discussion

Fatty acid alkyl esters were obtained at different temperatures and pressures above the
critical point of the alcohol. Each reaction was performed thrice and the corresponding first
run is summarized in Table 2. The transesterification reversibility caused the loading molar
ratio, between the alcohol and waste beef tallow, to be established in excess (45/1); thus,
the synthesis direction was displaced to promote esters production while a homogeneous
phase was probably coexisting at the required conditions [54,58,59].

Table 2. Properties for each transesterification at 45:1 of molar ratio for A:BT.

Reaction T/◦C P/bar
IFAEEs

Area
IFAEEs

Interval
ITAG

Area
ITAG

Interval
YFAEEs/% CP/◦C CN CG FFASA

/%

Ethanol

E1S7 310 152.0 95,455.9 4.18–4.09 19,980.7 4.35–4.17 55.74 20 79.7 3.6 8.1
E2S7 320 171.6 101,315.3 4.17–4.10 18,443.4 4.35–4.17 59.96 18 79.2 4.0 7.2
E3S7 330 217.3 94,003.9 4.17–4.10 15,789.8 4.34–4.17 62.28 18 86.8 4.1 7.6
E4S7 340 254.9 86,045.8 4.17–4.09 7509.2 4.26–4.17 77.71 19 79.7 3.5 7.6
E5S7 350 280.4 77,754.0 4.17–3.97 3585.4 4.22–4.17 87.33 17 79.5 3.8 8.3
E6S7 360 344.6 141,698.7 4.17–4.09 2565.2 4.34–4.17 94.76 16 80.1 4.1 9.2
E7S7 360 344.2 83,930.6 4.17–4.07 1410.7 4.36–4.17 95.12 16 80.8 4.1 9.2
E8S7 370 397.1 81,931.6 4.17–4.09 4318.1 4.34–4.17 85.70 14 80.8 5.4 10.9
E9S7 380 397.9 50,956.1 4.17–4.10 2745.7 4.35–4.17 85.41 14 81.1 5.7 15.0

E10S7 390 397.1 70,722.1 4.18–4.10 9636.4 4.36–4.17 67.88 14 81.2 7.4 18.7

Iso-butanol

E1S9 310 63.7 70,200.5 3.87–3.77 25,722.0 4.35–3.89 76.47 18 4.6 6.0
E2S9 335 147.1 73,763.8 3.90–3.79 5817.2 4.34–3.90 94.73 17 2.7 5.3
E3S9 350 205.9 68,245.6 3.90–3.79 7571.5 4.33–3.88 93.06 14 2.4 4.7
E4S9 375 269.6 65,417 3.89–3.77 1266.7 4.34–3.88 96.65 10 4.8 6.2
E6S9 390 279.4 71,736.0 3.89–3.80 1946.8 4.35–3.88 94.80 9 5.7 8.2
E5S9 420 343.2 34,260.4 3.90–3.78 12,063.0 4.37–3.89 35.55 11 7.3 8.2

1-butanol

E1S10 360 210.7 237,318.6 3.01–4.10 20,289.96 4.31–4.11 87.70 8 5.0 6.4

3.1. Fatty Acid Ethyl Esters (FAEEs)

The isolated FAAEs were dissolved in deuterated chloroform and subject to 1H-NMR
analyses, and the corresponding spectra are depicted in Figure 1. The triplet (A) in the
interval of 2.2–2.4 ppm denoted hydrogens of α–CH2. Three multiplets ranging from 1.55
to 1.70 ppm (B), 1.1 to 1.46 ppm (C) and 5.2 to 5.4 ppm (D) corresponded to the hydrogens
of β–CH2, –(CH2)n– end and –CH2–CH=, in the same order; this last hydrogen with a
double carbon chain was also identified by the multiplet within 1.92–2.07 ppm (F). The CH3
hydrogens were detected in two zones, one in a triplet ranging from 0.83 to 0.93 ppm (E)
and the second peak in a multiplet at 0.3 ppm (K). Subsequently, a quartet in the interval
from 3.97 to 4.18 ppm (EE) was related to CH3-CH2-OOC- hydrogens.
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Figure 1. 1H-NMR spectra for FAEE obtained from beef tallow by using supercritical ethanol.

Yield for FAEEs (YFAEEs) listed in Table 2 were estimated by integrating peak areas
from the 1H-NMR analyses and formulating the expression proposed by Ghesti et al. [60]:

YFABEs/% =

(
4 (IFABEs − ITAG)

4 (IFABEs − ITAG) + 6 (2 ITAG)

)
× 100 (1)

where the number 4 in Equation (1) denoted the four glycerol methylene hydrogens in
triacylglycerides or triacylglycerol (TAG), while the number 6 expressed the six hydrogens
in the three FAEEs. From Figure 1, IFAEEs corresponded to the quartet area observed in
the range of 3.97–4.18 ppm and indicated as EE; it was assumed to belong to the two
hydrogens of the CH3-CH2-OOC- group presented both in FAEEs and TAG. Finally, ITAG
was evaluated from the double doublet area in the interval of 4.17–4.36 ppm, and was
related to the hydrogens of -CH2 hydrogens from glycerol in the TAG samples.

The temperature induced a promising effect on the YFAEEs, whose values enhanced
in the range of 310–360 ◦C, the yield was 55.74% at 310 ◦C, then a high temperature led
to a strong upgrading YFAEEs= 77.71% (at 340 ◦C), and the maximum yield (95.12%) was
achieved at 360 ◦C, assigned as the proper temperature. Conversely, the performance of
fatty acid ethyl esters was interfered beyond 370 ◦C since the yield decreased to 67.88%.

Quantification of FAEE constituents was investigated by GC-MS analyses and a com-
positional standard. The identified components were ethyl palmitate, ethyl stearate and
ethyl oleate. Composition of different samples studied are reported in Table 3. The synthe-
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sis named “E3S7” carried out at 330 ◦C did not generate the unsaturated ester (ethyl oleate)
as can be seen in Table 3. It also presented in the 1H-NMR spectrum shown in Figure 1,
where the multiplet (F) was not detectable. The absence of the unsaturated ester could
be related to the initial feedstock: oleic acid was probably not contained at the beginning
regardless of the pretreatment of the feedstock for achieving a homogeneous sample lot.
Out of this, ethyl stearate had the highest composition for all the reactions. The chemicals
contribution below 360 ◦C had the following order: ethyl stearate > ethyl oleate > ethyl
palmitate, while the order of chemicals of ethyl stearate > ethyl palmitate > ethyl oleate
was noted at temperatures over 370 ◦C. The average molecular weight for FAEEs oscil-
lated in the range of 302.84–304.22 g/mol, but the FAEEs for the “E3S7” experiment had
306.41 g/mol due to the absence of the unsaturated ester, as reported in Table 3.

Table 3. FAEE composition from beef tallow transesterification.

Experiment Chemical Formula MW wt% mol% MWFAEEs

E1S7 Ethyl palmitate C18H36O2 284.4772 26.492 28.306 303.960
Ethyl stearate C20H40O2 312.5304 41.598 40.458
Ethyl oleate C20H38O2 310.5145 31.910 31.236

E2S7 Ethyl palmitate C18H36O2 284.4772 25.856 27.641 304.108
Ethyl stearate C20H40O2 312.5304 40.281 39.196
Ethyl oleate C20H38O2 310.5145 33.862 33.164

E3S7 Ethyl palmitate C18H36O2 284.4772 20.239 21.800 306.415
Ethyl stearate C20H40O2 312.5304 79.761 78.200

E4S7 Ethyl palmitate C18H36O2 284.4772 26.650 28.472 303.921
Ethyl stearate C20H40O2 312.5304 41.835 40.683
Ethyl oleate C20H38O2 310.5145 31.515 30.846

E5S7 Ethyl palmitate C18H36O2 284.4772 26.338 28.145 303.990
Ethyl stearate C20H40O2 312.5304 41.008 39.887
Ethyl oleate C20H38O2 310.5145 32.654 31.968

E6S7 Ethyl palmitate C18H36O2 284.4772 25.985 27.782 304.143
Ethyl stearate C20H40O2 312.5304 43.961 42.782
Ethyl oleate C20H38O2 310.5145 30.054 29.437

E7S7 Ethyl palmitate C18H36O2 284.4772 25.927 27.727 304.226
Ethyl stearate C20H40O2 312.5304 47.416 46.156
Ethyl oleate C20H38O2 310.5145 26.658 26.118

E8S7 Ethyl palmitate C18H36O2 284.4772 29.913 31.868 303.069
Ethyl stearate C20H40O2 312.5304 43.568 42.249
Ethyl oleate C20H38O2 310.5145 26.519 25.883

E9S7 Ethyl palmitate C18H36O2 284.4772 30.763 32.749 302.844
Ethyl stearate C20H40O2 312.5304 43.861 42.502
Ethyl oleate C20H38O2 310.5145 25.376 24.749

E10S7 Ethyl palmitate C18H36O2 284.4772 27.426 29.291 303.817
Ethyl stearate C20H40O2 312.5304 47.416 46.094
Ethyl oleate C20H38O2 310.5145 25.158 24.615

3.2. Fatty Acid Butyl Esters (FABEs)

Regarding transesterification in the presence of iso-butanol, the spectra of fatty acid
isobutyl esters analyzed by 1H-NMR are illustrated in Figure 2. Peaks for the FABEs
samples were similar to those formed on FAEEs identified with the symbols from (A)
to (F): the triplet in 2.2–2.4 ppm (A) ascribed to α–CH2 hydrogens, the respective three
multiplets in 1.55–170 ppm (B), 1.1–1.46 ppm (C) and 5.2–5.4 ppm (D) associated with
hydrogens of β–CH2, –(CH2)n– structure end and double carbon chain, the triplet within
0.83–0.93 ppm (E) assigned to the CH3 hydrogens, and the multiplet 1.95–2.07 ppm (F)
represented the CH2 within the double carbon chain. The distinctive peaks for FABE were
identified with the symbols (J), (BE), (L), and were classified as hydrogens using the same
order: the doublet ranging from 0.9–0.96 ppm denoted CH3 hydrogens, the doublet within
3.8–3.88 ppm belonged to CH2 in the >CH-CH2-OOC- structure, and the multiplet from
1.89 to 1.95 ppm indicated the -CH< hydrogens.
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Figure 2. 1H-NMR spectra for FABE obtained from beef tallow by using supercritical iso-butanol.

The production of fatty acid isobutyl esters was evaluated in terms of the yield (YFABEs).
The calculated values listed in Table 2 were approached by using the Equation (2) and the
integration of peak areas from 1H-NMR analyses. The proposed equation was developed
under the same considerations and notation given for yields of fatty acid ethyl esters:

YFABEs/% =

(
4 (IFABEs − ITAG)

4 (IFABEs − ITAG) + 6 (2 ITAG)

)
× 100 (2)

where the number 4 expresses the glycerol methylene hydrogens in triacylglycerides or
triacylglycerol (TAG), the number 6 represents the hydrogens in the three FABEs, the area of
the hydrogens in the >CH–CH2–OOC– structure from produced FABEs, and unreacted TAG
is indicated with the IFABEs notation that appears within 3.77–3.90 ppm. The hydrogens of
–CH2 hydrogens from glycerol contained in TAG are symbolized with ITAG and are in the
range of 3.88–4.37 ppm. The highest yield (YFABEs = 96.65%) was attained at 375 ◦C, which
was superior to the maximum value accomplished by using ethanol as solvent at 360 ◦C.
Critical temperature for each alcohol played an important role in FAAEs synthesis; fatty
acid isobutyl esters production was not satisfactory at 310 ◦C (YFABEs = 76.47%) but it was
superior to that reported for the FAEEs (YFAEEs = 55.74%), and this temperature was close
to the critical temperature of iso-butanol.
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Correspondingly, the FABEs content via 1-butanol was assessed under the same
conditions as the reported for the other alcohols at 375 ◦C. The yield calculated with
Equation (2) was reported as 87.7%, which was lower than the produced FAAEs using
iso-butanol (93.06% at 350 ◦C and 96.65% at 365 ◦C) or ethanol (94.76% at 360 ◦C). A
higher effect of the thermal degradation was taking part in the involved system as a
consequence of the additional competing reactions. The identified peaks from Figure 3
for the transesterification with 1-butanol were the same as those identified in the reaction
using iso-butanol for the (A)–(F) and L notation. The exceptions were the multiplets (G)
and (H), the triplet (J) and the doublet (BE) that denoted the hydrogens of CH2, CH2, CH3,
CH2 assigned on the CH3–CH2–CH2–CH2–OOC– structure.

Figure 3. 1H-NMR spectra for FABE obtained from beef tallow by supercritical 1-butanol.

The components identified in the fatty acid isobutyl ester samples are summarized
in Table 4. The existence of esters was confirmed with a carbon chain length from eight
to twenty-two; with reference to the relative area, the major esters were those of high
molecular weight: isobutyl stearate, isobutyl oleate, isobutyl palmitate, isobutyl margarate
and isobutyl myristate. Other esters were produced above 390 ◦C where the yield did was
not enhanced. At the maximum temperature (420 ◦C) used, the lowest yield 35.55% was
obtained, and the formation of 4-methyl-2ethyl-pentanol and some alkanes confirmed the
appearance of additional reactions; these chemicals could be obtained from simultaneous
thermal cracking reactions apart from transesterification. Concerning the FABEs sample
using 1-butanol, the identified species by GC-MS were 2-methyl propyl octadecenoate, butyl
hexadecanoate, pentyl octadecenoate and butyl myristate. Their composition followed the
above sequence in terms of the relative area from high to low content as listed in Table 5.
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Table 4. FABE profile from beef tallow transesterification using iso-butanol.

Experiment: E1S9 E2S9 E3S9 E4S9 E6S9 E5S9

Chemical Formula MW Area %

isobutyl butyrate C8H16O2 144.2114 1.293 1.698
4-methyl-2ethyl-pentanol C8H18O 130.1800 3.237

isobutyl caproate C10H20O2 172.2646 1.469 4.537 4.132
butyl heptanoate C11H22O2 186.2912 1.567

isobutyl enanthate C11H22O2 186.2912 1.133 1.765
isobutyl caprylate C12H24O2 200.3178 0.067 0.119 0.735 1.472 1.523

3-methyl-undecane C12H26 170.3300 2.958
isobutyl pelargonate C13H26O2 214.3443 0.687 1.226 1.424

tridecane C13H28 184.3700 1.867
isobutyl caprate C14H28O2 228.3709 0.095 0.168 0.972 1.418 1.914

tetradecane C14H30 198.3900 1.225
isobutyl undecylenate C15H30O2 242.4030 1.798 1.555

n-butyl laurate C16H32O2 256.4241 1.314
isobutyl laurate C16H32O2 256.4241 0.158 0.247 1.953

hexadecane C16H34 226.4100 4.342
isobutyl tridecanoate C17H34O2 270.4570 1.559 4.458 4.528

isobutyl myristate C18H36O2 284.4772 6.065 5.477 5.019 5.016 4.010 4.211
isobutyl pentadecanoate C19H38O2 298.5038 1.291 3.106 2.918 1.131 5.148 4.165

nonadecane C19H40 268.5100 4.981
2-methyl-octadecane C19H40 268.5100 0.874

isobutyl palmitate C20H40O2 312.5304 27.119 27.507 27.652 25.951 28.426 18.358
isobutyl margarate C21H42O2 326.5570 4.738 6.105 5.938 5.182
2-methyl-eicosane C21H44 296.6000 0.797

isobutyl oleate C22H42O2 338.5677 24.679 22.784 23.499
isobutyl stearate C22H44O2 340.5836 33.536 31.609 32.185 47.921 41.353 32.125

Table 5. FABE profile from beef tallow transesterification using 1-butanol.

Experiment Chemical Formula MW Area %

E1S10 Butyl myristate C18H36O2 284.4772 1.904
Butyl hexadecanoate C20H40O2 312.5304 25.549

2-Methyl propyl octadecanoate C22H44O2 340.592 50.282
Pentyl octadecenoate C23H44O2 352.5940 22.264

Our findings could be explained based on the phase diagram for the mixture where
non-catalytic transesterification takes advantage of the FAAEs synthesis made at supercrit-
ical conditions. Aside from the alcohol excess with respect to the oil or fat, the possible
location of the complex mixture out of a homogenous phase impeded mass transfer; then,
the mixture was feasible to coexist in the vicinity of its phase transition at the lowest
temperature and pressure studied in the reactions [24,59,61].

Concerning the yields falling beyond optimal temperatures, cracking of chemicals
was competing with transesterification along with other kinds of reactions, such as those
associated with a possible polymerization and isomerization. Under the same experimen-
tal conditions of alcohol/waste beef tallow in molar ratio, the generated fatty acid alkyl
esters with different alcohols as a function of temperature are compared in Figure 4. The
maximum yields were accomplished at 365 ◦C for methanol (98.3%) [56], 360 ◦C for ethanol
(95.12%) and 375 ◦C for iso-butanol (96.65%); meanwhile the additional reaction made
under 1-butanol seemed to provide a low ester content, but an acceptable yield (87.7%). The
high ester portion at supercritical conditions is suggested to occur within the homogenous
phase. This was verified by the reduction of the hydrogen bonds of the alcohol occurring
as the temperature was increased, where its dielectric constant diminished at supercritical
conditions; then, a higher solvation of the non-polar chemicals in the alcohol generated
a unique fluid phase where the particle interaction was enhanced [54,58,62]. The longer
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carbon chain for ethanol and butanol could contribute to a weakening of hydrogen bonds
and obstructing interactions between functional groups. Furthermore, the higher yield
reached via methanol could be ascribed to its easier reactivity with lipids due to the shorter
carbon chain compared to higher alcohols; thus, the interaction is simpler between the
oxygen atom from methanol with the carbon atom of the carbonyl functional group from
successive glycerides (tri-, di- and mono-) [63]. This mechanism allowed the generation of
the respective chemicals: diglycerides, monoglycerides and glycerol. Comparing FAAEs
values, those obtained via butanol and methanol were similar but the reaction via ethanol
seemed to be less effective, probably caused by its high-water content; the valuable advan-
tage via ethanol and butanol over methanol was the lower glycerol formation observed at
the end of the reaction.

Figure 4. Production of fatty acid alkyl esters from waste beef tallow with different alcohols and
feedstock ratios [34,56].

The yield results from this work are in agreement with those insights reported by
Bolonio et al. [34] for a one-step reaction performed at 300 and 350 ◦C, as depicted in
Figure 4; water as the main impurity in ethanol (4%) and low ethanol/beef tallow molar
ratio (20/1) reduced the FAEEs yield. Moreover, the successful ester production via
supercritical alcohols in this work was also contrasted with the catalytic methods, which
have pros and cons; for instance, the basic catalysis that commonly used KOH and 6/1
(methanol/beef tallow) molar ratio yielded >91% beyond 35 min [20,64], the acid catalysis
lasted 90 min with a 6/1 (methanol/beef tallow) molar ratio, and reached a yield of
96.3% [65], and the enzymatic catalysis performed during 48 h and 50 ◦C that yielded
89.7% [66].

3.3. Fatty Acid Alkyl Ester Properties

The cloud point (CP), cetane number, color Gardner and free fatty acid content are
summarized in Table 2. Cloud points for esters tended to diminish as the temperature
of the reaction was increased, even for the samples with the lowest FAEEs content. The
exception was detected for the highest temperature (420 ◦C) for FABEs via iso-butanol,
whose cloud point (CP = 11 ◦C) was superior to that reported at reactions undertaken at
390 ◦C (CP = 9 ◦C); the generation of other functional groups on the reaction performed
at 420 ◦C could contribute on the opalescence. Cloud point values for FAEEs started at
20 ◦C and were lowered at 16 ◦C for the highest yield; the cloud point lowered to 14 ◦C for
the reactions that were prone to thermal degradation. FABEs via iso-butanol attained a CP
ranging from 18 to 9 ◦C. Cloud points from FAEEs and FABEs indicated good transport
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properties under cold ambient temperatures since these values were lower than those
reported for fatty acid methyl esters (FAMEs) that ranged from 18 to 20 ◦C using the same
raw material [56].

The cetane number (CN) for FAEEs was estimated by adding the contribution of
the cetane number of pure fatty acid ethyl ester as reported in the literature [56] and the
composition (CN = ∑ wi CNi) as reported elsewhere [67,68]. The esters from the optimal
reaction temperature (360 ◦C) achieved a CN = 80.8, where the cetane number varied within
79.2 to 86.8. Under the same feedstock, the produced fatty acid ethyl esters seemed to have
a CN superior to that reported for FAMEs in our preceding contribution (65.5 to 74.9) [56].
Concerning fatty acid butyl esters, this parameter was not able to be estimated under
the same method because of the absence of mass composition and the insufficient cetane
number data for pure esters (FABEs); based on our literature review, the existing cetane
number values for butyl esters were: 73 for n-butyl laurate, 84.8 for isobutyl palmitate,
59.6 for isobutyl oleate, 99.3 for isobutyl stearate, 69.4 for butyl myristate, 82.6 for butyl
hexadecanoate, and 86.3 for 2-methyl propyl octadecenoate [63,69].

The color Gardner with values of 7.3 and 7.4 demonstrated thermal decomposition at
high temperature, where the production of esters diminished. The color Gardner below
5.7 seemed to have an acceptable appearance before it reached darker above 380 ◦C. Equal
to the first property, the color Gardner had lower values for FAEEs and FABEs in contrast
with FAMEs.

Finally, a certain content of free fatty acids, appraised as stearic acid (FFASA) [70],
was still contained in the esters, as indicated in Table 2. An increase in the free fatty acids
was noticeable with rising temperature, and the ethyl esters exhibited superior values in
comparison with the butyl esters. Hydrolysis as a possible additional reaction at super-
critical conditions took place among the lipids and fatty acid alkyl esters: a simultaneous
hydrolysis of glycerides generated free fatty acids, which was competing with transesterifi-
cation, while the produced fatty acid alkyl esters were also hydrolyzed to generate again
free fatty acids [71,72]. This was ascribed to the elapsed thermal exposure and the water
content of materials, mainly for ethanol, which contained 3.6 wt% of water. The formation
of FFA is beneficial to supercritical transesterification since these could be converted to
FAAEs, but this was not possible in our experiments; the free fatty acid formation from
FAMEs during biodiesel obtainment was also proposed by catalytic thermal decomposition
throughout a different mechanism of successive reactions [73]. Therefore, the analysis of
short residence times should be considered to avoid secondary reactions which are related
to thermal exposure.

4. Conclusions

The effect was analyzed of three supercritical alcohols, ethanol, iso-butanol and
1-butanol, accompanied by temperature variations, on the conversion of waste beef tallow
via transesterification for the fatty acid alkyl esters production. Ester content decreased
dramatically at the highest temperature in each case, and this drop in yields might be
caused by the appearance of additional reactions attributed to long thermal exposure. The
maximum yields were attained at 360 and 375 ◦C for ethanol and iso-butanol (temper-
atures were lower than those via methanol) without any apparent thermal degradation
and the preservation of the yellowish coloring on the samples; physicochemical properties
for FABEs via 1-butanol were kept but with a lower yield against with the reported for
iso-butanol. Our findings suggested a better solvation to the detriment of the restriction
of the mass transfer associated with the existence of a homogenous phase. Transesterifi-
cation of waste beef tallow via supercritical ethanol and butanol seemed to be better than
using supercritical methanol under the same conditions in terms of the physicochemical
properties. The longer carbon chain alcohols reduced the glycerol formation and allowed
the FAAEs synthesis with low cloud points (for instance 14 ◦C for FAEEs, 10 ◦C and 8 for
FABEs) and a high predicted cetane number (80.8 for FAEEs); nevertheless, the produced
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esters via methanol were slightly higher than the other alcohols, emphasizing that the
dissolved water in ethanol did not restrain yields dramatically.
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Abstract: The techno-economic feasibility of lavender essential oil supercritical CO2 extraction was
studied. The process was scaled up to a pilot plant, and the extraction yield, composition, and
antioxidant potential of the extracts were evaluated at 60 ◦C and 180 bar or 250 bar, achieving a
maximum yield of 6.9% and a percentage inhibition of the extracts of more than 80%. These results
drove the development of a business plan for three scenarios corresponding to different extraction
volumes (20, 50, and 100 L) and annual production. The SWOT matrix showed that this is a promising
business idea. The COM was calculated and an investment analysis was performed. The profitability
of this process was demonstrated by means of a financial analysis for 8 years, considering a selling
price of 1.38 EUR/g for the extract from the 20 L plant and 0.9 EUR/g for industrial-scale plants,
supported by the price curve. The sensitivity analysis showed that the price of the equipment was
the factor that could most influence the robustness of the project and the business strategy, and the
financial ratios evaluation resulted in a ROE value above 57% in all cases, indicating the economic
attractiveness of the process.

Keywords: lavender essential oil; economic evaluation; supercritical fluid extraction (SFE); price
curve; financial analysis; antioxidant potential

1. Introduction

The continuously growing demand for natural products in sectors such as food and
pharmaceuticals has led to the search for natural sources rich in bioactive substances with
beneficial properties for human health to synthesise drugs and develop nutraceuticals [1–3].

One of the main commercial products derived from nature is essential oils [4,5].
Traditionally, one of the most commonly used essential oils is lavender. It stands out
for having compounds with a high antioxidant and anti-inflammatory capacity such as
linalool [6,7]. Conventionally, this substance predominates in cosmetic applications such as
soaps and perfumes. However, in recent years, the therapeutic potential of this molecule has
been tested in different ways with successful results, such as an alternative to traditional
topical drugs [8]. The above properties would make it an effective substance for the
treatment of skin diseases such as atopic dermatitis.

In addition, these bioactive, antioxidant, and anti-inflammatory substances play an
important role in the progression of reactive oxygen species and antioxidative function,
which helps to reduce the development of some types of cancer and mitochondrial dys-
function [9–11].

Regarding the method of obtaining bioactive substances, one of the most used tech-
niques for the extraction of essential oils is distillation, specifically the type based on steam
extraction. It is a simple and cost-effective technique. Nevertheless, this method has lower
yields than others. Another traditional alternative is extraction with organic solvents,
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which is carried out at ambient pressure but has several drawbacks: the need for solvent
recovery, the energy-intensive operation, and the thermal degradation and loss of valuable
compounds in the purification step [12]. In recent years, new technologies have been im-
plemented to reduce the environmental impact, such as microwave and supercritical fluid
extraction (SFE), the latter being a sustainable alternative that provides extracts with high
purity. Microwave-assisted extraction is a technique that combines microwave extraction
and traditional solvent extraction. Although it reduces the use of solvents and offers high
extraction yields, it does not avoid the use of solvents and involves significant thermal
degradation of the extracts [13].

SFE overcomes the limitations of traditional methods, as it is more efficient and reduces
the environmental impact by avoiding the use of organic solvents. CO2 is usually employed
as the solvent in supercritical conditions due to its non-flammable, non-toxic, and non-
corrosive nature [14]. Moreover, the use of SFE has proven to be effective for obtaining
bioactive compounds and mixtures such as essential oils from natural matrixes [15] and, in
particular, lavender essential oil and derived compounds [16–18].

By contrast, the main disadvantage of employing this technique is that, due to the
high-pressure technology required, the operating costs and the investment needed for the
equipment is higher than that of other conventional processes [19], although at present
the development of industrial-scale units enables us to lower equipment costs associated
with SFE processes [20–22]. However, its relatively energy-intensive needs make it an
economically demanding process, and usually it is restricted to the use of supercritical CO2
extraction for high-value applications [23,24].

Some studies have proposed the extraction of lavender essential oil with CO2 under
supercritical conditions. Reverchon et al. compared this process with hydrodistillation [16].
Different modelling and working conditions have also been analysed [17] as well as water
extraction techniques [25]. Moreover, some research has focused on the antioxidant property
and composition of lavender extracts obtained by supercritical fluids [18].

To properly analyse the economic feasibility of an SFE process, its special characteristics
should be considered. An easy approach traditionally used to predict the economic viability
of this type of process is to determine the cost of manufacturing (COM) of extracts [26].
Many authors have used this method to develop techno-economic studies of supercritical
extraction processes for different raw materials [21,27,28].

However, this estimation is not sufficient to make a comprehensive economic as-
sessment. Supercritical extracts are characterised by their exclusivity, higher quality, and
customised design, thus not simple substitutes of conventional extracts. Hence, the higher-
quality market niche in which these products could be placed has to be strategically
determined. Therefore, other economic characteristics such as profitability over the time
horizon, their flexibility to price changes, and their convenience for particular strategies
have to be assessed before their introduction on the market [24]. Consequently, a complete
study of the economic viability of this type of process must be based on a business plan.

The aim of this study was to demonstrate the technical and economic feasibility of
extracting lavender essential oil with supercritical CO2. Based on a preliminary study
at laboratory scale, the extractions offering the highest yield were carried out in a pilot
plant. The extraction yield, composition, and antioxidant potential of the supercritical
extracts were evaluated, data on which the economic study was based. This study involved
evaluating three different annual productions, 20 L, 50 L, and 100 L. After carrying out
a strengths, weaknesses, opportunities, and threats (SWOT) matrix to capture the ideas
in which the interest of the project lies, the business plan was started. First, the necessary
investment was calculated, formed by the cost of the equipment and facilities as well as the
necessary capital and the COM. After that, the financial analysis was developed, consisting
of an analysis of the income statement, the sales curve price, and financial ratios such as the
return on equity (ROE), which are crucial in considering the economic value of this project.
Economic profitability is not enough to ensure economic success, and for that reason a
sensitivity test was performed in order to validate the robustness of the idea by considering
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aspects that could affect the return on investment such as global or local events, changes in
the interest rate, and underestimation of items [29]. This last piece of information is highly
valuable to determine the market strategy of the company.

2. Materials and Methods

2.1. Materials

Dried lavender flowers (Peñarrubia del Alto Guadiana S. L., Albacete, Spain) and CO2
of 99.8% purity (Carburos Metálicos, Barcelona, Spain) were required for the extraction.
For the chromatographic analysis, lavender essential oil and Sigma-Aldrich Spain sponsors
were needed, as well as diethyl ether for analysis (Scharlab, Barcelona, Spain). For the
antioxidant potential assay, ethanol absolute HPLC grade (Scharlab, Barcelona, Spain),
1,1-diphenyl-2-picrylhydrazyl (DPPH) (Alfa-Aesar, Thermo Fisher, Ward Hill, MA, USA),
and L-(+) ascorbic acid (Scharlab, Barcelona, Spain) were used.

2.2. SFE Process

The supercritical CO2 extraction tests were carried out in semi-continuous mode,
according to the diagram in Figure 1. The main part is the extraction vessel, whose nominal
volume was 20 L. In the process, the raw material was fed through the upper part by means
of a basket, and CO2, after subcooling, was pumped and thermally conditioned to reach the
working conditions of pressure and temperature. Once the pressure in the extractor was
reached, the opening of the outlet was initiated and the fluid passed to the two separators,
where the process conditions were modified to cause the precipitation of those substances
that may have been recovered together with the CO2 and to allow the solvent to recirculate.

Figure 1. Supercritical extraction process flow diagram and equipment.

To develop the economic feasibility study, a solvent cycle was proposed in order to
make the process more efficient. The pressure of the supercritical CO2 was decreased after
extraction until reaching 50 bar for separation of the extract, and then, in a condenser,
it had to be cooled until obtaining liquid phase and conditioned in order to feed it back
to the extraction vessel. The solvent cycle was fed by the two gaseous streams of the
separators, and consisted of a mixer, a condenser, another mixer in which a fresh stream
of CO2 entered (assuming losses of 10% of solvent in the process [30,31]), a pump, and a
heater that conditioned the CO2 for entering the extraction vessel.

The working pressures and temperature were 180 and 250 bar and 60 ◦C, respectively.
These conditions were selected based on previous experiments at lab scale that showed
they offered the highest extraction yields. The extractions lasted 90 min with a CO2 flow
rate of 60 kg/h. Equation (1) was used to quantify the extraction yield.

(%) Extraction Yield =
weight o f collected extract

weight o f f ed lavender
× 100 (1)
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2.3. Extracts Characterisation

Gas chromatography coupled to mass spectrometry (GC-MS) was used to evaluate
the composition of the lavender extracts. The equipment used was a Varian Saturn 2000
GC-MS equipped with a HP-5 capillary column (30 m, 0.25 mm i.d., 0.25 μm film thickness).
The method of analysis applied is summarised below [32]. The column temperature was
set to 60 ◦C for 5 min. Then, it was increased to 160 ◦C at a rate of 4 ◦C/min. Finally, it
was raised to 240 ◦C at 15 ◦C/min. The injector temperature was 250 ◦C and the detector
temperature was 280 ◦C. An electron ionisation system with an energy of 70 eV was used.
The diluted samples were analysed with 1:100 diethylether and 1 μL of the diluted samples
was injected in splitless mode. The carrier gas was helium at a flow rate of 1 mL/min.

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay was used to estimate the antioxidant
capacity of the extracts [33]. DPPH• is a stable nitrogen-centred free radical which is
conventionally used to determine the free radical scavenging activities of antioxidants
present in plant extracts or synthetic compounds. The reduction capability of DPPH•
radical is determined by the decrease in absorbance at 517 nm induced by the antioxidant.

The procedure described in L. T. Danh et al. [18] was used. Briefly, 40 μL of extracted
essential oil was mixed with 0.4 mL of 0.5 mM DPPH• solution in ethanol and the final
volume was adjusted to 1.5 mL with ethanol. The control solution was prepared with
0.4 mL of the ethanolic DPPH solution with 1.1 mL ethanol. In addition, a sample of the
standard antioxidant, ascorbic acid, was prepared to compare the antioxidant potential of
the supercritical extracts. The absorbance of the solutions was measured at 517 nm, with
three replicates, after 30 min of stirring in darkness to allow a complete reaction.

To quantify the antioxidant potential of the supercritical extracts, the inhibition per-
centage (I%), which corresponds to the radical scavenging activity of the extracts, was
calculated with Equation (2), where A0 corresponds to the absorbance of the control sample
and As to that of the extracted oil samples.

(%) Inhibition =
A0 − As

A0
× 100 (2)

2.4. Economic Evaluation

For the economic evaluation of the supercritical CO2 extraction of lavender essential
oil, the annual production was used as a design basis. The study was conducted for three
process scales concerning the volume of the extractor: 20 L (scenario 1), which corresponds
to pilot plant scale, and 50 L (scenario 2) and 100 L (scenario 3), which are more like
industrial production. In addition, the production data were calculated taking into account
the maximum yield obtained in a laboratory-scale extraction, which is reported in another
study [34].

Economic evaluations based on the business plan strategy follow a methodology in
which the process is first evaluated by a SWOT analysis (Figure 2). This method takes the
information from an environmental analysis and separates it into internal (strengths and
weaknesses) and external issues (opportunities and threats) to obtain the SWOT matrix.

Through the analysis of the matrix, it is possible to know without very strict calcu-
lations whether a project is interesting or whether any changes leading to improvements
must be made before an economic investment is considered. If a positive conclusion is
drawn from the matrix analysis, the business plan should be continued with the analysis of
the total capital investment of the plant [35].

Once the necessary investment has been determined, the annual costs and revenues
are calculated and then the profit and loss account. In addition, before moving on to the
assessment of financial ratios, the COM will be calculated. As mentioned previously, this is
a simple method for calculating the cost per kg of extract that provides useful information
for classifying production costs. This information is required in the search for investors
(Figure 2).
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Figure 2. Flow diagram of the economic analysis based on the business plan strategy.

The financial analysis defines, for a given income statement associated with sales, a set
of financial ratios used for the determination of solvency in applying for a bank loan, such
as the ROE, return on investment (ROI), and earnings before interest, taxes, depreciation,
and amortisation (EBITDA). Financial analysis also provides the price curve, required
for the sales department to define the price flexibility and sales needs in the context of
competitors. Finally, a sensitivity analysis is performed to check the influence of possible
variations in factors such as equipment costs, salaries, raw materials, electricity, and interest
rates on the profitability of the project to better define the robustness of the business idea in
market situations not considered to be affected by global or local changes. This information
would be used by the chief executive office to define the company strategies.

2.5. Data Reproducibility Analysis

Extraction experiments were carried out under two different conditions, 180 bar and
60 ◦C and 250 bar and 60 ◦C, both for a duration of 90 min and a solvent flow rate of
60 kg/h. The extraction experiments were performed in triplicate and the extraction yield
value obtained was averaged. The difference in the value obtained was less than 1% in
all cases.

As for the characterisation of the extracts, GC-MS analysis and a DPPH assay was
performed for two different extract samples from each experiment. Concentration and
absorbance were measured in triplicate to check reproducibility.

3. Results and Discussion

The technical viability of the SFE of lavender essential oil at pilot plant scale will
first be discussed based on the lavender essential oil extraction yield obtained for the two
different working pressures. In addition, the composition and antioxidant potential of the
obtained extracts were analysed, which are considered key factors that encourage the idea
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of designing a commercially attractive product. From these results, the business plan can
be started, and this is discussed in the corresponding section.

3.1. Lavender Essential Oil Supercritical CO2 Extraction

For an operating pressure of 180 bar, an extraction yield of 6.2% was obtained, while
for 250 bar it was 6.9%. Although this is not a very significant increase, it follows the usual
trend in supercritical CO2 extraction processes: the higher the pressure, the higher the
CO2 density and therefore the higher the solubility of the interesting compounds in the
supercritical solvent [36].

Table 1 shows the mass% data for the main compounds identified in the extracts.
As studies on the composition of lavender (L. Angustifolia) essential oil indicate [37],
the two major components are linalool and linalyl acetate. The extracts obtained in this
work concur with these results, and it can be seen that the mass percentage of linalool is
approximately 32% and linalyl acetate 43%. These are interesting results from the point of
view of the commercial application of these supercritical extracts, as the mass percentage of
these two main compounds in the extracts is higher than in the commercial essential oil
(Sigma-Aldrich) that was also analysed and which showed a mass percentage of linalool
and linalyl acetate of 28 and 31%, respectively. As can be seen, the pressure increase had
no clear influence on the composition. Eucalyptol, camphor, endoborneol, terpinen-4-ol,
α-terpineol, nerol acetate, caryophyllene, and β-Famesene were also identified as minor
compounds present in the supercritical extracts.

Table 1. Composition of supercritical extracts.

% wt
60 ◦C

180 Bar 250 Bar

Eucalyptol 3.48 4.11
Linalool 32.07 32.20

Camphor 4.24 4.58
Endoborneol 4.07 3.91
Terpinen-4-ol 3.60 3.58
α-terpineol 1.49 1.43

Linalyl acetate 43.03 43.01
Nerol acetate 2.44 2.34

Caryophyllene 2.95 2.58
β-Famesene 2.64 2.25

Regarding the study of the antioxidant capacity, by means of the DPPH method,
it was observed that the two extracts showed an inhibition percentage higher than 80%,
values very close to the inhibition percentage of ascorbic acid, a substance considered as an
antioxidant standard. It can be stated, therefore, that the lavender essential oil obtained by
supercritical technology has a high antioxidant potential. Figure 3 shows the results of the
DPPH assay for each of the samples analysed.

Regarding the influence of pressure on the percentage of inhibition obtained, a small
increase in its value can be observed (Figure 3) with increasing working pressure. This can
be attributed to the increase in the concentration of the compounds of the essential oil to
which the antioxidant characteristics are attributed.

The technological feasibility of lavender essential oil extraction with CO2 under super-
critical conditions can now be considered. High-purity extracts can be obtained without the
need to apply high temperatures and by avoiding the use of organic solvents. Moreover,
the antioxidant potential allows considering these natural extracts for the development of
pharmaceuticals and cosmetics, which requires an economic feasibility study.

105



Processes 2022, 10, 2708

 

Figure 3. % Inhibition of ascorbic acid and lavender essential oil supercritical extracts.

3.2. SWOT Analysis

Table 2 shows the SWOT matrix obtained for the process of extracting lavender
essential oil with supercritical CO2. It should be noted that the SWOT matrix is a tool that
depends on the current situation and future market trends [38].

Table 2. SWOT matrix for the supercritical extraction of lavender essential oil.

Strengths Weaknesses

S1. Great availability of high-quality lavender in the area.
S2. Large knowledge of the extraction process using
supercritical technology and characterisation of the

extracts obtained.
S3. Cost advantages of patented know-how.

S4. Obtention of a product with high added value and
beneficial properties for health.

W1. High-cost structures.
W2. Need for safety mechanisms due to high

working pressures.
W3. Limited financial resources.

W4. Lack of access to distribution channels.

Opportunities Threats

O1. Economic and social promotion of the
surrounding area.

O2. Use of the extracts in new and growing pharmaceutical
and nutraceutical products.

O3. Use of green solvents that promote compliance with
health and food standards.

O4. Unsatisfied customer needs.

T1. Minimum control in the final distribution.
T2. High dependence on market developments.
T3. Customers’ ability to differentiate the new

product from the traditional one.
T4. Strong competitors.

T5. Emergence of substitute products.

To design a SWOT matrix, internal factors of strengths and weaknesses and external
factors of opportunities and threats must be taken into account.

The strengths of this business plan are the competitive advantages of the project, such
as the wide availability of lavender at a good price in the area of Castilla-La Mancha, where
the research was carried out, and the extensive experience of the research group with
supercritical extraction. The most important advantage is the possibility of developing
a novel product of high purity. Weaknesses that could compromise the viability of the
project include the high investment costs of the facilities, working at high pressures, and
the limited economic resources, as well as the challenge of finding a distribution channel.

On the other hand, the study of external factors has shown that this project is highly
dependent on market developments and that there are many products whose properties
can be considered similar to those obtained by this high-pressure process. Therefore, the
main threat lies in competition. However, the use of green solvents that comply with the
imposed standards, the economic and social promotion of the area, and the unmet need of
customers are opportunities that make this process suitable to enter the growing market
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of natural products dedicated to human health care. Furthermore, it could provide an
economic and social boost to the region. In summary, after the analysis of all the factors
in the SWOT matrix, it is considered that the extraction of lavender essential oil with
supercritical CO2 can be a good business idea and should not be ruled out a priori.

3.3. Investment Analysis

To calculate the investment in supercritical equipment required at various sizes, infor-
mation is usually available for one of the sizes and the power law (Equation (3)) is used
to scale the costs of equipment with different capacities [39,40], where C1 is the cost of
equipment with capacity Q1, C2 is the cost of equipment with capacity Q2, and M is a
constant that refers to the type of equipment and is available in the literature [41].

C1 = C2 ×
(

Q1

Q2

)M
(3)

The costs associated with the three production plants proposed in this study have
been estimated on the basis of the costs relating to the volume of a 1 L extractor as in the
research of other authors [42]. Table 3 lists the data used to estimate the cost of the three
proposed scenarios as well as the total cost for each scenario.

Table 3. Base cost for the equipment of the supercritical unit.

Item M a Unit Base Cost
(EUR) b,c

Quantity
(un.)

Total Cost
Scenario 1

(EUR)

Total Cost
Scenario 2

(EUR)

Total Cost
Scenario 3

(EUR)

Jacketed extraction vessel 0.82 4361.00 1 50,866.36 107,830.47 190,364.55

CO2 electrical pump 0.55 10,399.65 1 54,023.81 89,423.62 130,923.84

Cooler 0.59 1210.40 1 7088.21 12,170.86 18,320.15

Heater 0.59 382.70 1 2241.13 3848.14 5792.40

Separation vessel 0.49 979.00 2 8498.01 13,313.98 18,698.75

Manometer 0.00 62.30 3 186.90 186.90 186.90

Blocking valve 0.60 53.40 4 1288.90 2233.49 3385.33

Backpressure valve 0.60 1157.00 1 6981.54 12,098.05 18,337.21

Safety valve 0.60 80.10 1 483.34 837.56 1269.50

Flowmeter 0.60 249.20 4 6014.87 10,422.94 15,798.22

Temperature controller 0.60 160.20 5 4833.38 8375.57 12,694.99

Piping, connectors, mixers 0.40 587.40 1946.91 2808.81 3706.24

Structural material 0.40 267.00 884.96 1276.73 1684.66

Total cost of SFE plant 145,338.31 264,827.10 421,162.75
a M constant [41], b based on an operating plant with extraction and separation vessels of 1 L, c direct quotation
for reference year of 2018.

In order to be able to determine the investment required for the establishment of a
supercritical CO2 extraction plant for lavender essential oil, the scale of the plant has to be
taken into account, in particular the volume of the extraction vessel, which is closely linked
to the production. For scenario 1, the price of the electric pump exceeds that of the extraction
vessel. In contrast, in scenarios 2 and 3, it is the cost of the container that is the largest,
accounting for approximately 40% and 45% of the total plant cost, respectively. These
results are consistent with studies on extraction plants published by other authors [42,43].
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3.4. Cost of Manufacturing (COM)

To determine the COM in processes using supercritical fluids, the methodology de-
scribed by Turton et al. [44] (Equation (4)) is commonly used, where the COM is a function
of five main costs: fixed capital of investment (FCI), cost of operational labour (COL), cost
of utilities (CUT), cost of waste treatment (CWT), and cost of raw material (CRM). Table 4
indicates the parameters used for this estimation. Updated prices to 2021 were used to
calculate the costs of different items.

COM = 0.304 × FCI + 2.73 × COL + 1.23 × (CUT + CWT + CRM) (4)

Table 4. Parameters for estimating the COMs of extracts.

Economic Parameter 20 L Scale 50 L Scale 100 L Scale Units

Fixed Capital Investment (FCI)

Tangible fixed assets 384,419.84 700,467.69 1,113,975.46 EUR

Depreciation rate 10 10 10 %

Maintenance and others rate 6 6 6 %

Cost of Raw Material (CRM)

Lavender 11.50 11.50 11.50 EUR/kg

Commercial CO2 5.33 5.33 5.33 EUR/kg

Cost of Operational Labour (COL)

Worker 3 3 3 Worker/year

Wages 90,000.00 90,000.00 90,000.00 EUR/year

Cost of Utilities (CUT)

Electricity 0.27 0.27 0.27 EUR/kW.h

Water 0.33 0.33 0.33 EUR/m3

Cooling fluid 1.83 1.83 1.83 EUR/L

The COM has been estimated for the lavender essential oil extraction process in the
three proposed dimensions. The cost of raw material (CRM) includes the amount of laven-
der flowers and CO2 needed for one year of operation, and the cost of operational labour
(COL) refers to the salary of the workers. The number of workers will vary depending
on the production. In the utilities part (CUT), the costs for electricity, water, and coolant
are included. In addition, the cost of waste treatment (CWT) must be excluded. This is
because the refined and exhausted lavender from the extraction, which is the only solid
waste, can be used for various purposes, such as biomass or sold to companies for fertiliser
or animal feed.

The fixed capital investment cost (FCI) consists not only of the cost of the equipment
but both the installation costs of the extraction plant and the investment necessary for the
operation of the plant, and it was calculated using the “Percentage Method” [45]. Moreover,
an annual rate of 10% for depreciation and 6% for maintenance and other costs has to be
taken into account [21].

In order to analyse the COM values obtained for each of the proposed scenarios, it is
also useful to evaluate the productivity for each case. This value corresponds to the annual
production of lavender essential oil in each scenario and was calculated on the basis of
the maximum extraction yield obtained in the experimental work [34]. The results for the
COM estimation are shown in Table 5.
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Table 5. Specific costs, productivity, and COM.

20 L Scale 50 L Scale 100 L Scale

Productivity (kg extract/year) 322.96 807.39 1614.78
FCI (EUR/kg extract) 1380.77 1089.56 866.01

CRM (EUR/kg extract) 168.30 168.30 168.30
COL (EUR/kg extract) 241.52 96.61 48.30
CUT (EUR/kg extract) 210.94 211.51 210.49
COM (EUR/kg extract) 1512.43 1035.98 840.26
COM (EUR/g extract) 1.51 1.04 0.84

As shown in Table 5, an increase in the volume of the extraction vessel leads to a
decrease in COM, thus justifying the economic viability of large-scale projects, particularly
concerning supercritical processes [46]. The specific costs related to raw materials, utilities,
CRM, and CUT are virtually independent of scale. Conversely, with increasing production
capacity, fixed equipment costs and operating costs with operators, FCI, and COL decrease.

The distribution of the specific costs in the value of the COM is represented in Figure 4,
which shows the distribution of each of the factors involved in the total cost for each
volume of the 20 L, 50 L, and 100 L extraction plants. It has to be taken into account that
the 20 L volume could be considered as pilot plant size, so it cannot be compared in terms
of investment and production to the 50 L and 100 L plants.

10%

11%

8%

71%

20 L

13%

6%
11%

70%

 FCI  CRM  COL  CUT

50 L

16%

4%
13%

67%

100 L

Figure 4. Distribution of specific costs according to the different plant sizes.

The distribution of relative costs (Figure 4) shows that it is the relative cost of capital
(FCI) that represents the highest percentage, between 71 and 67%, being higher in the plant
pilot scale.

In the case of operators (COL), the percentage in the case of the 20 L extractor is 11%
while in the larger scales it decreases. In addition, it should be noted that for the 20 L plant
the COL has the highest economic importance after the investment, which can be attributed
to the fact that in this case the number of workers is the same as in the other two scenarios.

The decreasing impact of COL and FCI allows the percentage of CUT and CRM to
increase with the increase in scale, although their specific cost is constant (Table 5). The
percentage of CRM input increases from 8% to 13% from 20 L to 100 L, and the value of
CUT varies from 10% to 16%. This fact confirms the theories of other authors about the
trend of COM in scale-up analyses [47,48].

3.5. Financial Analysis
3.5.1. Selling Price Assessment

The sale prices have been set on the basis of current market research as well as
promoting the idea that these are exclusive products which have been obtained through
environmentally sustainable technology and in a selective way [24]. Furthermore, the
business strategy is in line with the idea of entering an exclusive niche, with high added
value, which represents an alternative for health care [49].
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In this study, to establish the selling price to be used for the financial study, the prices
of the main sellers of lavender essential oil on the market were evaluated. Table 6 shows
the four references considered. These are lavender essential oils with similar characteristics
to the essential oil studied in this project and are intended for cosmetic and nutraceutical
applications.

Table 6. Sales prices of the most popular essential oils on the market.

Price (EUR/g)

Lavender Essential Oil 1 a 0.50
Lavender Essential Oil 2 b 0.80
Lavender Essential Oil 3 c 1.99
Lavender Essential Oil 4 d 4.98

a Mundo Dos Oleos [50], b Pranarom [51], c Apivita [52], d Alqvimia [53].

As shown in Table 6, lavender essential oil prices vary greatly depending on the brand.
This is because of the different markets targeted and the scale of production. The highest
prices correspond to brands that promote their exclusivity and for functions more related
to cosmetics. Conversely, lower prices are attributed to brands that produce on a larger
scale and prefer to expand their market on demand for any application.

In the case of the essential oil in this study, despite being a product with exclusive
properties and an application related to the pharmaceutical or nutraceutical market, an
average value will be taken to make initial economic estimates.

In addition to the prices of the most recognised essential oils on the market, in order to
establish the selling price of lavender essential oil to be obtained in supercritical extraction
plants, the investment and operating costs associated with the production of lavender
essential oil have to be considered.

Considering the above information, the selling price for the following calculations
will be set at 1.38 EUR/g for the extract from the pilot plant (20 L) and 0.9 EUR/g for the
50 and 100 L industrial-scale plants. Reasonably, production at pilot-plant scale results
in higher costs, so the selling price would have to be higher to ensure the viability of the
business. Moreover, an attempt has been made to establish a selling price that is in line
with the prices of other manufacturers.

3.5.2. Income Statement

The income statement is an essential part of an economic evaluation; it shows the
income for a given period and also the related costs and expenses such as depreciation,
amortisation of assets, and taxes. In this sense, the income statement shows the develop-
ment of a company’s assets and liabilities, i.e., it indicates whether investors are earning or
losing money over the set time horizon.

For the preparation of the profit and loss account for each of the scenarios to produce
lavender essential oil, a linear amortisation of 8 years (duration of the project) was estab-
lished, and a leverage of 70% was considered, with an 8-year loan at 5% interest, and the
remaining 30% obtained from own resources. VAT of 21% [54] and an average tax rate of
21.1% [55] were taken into account. Inflation of 6.5% [56] was also considered to analyse
the evolution over the time horizon of the project [57]. The profit and loss account report is
shown in Table 7.

In year 0, no cash flow or net profit is calculated, as no income is generated. This year
is considered the start-up year in which the investment is fully realised. For the rest of
the years, the gross margin is obtained by subtracting the variable costs, referring to raw
materials and utilities, from the total sales, if all the essential oil obtained is sold.

EBITDA is determined by also considering fixed costs such as salaries, supplies,
advertising, repairs and maintenance, and transport services or insurance. In addition,
the earnings before interest and taxes (EBIT) and the earnings before taxes (EBT) were
calculated, showing that both increase for each exercise.
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Table 7. Income statement over the time horizon of the project for 3 scenarios.

Scenario Financial Year 1 2 3 4 5 6 7 8

1

Gross Profit 323,200 344,208 366,581 390,409 415,786 442,812 471,594 502,248

EBITDA a 214,200 235,208 257,581 281,409 306,786 333,812 362,594 393,248

EBIT b 165,784 186,792 209,165 232,993 258,370 285,396 314,179 344,832

EBT c 148,871 171,650 195,883 221,664 249,091 278,270 309,313 342,340

Net Income 117,459 135,432 154,552 174,893 196,533 219,555 244,048 270,106

NPV d 161,044 183,682 202,962 223,308 244,948 267,971 292,464 318,522

2

Gross Profit 419,997 447,297 476,371 507,336 540,312 575,433 612,836 652,670

EBITDA a 310,997 338,297 367,371 398,336 431,312 466,433 503,836 543,670

EBIT b 222,777 250,077 279,151 310,115 343,092 378,212 415,615 455,450

EBT c 191,987 222,512 254,971 289,490 326,200 365,239 406,758 191,987

Net Income 151,478 175,562 201,172 228,408 257,372 288,174 320,932 355,770

NPV d 232,717 263,545 289,385 316,628 345,592 376,394 409,152 443,991

3

Gross Profit 841,643 896,349 954,612 1,016,662 1,082,745 1,153,123 1,228,076 1,307,901

EBITDA a 732,643 787,349 845,612 907,662 973,745 1,044,123 1,119,076 1,198,901

EBIT b 592,343 647,050 705,312 767,362 833,445 903,823 978,776 1,058,601

EBT c 543,398 603,230 666,875 734,576 806,592 883,201 964,696 1,051,389

Net Income 428,741 475,949 526,164 579,580 636,401 696,845 761,145 829,546

NPV d 552,467 615,695 666,446 719,880 776,701 837,145 901,445 969,846
a EBITDA: earnings before interest, taxes, depreciation, and amortisation, b EBIT: earnings before interest and
taxes, c EBT: earnings before taxes, d NPV: net present value at 3% interest.

To conclude the income statement, the net income was determined by deducting the
value of the income tax provision from the EBT. Positive results were obtained for all
scenarios, increasing this value every year and with an increase in scale, which can be
taken as an indicator that this is a viable process that can be scaled up and a promising
business plan.

On the other hand, we also applied other methods to judge the viability of the in-
vestment, such as the calculation of net present value (NPV) [58]. This method takes
into account the timing of cash flows, and therefore uses the discounting or discounting
procedure in order to homogenise the amounts of money received at different points in
time [35]. These results again indicate that this is a healthy investment. The maximum
value of NPV reached was EUR 969,846 in year 8 of scenario 3, which indicates that it is the
most profitable scenario and the most attractive investment to scale the extraction process
of lavender essential oil with supercritical CO2.

3.5.3. Financial Ratios

The financial ratios are used to further investigate the profitability of the project in
addition to the realisation of the income statement. This information is mandatory to
obtain a bank loan. Table 8 shows the main financial ratios studied together with their
generally considered healthy values. The investment will be attractive to investors if the
result of these ratios for each financial year is above their healthy value [29]. These ratios
are calculated for the three proposed scenarios and their results are shown in Table 9.

These results are grouped into categories. First, those related to profitability were
calculated: ROE, ROI, and EBITDA to sales. These values indicate how assets are used
to cover costs and achieve maximum profitability. It is shown that all these parameters
increase as the time horizon progresses and become higher the larger the scale. Of note, the
ROE value obtained reaches a high value, indicating the advantages of investing capital
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in this business instead of a bank deposit. The maximum value for this ratio is acquired
in year 8 of each of the scenarios and has a value of 76.74, 71.65, and 77.65 for scenario 1,
scenario 2, and scenario 3, respectively.

Table 8. Summary of the main financial ratios of economic analyses.

Financial Ratio Equation Definition Healthy Value

Return on equity (ROE) ROE = Net Income
Shareholder′s Equity

Profit generated with the money
that shareholders have invested >13%

Return on investment (ROI) ROI = Net Income
Total capital

To compare the efficiency of a
number of different investments >15%

EBITDA to sales EBITDA to Sales = EBITDA
Revenue

Company’s operational
profitability by comparing its

revenue with earnings
>10%

Solvency
Solvency =

After Tax Net Profit + Depreciation
Long Term + Short Term Liabilities

Company’s ability to meet
long-term obligations >0.2

Acid test Acid test =
Cash Accounts Receivable + Short Term Invests.

Current Liabilities

Enough short-term assets to cover
its immediate liabilities >1

Debt to capital
Debt to capital =

Total Debts
Shareholder′s Equity + Debt

Ability to absorb asset reductions
without jeopardising the interest

of creditors
Low

Manoeuvre fund Manoeuvre fund =
Current assets − Current Liabilities

Company’s efficiency and its
short-term financial health High

Break-even point
Margin of safety Margin of safety = Sales

Break even Point
The point at which a business

begins to make profits >1.1

Table 9. Main financial ratios for 3 scenarios.

Scenario Financial Year 1 2 3 4 5 6 7 8

1

ROI (%) 41.26 43.45 45.50 47.40 49.19 50.86 52.42 53.89

ROE (%) 63.21 65.57 67.76 69.81 71.73 73.51 75.18 76.74

EBITDA to sales (%) 48.06 49.55 50.96 52.27 53.51 54.67 55.76 56.78

Solvency 3.57 4.11 4.70 5.34 6.01 6.71 7.43 8.17

Acid test 1.04 2.07 3.10 4.12 5.14 6.14 7.13 8.10

Debt-to-capital ratio (%) 34.68 34.77 34.85 34.92 34.99 35.04 35.09 35.13

Manoeuvre fund 5384 160,010 336,384 535,920 760,127 1,010,609 1,289,077 1,597,351

Break-even point 174,328 172,557 170,697 168,745 166,694 164,541 162,281 159,907

Margin of safety 2.56 2.75 2.96 3.19 3.44 3.71 4.01 4.33

2

ROI (%) 35.95 38.02 39.98 41.84 43.61 45.28 46.86 48.37

ROE (%) 57.70 60.02 62.22 64.31 66.30 68.18 69.96 71.65

EBITDA to sales (%) 42.80 43.71 44.57 45.38 46.14 46.85 47.52 48.15

Solvency 4.05 4.35 4.72 5.15 5.64 6.17 6.74 7.33

Acid test 0.90 1.80 2.72 3.63 4.54 5.45 6.36 7.25

Debt-to-capital ratio (%) 32.96 33.18 33.38 33.57 33.75 33.91 34.06 34.19

Manoeuvre fund −20,521.54 175,523.59 399,792.51 654,122.70 940,471.22 1,260,922.50 1,617,696.61 2,013,158.10

Break-even point 228,009.48 224,785.16 221,399.62 217,844.81 214,112.26 210,193.08 206,077.94 201,757.05

Margin of safety 3.19 3.44 3.72 4.03 4.37 4.74 5.15 5.60
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Table 9. Cont.

Scenario Financial Year 1 2 3 4 5 6 7 8

3

ROI (%) 47.36 48.85 50.28 51.64 52.94 54.18 55.35 56.48

ROE (%) 67.08 68.82 70.47 72.05 73.56 74.99 76.35 77.65

EBITDA to sales (%) 50.41 50.87 51.30 51.70 52.08 52.44 52.77 53.09

Solvency 3.86 4.66 5.47 6.29 7.12 7.96 8.79 9.63

Acid test 1.32 2.59 3.84 5.05 6.23 7.37 8.48 9.56

Debt-to-capital ratio (%) 32.18 32.39 32.58 32.76 32.93 33.08 33.23 33.36

Manoeuvre fund 127,159 684,196 1,297,872 1,971,874 2,710,126 3,516,811 4,396,383 5,353,584

Break-even point 298,244 293,118 287,737 282,086 276,152 269,922 263,380 256,512

Margin of safety 4.87 5.28 5.73 6.22 6.77 7.38 8.05 8.80

Moreover, the ratios for cash flow and solvency were then calculated as well as those
related to debts such as the debt-to-capital ratio. As for the manoeuvre fund, as shown in
Table 9, it has a negative value in year 1 of scenario 2. The change in scale may imply a
reduction in the amount of liquid cash held by the company in the first year. Fortunately,
this value becomes positive from the second year onwards. In general, this value acquires a
positive value in all cases and is greater as the scale increases, which means that in scenario
3 the company could face short-term debts in a much more efficient way and without losing
liquid assets.

Other ratios, such as the break-even point, were also calculated. Its value decreases
over the years for all cases, indicating that the company’s situation improves over the
years and it has to sell less to cover costs. In addition, it is worth noting that the value of
the safety margin is always above the healthy value, which affirms the robustness of the
investment.

3.5.4. Price Curve

Additionally, to assess how the sales strategy could evolve in function to obtain
the same profit, a price curve was made for scenario 3 (Figure 5), which corresponds to
industrial-scale production.
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Selling price (EUR/g)

Figure 5. Price curve (scenario 3).

The price curve gives information about sales department objectives (increase produc-
tion and hence sales) when prices must be decreased in order to fight competitors. From
Figure 5, it can be observed that reducing prices lower that 0.9 EUR/g (selling price set for
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scenario 3) means that sales must be increased exponentially to reach a similar profitability,
so this situation should be avoided as its dangerous for the company.

3.6. Sensitivity Analysis

In order to analyse the robustness of the business idea, a sensitivity study was carried
out. This study analyses changes in factors not considered previously due to external or
internal circumstances, providing information about commercial strategies and alternatives
to face them. This study consisted of assessing the ROE profitability based on a 10%
overestimation of equipment prices, wages, raw materials, electricity, and interest on
money for scenario 3, assuming an average value of ROE. Table 10 shows the average ROE
results for the 8-year time horizon. In addition, these results are plotted in Figure 6.

Table 10. Sensitivity analysis for scenario 3.

ROE (%) Variation (%)

Initial situation 72.62 -
+10% Raw material 71.89 −1

+10% Wages 72.48 −0.19
+10% Interest 72.62 0

+10% Electricity 72.62 0
+10% Equipment 71.71 −1.25

 
Figure 6. Sensitivity analysis for scenario 3 with the 10% overestimation in the price of raw materials,
wages, interest, and equipment.

From the results shown in Table 10 and Figure 6, it can be assumed that the interest
rate and wages has less influence on the profitability of the project. Furthermore, the
increase in the price of electricity would hardly imply any change in the profitability of the
process [59]. On the other hand, the increase in the price of equipment and raw materials,
particularly the latter with a decrease of more than 1% compared to the initial situation, do
have a significant influence on the ROE value.

Therefore, it can be concluded that the two factors that will determine the commercial
strategy of the lavender essential oil extraction business with supercritical CO2 over the
time horizon are the price of raw materials and equipment. These results are in line with
those reported by the COM determination. In this sense, it should be considered that these
will be the parameters to which the profitability of this project is most sensitive to any
possible variation in them.
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4. Conclusions

The technical feasibility of supercritical CO2 extraction of lavender essential oil was
tested at pilot plant scale, with an extraction temperature of 60 ◦C and working pressures
of 180 and 250 bar. The extracts obtained had linalool and linalyl acetate as their main
compounds and showed an inhibition percentage higher than 80%, which shows that this
extract could be promising in the current market. After these experiments, the economic
viability of this supercritical process was studied by means of an 8-year business plan for
three scenarios that included production from pilot plant scale to industrial scale. The
SWOT matrix showed that it is a promising business idea, and by means of the price curve
and the study of the market niche it was possible to establish the ideal prices for the success
of the project: 1.38 EUR/g for the extract from the pilot plant (20 L) and 0.9 EUR/g for
the 50 and 100 L industrial-scale plants. The profit and loss account was drawn up, and
by calculating the financial ratios a detailed study of the profitability could be performed,
paying special attention to the ROE value, which always acquired a value above 57%,
indicating that it is an interesting project from an economic point of view. In addition,
to determine the robustness of the idea and find out the cost items that most influence the
commercial strategy to be followed, a sensitivity analysis was carried out, from which it
could be seen that the cost of the equipment is the item that most influences the ROE value.
The business plan provided results that postulate the production of lavender essential oil
and other natural extracts by means of supercritical technology as an attractive technology
for investment and one capable of satisfying the needs of a growing market niche.
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Abstract: The food, cosmetic and pharmaceutical industries have strong demands for lycopene, the
carotenoid with the highest antioxidant activity. Usually, this carotenoid is extracted from tomatoes
using various extraction methods. This work aims to improve the quantity and quality of extracts
from tomato slices by enhancing the recovery of the carotenoids from the solid matrix to the solvent
using 20 w/w% seeds as modifiers and supercritical CO2 extraction with optimal parameters as the
method. Tomato (TSM), camelina (CSM) and hemp (HSM) seeds were used as modifiers due to their
quality (polyunsaturated fatty acids content of 53–72%). A solubility of ~10 mg carotenoids/100 g of
oil was obtained for CSM and HSM, while, for TSM, the solubility was 28% higher (due to different
compositions of long carbon chains). An increase in the extraction yield from 66.00 to 108.65 g
extract/kg dried sample was obtained in the following order: TSM < HSM < CSM. Two products, an
oil rich in carotenoids (203.59 mg/100 g extract) and ω3-linolenic acid and a solid oleoresin rich in
lycopene (1172.32 mg/100 g extract), were obtained using SFE under optimal conditions (450 bar,
70 ◦C, 13 kg/h and CSM modifier), as assessed by response surface methodology. A recommendation
is proposed for the use of these products in the food industry based on their quality.

Keywords: supercritical extraction technology; extraction enhancement; seed oils as modifiers;
carotenoids; polyunsaturated fatty acids

1. Introduction

Tomatoes are a rich source of natural bioactive compounds, such as carotenoids (in
peels, pulp and the whole fruit) and polyunsaturated fatty acids (PUFA) (in seeds), that can
be used in the food, cosmetic and pharmaceutical industries due to their natural antioxidant,
preservative and colourant abilities [1].

Carotenoids are non-polar compounds, soluble in non-polar organic solvents and oils.
Incorporating carotenoids into vegetable oils enhances their bioavailability and favours
their absorption in the body [1]. Carotenoids dissolved in vegetable oils can be used as
such in functional food products and cosmetic formulations [2]. The quality of the oils
into which the carotenoids are incorporated is also important. The PUFA content and
the ω6/ω3 ratio between ω6-linoleic acid (C18:2 ω6) and ω3-linolenic acid (C18:3ω3)
are important characteristics of vegetable oils owing to their ability to treat and prevent
several health conditions [1,3]. The only essential PUFA that cannot be synthesized by the
human body are ω6-linoleic acid (C18:2ω6) and ω3-linolenic acid (C18:3ω3). However,
these are found in vegetable oils and can be introduced into the human body through the
diet [3]. Moreover, it has been observed that oils protect carotenoids from degradation,
isomerization and oxidation reactions [4].

The food, cosmetic and pharmaceutical industries all have a strong demand for ly-
copene, the carotenoid with the highest antioxidant activity. Lycopene is one of the ten
most-commercialized carotenoids because of its capacity to quench singlet molecular oxy-
gen [5], with a global economic value estimated at 1.5 USD billion in 2017 and a compound
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annual growth rate between 2017 and 2022 of 2.3% [1]. Lycopene and β-carotene are used
in food and supplements and are produced on an industrial scale. Due to rising demand
for natural carotenoids as food colourants and advancements in carotenoid extraction, the
carotenoid market is anticipated to increase from USD 1.5 billion in 2019 to USD 2.0 billion
in 2026 [6].

For the food, cosmetic and pharmaceutical industries, it is desirable that the extraction
process can ensure environmentally friendly carotenoid extraction with minimal loss of
bioactivity [7]. Supercritical fluid extraction (SFE) is a green extraction method with many
advantages over conventional methods that use organic solvents [6]. Supercritical carbon
dioxide (scCO2) is an ideal solvent in the health industry due to its green nature and because
produces extracts with a high degree of purity, free of traces of toxic solvents [8]. Concerning
the operating parameters, the extraction yield increases with pressure, temperature and
CO2 flow rate [9,10]. For the extraction temperature, it has been found that an increase in
temperature is associated with a decrease in the scCO2 density and in the quality of the
extract. However, high temperatures facilitate the release of target compounds from the
plant matrix due to the increase in the carotenoids’ volatility and diffusivity and tomato
structure breakage releasing the solute in the extraction solvent [7,9,11,12].

The extraction pressure influences the scCO2 properties. An increase in pressure
is associated with an increase in scCO2 density, which favours the solubility and the
extraction of solutes due to the improved solvating power of the solvent. Additionally, by
using greater pressures, it may be possible to achieve the same extraction yields with less
CO2 [9,10]. Additionally, high extraction pressure and temperature increase the solubility
of triglycerides and carotenoids in scCO2 [13]. However, very high conditions could cause
the degradation and isomerization of carotenoids. The optimal conditions for carotenoid
extraction using the SFE process are represented by extraction pressures of 200–450 bar and
extraction temperatures of 40–70 ◦C [6,14,15].

The CO2 flow rate ensures the solvent velocity that influences the residence time
between the solvent and the pant matrix and the mass transfer. Higher extraction yields
can be obtained at high flow rates because the external resistance to mass transfer decreases
and the internal diffusion increases. However, very high flow rates do not improve the
extraction process, but only increase the operating costs [9].

The extraction yield in carotenoid recovery from tomatoes can be improved when co-
solvents or modifiers are added to the vegetable matrix. Tomatoes contain seeds that are an
endogenous source of oil that participates as a co-solvent during the extraction process [5].
Tomato seeds ensure a certain amount of oil in the extraction process, improving the
extraction efficiency [16]. Modifiers are added directly to the plant sample and their action
decreases with extraction time, their concentration being high at the beginning of the
process [11]. Their purpose is to enhance the solubility of target compounds in scCO2 and
consequently improve the extraction efficiency. Additionally, edible oil modifiers do not
require separation from the extract and can be used as a product due to their quality [9,13].
Several studies have been concerned with the extraction of carotenoids from plant matrices
using different types of vegetable oils as solvents. Vegetable oils are capable of extracting
non-polar compounds, such as carotenoids, and represent an ecologic, economic and green
alternative to traditional organic solvents [2].

Studies concerning carotenoid extraction with SFE and seeds or vegetable oils from
different types of tomato samples (pulp, peels and pomace) used tomato oil [5,12], hazelnut
oil [8,17,18], avocado oil [19], canola oil [7], soybean oil [13,18] and linseed, corn, sesame,
sunflower, rapeseed and olive oils [18]. The quality of these oils (triglyceride and carotenoid
contents) influence SFE extraction. Thus, the evaluation of different seeds was the first step
in this study. Three types of seeds were evaluated as possible sources of oil to be used in
the SFE process to improve the extraction efficiency.

Tomato seeds (Lycopersicum esculentum) contain 17–23% oil with around 55% ω6-
linoleic acid (C18:2ω6) and 24% ω9-oleic acid (C18:1ω9) as major compounds [3,20,21].
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The carotenoid content of this oil varies with the amount of peel and pulp residues found
in the seed sample subjected to extraction.

Hemp seeds (Cannabis sativa L.) are free of psychoactive substances and can be used in
the food, pharmaceutic and cosmetic industries [22]. Hemp seeds contain 28–37.3% edible
oil [23,24] that contains ω6-linoleic acid (C18:2ω6) and ω3-linolenic acid (C18:3ω3) PUFA as
majority compounds. Hemp seed oil is unique and rare among the common plant oils due
to its low ω6:ω3 ratio (3:1) and due to the presence of ω6-linolenic acid (C18:3ω6) [25]. The
hemp seed oil ω6:ω3 ratio falls within the ideal range of 1:1–5:1, which has been claimed
to be optimal for human consumption [22,26], while the consumption of ω6-linolenic acid
is associated with the maintenance of hormonal balance [24]. Regarding the carotenoids,
hemp seed oil presents β-carotene, its content ranging between 6.22–12.65 mg/kg oil [22].

Camelina seeds (Camelina sativa L.) contain 28–40% oil [26], with 50–60% PUFA,
from which 35–40% consists of ω3-linolenic acid (C18:3ω3) and 15–20% ω6-linoleic acid
(C18:2ω6) [27]. Moreover, it has a high content of ω9-gondoic acid (C20:1ω9), which plants
very rarely possess, and a low content, below 5%, of ω9-erucic acid (C22:1ω9), which is
undesirable in oils [28]. The ω6:ω3 ratio value is below 1, which shows that camelina oil is
beneficial in the human diet [26].

The aim of this work was to investigate the impact on the extraction yield and
carotenoid content of oils extracted in the dynamic mode by supercritical CO2 extrac-
tion from tomatoes. Powders of tomato, camelina and hemp seeds were added to the
initial tomato samples to be used as sources of oils, increasing the carotenoids’ solubility in
supercritical fluid. The solubility of carotenoids from tomato samples was checked before
supercritical extraction to determine the oil contribution. The extracts obtained by extrac-
tion with supercritical CO2 and oil extracted from the tomato sample with seed powders
were analysed and their effects were presented. The optimal effect of modifiers combined
with the effects of the pressure and CO2 flow rate was assessed by the design of the exper-
iments. Four quadratic models (yield of oil and solid extracts and their compositions in
carotenoids and lycopene) were formulated based on 15 experimental runs and the optimal
values of the extraction parameters were identified. The qualities of the extracts obtained
from tomatoes by supercritical extraction under optimal conditions were compared with
extracts from tomato pomace and their potential applications were highlighted.

2. Materials and Methods

2.1. Chemicals and Standards

The Supelco 37 Component FAME Mix, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 6-
hydroxy-2,5,7,8-tetra methylbroman-2-carboxylic acid (Trolox), sodium hydroxide, boron
trifluoride–methanol (BF3-MeOH) (10–14%) complex solution, anhydrous magnesium
sulphate, acetone, methanol, n-heptane and hexane used in this study were of analytical
grade and obtained from Sigma-Aldrich (Munich, Germany). CO2 with 99.9% purity was
acquired from Linde Gaz (Bucharest, Romania).

2.2. Plant Material

Rila tomatoes, harvested in June 2022 and farmed in Colibas, i, Giurgiu County, camelina
and hemp seeds were purchased from a local market. For the preparation of tomato slices
(TS), ripe tomatoes were washed of soil traces, dried with paper tissues and manually
cut into around 5 mm-thickness slices. For the preparation of tomato seeds (TSM), clean
tomatoes were manually pressed with a squeezer (Ertone, model MN503) to isolate the
pomace from the juice. The seeds from the pomace were separated with a sieve. Tomato
slices (TS), tomato seeds (TSM), camelina seeds (CSM) and hemp seeds (HSM) were dried
in a food dehydrator (Hendi Profi Line, model 229026) at 50 ◦C for 48 h and ground before
extraction using a grinder (Tarrington House, model KM150S). The initial seed content of
the TS sample in this study varied from 6–8%.
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2.3. Soxhlet Extraction (SE)

The Soxhlet extraction method was used to recover the oils from TSM, CSM and HSM
seeds. Tomato seed oil (TSO), camelina seed oil (CSO) and hemp seed oil (HSO) were
extracted using acetone/hexane (v/v, 1:1) (AH) for 6 h. For each extraction experiment,
25 g of dried and ground seeds and 250 mL of solvent were necessary. At the end of each
extraction experiment, the solvent was separated from the extract using a rotary evaporator
(Hahnvapor, model HS-2000NS) to isolate the oil and to recover the solvent. The collected
vegetable oils were weighed and stored in the freezer at −20 ◦C until analysis. The results
were expressed in g oil/100 g dried seeds.

2.4. Maceration (M)

Maceration was used to extract carotenoids from tomato slices using three different
solvents, which were vegetable oils (TSO, HSO and CSO). The carotenoids’ solubilities
in these oils were determined and compared. For each extraction experiment, 0.5 g of
dried and ground TS and 3 mL of solvent (TS:oil ratio of 1:6) were introduced to a 15 mL
centrifuge tube and vortexed for 15 min at 3000 rpm (Velp Scientifica, model ZX4). Next, the
obtained mixtures were centrifuged for 30 min at 8000 rpm (Hettich centrifuge, model EBA
200S) to isolate the extract (the supernatant phase) from the TS sample. The extracts were
analysed by the UV–VIS method to determine the composition of carotenoids. The collected
extracts were stored in the freezer at −20 ◦C until analysis. The results are presented in mg
carotenoids/100 g extract.

2.5. Supercritical CO2 Extraction (SFE)

The supercritical CO2 extraction method was used to perform the extraction experi-
ments to evaluate the influence of modifiers on mass transfer and for the determination of
the optimal parameters. The extraction experiments were carried out in a laboratory-scale
High-Pressure Extraction Unit (HPE-CC 500, Eurotechnica GmbH). The values used for
the operating parameters were a pressure of 350–450 bar, CO2 flow rate of 9–13 kg/h,
temperature of 70 ◦C and an extraction time of 600 min to obtain the full extraction curve.
For each experiment, 180 g of sample (150 g of dried and ground TS and 30 g of dried and
ground TSM, HSM or CSM) was loaded into the extractor and the air from the system
was purged with CO2. Next, the heating was switched on, the extraction temperature
was set and the extractor was pressurized with CO2 using the high-pressure CO2 pump
at the desired value. The pressure and CO2 flow rate were monitored and kept constant
using the pressure control valve and by adjusting the pump stroke. The CO2 flow rate
was measured using a mass flow meter. During the experiment, the extract was collected
every 30 min. The extracts were centrifuged for 30 min at 8000 rpm to isolate the SFE-A
and SFE-B fractions according to a previous study [21]. The collected extracts were stored
in a freezer at −20 ◦C until analysis. The results were expressed in g extract/100 g dried
tomato sample.

2.6. GC–MS Analysis of Vegetable Oils

The vegetable oils (TSO, HSO and CSO) were transesterified to obtain fatty acid
methyl esters (FAME) using the BF3–MeOH complex as a catalyst in an acid-catalysed pro-
cedure [29]. The gas chromatography coupled with mass spectrometry (GC–MS) method,
using a gas chromatograph (Agilent Technologies 7890A) equipped with a mass spectrome-
ter detector (Agilent Technologies 5975C), was used to determine the FAME components in
the analysed oils according to the procedure described in a previous study [30]. The results
were expressed as the percentage of FAMEs.

2.7. UV–VIS Analysis of the Extracts

The UV–VIS spectrometry method was used to analyse the carotenoid contents of the
extracts with a Helios UV–Visible spectrophotometer (Helios beta, Thermo Spectronic). The
extracts’ spectra were recorded in the 325–575 nm wavelength range. The quantification of
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carotenoids was performed using the IPM-II-WG6 method [31] based on the sample ab-
sorbances and specific extinction coefficients of lycopene and β-carotene in acetone/hexane
(AH) at the isosbestic point (461 nm) a = 0.194 and lycopene maximum wavelength (504 nm)
a = 0.261. The results were expressed in mg carotenoid/100 g extract.

2.8. Antioxidant Activity of the Extracts

The total antioxidant activity of tomato extract samples was assessed by the DPPH (2,2-
diphenyl-1-picrylhydrazyl) free radical-scavenging assay using Trolox (6-hydroxy-2,5,7,8-
tetramethylbroman-2- carboxylic acid) as a reference antioxidant compound according
to the procedure described in a previous study [21]. The results were expressed as the
percentage inhibition of free radicals, inhibition % DPPH.

2.9. Statistical Analysis

Extraction (SE, M and SFE), centrifugation and transesterification experiments were
performed in duplicate. The UV-VIS and GC-MS analyses of extracts for the quali-
quantitative determination of carotenoids and FAME were carried out in triplicate. The
results were presented as the mean values ± standard deviation (SD). All experimen-
tal datasets were subjected to ANOVA analysis to determine the variability between the
samples and within the samples. The extraction yields, carotenoid concentrations and
FAME compositions of the extracts were validated using the homogeneity of variances for
individual sets, applying Hartley’s Fmax test [32].

2.10. Design of Experiments

The response surface methodology (RSM) was used as a tool to determine the effects of
different operating parameters used for supercritical CO2 extraction and their interactions
on some productivity parameters (extraction yield and compounds’ concentrations) based
on a number of experiments. The number of experiments was influenced by the design
type, the number of factors and the number of replicates in the central point according to
Equation (1) [33,34].

N = 2 k (k − 1) + C0, (1)

where N is the total number of experiments, k is the factor number and C0 is the number of
replicates at the central point. The selected factors were related to the operating parameters
and to the composition of the vegetal matrix, while the evaluated responses were related
to the quali-quantitative profiles of the extracts. The Box–Behnken surface experimental
design pk (BBD) was used as the design type in this study to evaluate the effects of three
selected factors (k = 3) with three levels (p = 3), including the extraction pressure (350, 400
and 450 bar), seed type (TSM, CSM and HSM) and CO2 flow rate (9, 11 and 13 kg/h). Four
responses, such as the SFE-A (oily extract) yield, SFE-B (solid extract) yield, total carotenoid
content in SFE-A and lycopene content in SFE-B, were proposed to evaluate the effects
of these three factors. Considering three replicates in the central point and BBD design,
the number of experiments was 15, with each experiment being performed in duplicate.
The selected factors and responses with their coded and uncoded levels are presented in
Tables 1 and 2.

Table 1. Independent variables (factors) for the BBD experimental design.

Independent Variables
(Factors)

Symbol

Range of Coded Levels of Variables

Low Medium High

−1 0 +1

Extraction pressure/(bar) X1 350 400 450
Seed type X2 TSM CSM HSM

CO2 flow rate/(kg/h) X3 9 11 13
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Table 2. Dependent variables (responses) for the BBD experimental design.

Dependent Variables (Responses) Symbol

SFE-A yield/(g/100 g dried sample) Y1
SFE-B yield/(g/100 g dried sample) Y2

SFE-A carotenoids/(mg/100 g extract) Y3
SFE-B lycopene/(mg/100 g extract) Y4

To predict the effect of each factor that affects the chosen responses of the SFE process
using tomato slices, four second-order polynomial models (Equation (2)) for k independent
variables (X1, X2 and X3) were developed:

Yi = β0,i + β1,i · X1 + β2,i · X2 + β3,i · X3 + β4,i · X1 · X2 + β5,i · X2 · X3 + β6,i · X1 · X3
+β7,i · X2

1 + β8,i · X2
2 + β9,i · X2

3
(2)

where X1, X2 and X3 are the selected factors and βji are the intercept (β0,i), linear (β1,i,
β2,i and β3,i), quadratic (β4,i, β5,i and β6,i) and interaction (β7,i, β8,i and= β9,i) coefficients
that described the factors’ effects on the chosen responses (Yi). Statistical validation of the
model was performed using analysis of variance (ANOVA) to verify that the model correctly
described the relationship between factors and responses. The accuracy of the model was
checked through the coefficient of determination (R2) and lack-of-fit test. Finally, the
determination of the optimal conditions was accomplished using the desirability function
and response surface plots. Response surface plots were generated using the function of
two factors and keeping the third factor constant [34].

3. Results and Discussion

3.1. Extraction of Carotenoids with Vegetable Oils

Vegetable oils used for the extraction of carotenoids from TS were obtained by the SE
method with organic solvents (AH) using three types of seeds: TSM, CSM and HSM. The
characteristics of the seeds before and after grinding (A and B), the extracts mixed with the
solvent (C) and the isolated oils (D) are illustrated in Figure 1.

 

Figure 1. Vegetable oils (TSO, CSO and HSO) obtained using Soxhlet extraction with acetone:hexane
(1:1, v/v): A—seeds sample, B—ground seeds and C—extract with solvent, D—oil.
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These oils were chosen due to their particular compositions of ω6-linoleic acid
(C18:2ω6) and ω3-linolenic acid (C18:3ω3). Additionally, they contain compounds that pro-
vide different colours. Due to their different compositions of carotenoids and chlorophyll,
TSO is orange, CSO is yellow and HSO is green.

The oil contents of the seeds are presented in Table 3. The extraction yield for TSO
was 19.17 ± 0.21 g TSO/100 g dried seeds, being in the range of 17–23%, as reported in
the literature [20]. From HSM seeds, 30.85± 0.29 g HSO/100 g dried seeds was extracted,
higher than that from TSO, with 61%. The highest amount of oil, 41.85± 0.16 g CSO/100 g
dried seeds, was obtained from CSM seeds, twice the yield from TSM seeds. Similar yield
values of 28–35% for HSO [23] and 28–40% for CSO [26] were presented in other studies.

Table 3. Extraction yields of vegetable oils (g oil/100 g dried seeds ± SD).

Extract ID
Extraction
Method *

Extraction
Solvent *

Extraction
Parameters

Extraction Yield **

TSO
SE AH

msample = 25
Vsolvent = 250

19.17 ± 0.21
CSO 41.85 ± 0.16
HSO 30.85 ± 0.29

* SE—Soxhlet extraction, AH—acetone:hexane (1:1, v/v), msample/(g)—mass of the sample, Vsolvent/(mL)—volume
of the solvent. ** there were no statistically significant differences between extraction yields for sets variances
according to Hartley’s Fmax test (p < 0.05) at the α = 0.05 significance level.

The composition of fatty acids of the vegetable oils extracted with AH is presented in
Table 4. The fatty acids profile of these oils was similar to that in other studies [3,25,28]. For
the selected oils, a difference between SFA (saturated fatty acids), MUFA (monounsaturated
fatty acids) and PUFA compositions was observed. HSO contained a higher concentration
of PUFA (71.54%), while TSO and CSO had similar PUFA concentrations (53.19% and
55.06%). MUFA were present in higher concentrations in CSO (38.08%), while their content
in HSO was twice lower (17.59%). The major fatty acids found in these oils were ω6-linoleic
acid (C18:2ω6) in TSO (55.06%) and HSO (55.93%), and ω3-linolenic acid (C18:3ω3) in CSO
(33.90%), which was not present in TSO. Due to their composition, these oils can be used in
the food industry.

Table 4. Composition of fatty acids of the vegetable oils (% ± SD).

Fatty Acid Profile
Composition *

TSO CSO HSO

Palmitic acid (C16:0) 15.06 ± 0.03 a 6.42 ± 0.05 b 6.43 ± 0.02 c

Stearic acid (C18:0) 6.36 ± 0.09 a 2.32 ± 0.04 b 3.40 ± 0.03 c

Oleic acid (C18:1ω9) 23.52 ± 0.22 a 18.70 ± 0.09 b 16.59 ± 0.06 c

Linoleic acid (C18:2ω6) 55.06 ± 0.17 a 19.29 ± 0.10 b 55.93 ± 0.10 c

Linolenic acid (C18:3ω6) - - 2.37 ± 0.03 c

Linolenic acid (C18:3ω3) - 33.90 ± 0.07 b 13.25 ± 0.03 c

Arachidic acid (C20:0) - - 1.04 ± 0.01 c

Gondoic acid (C20:1ω9) - 17.22 ± 0.06 b 1.00 ± 0.02 c

Erucic acid (C22:1ω9) - 2.17 ± 0.04 b -

SFA 21.42 8.74 10.87
MUFA 23.52 38.08 17.59
PUFA 55.06 53.19 71.54

* means ± SD followed by a letter (a–c) indicate that there were no statistically significant differences between the
fatty acid compositions for sets variances with the same superscript letter according to Hartley’s Fmax test (p <
0.05) at the α = 0.05 level of significance.

The presence of carotenoids in the extracted oils was determined by the UV-VIS spec-
trophotometric method. The lycopene and β-carotene contents of these oils are presented
in Table 5. CSO contained traces of both carotenoids (less than 1 mg/100 g oil), while TSO
had the highest content (5.89 mg carotenoids/100 g oil) due to the presence of peels and
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pulp residues from the tomato seed sample subjected to the SE method. β-carotene was
present in a high concentration of 5.95 mg/100 g oil in HSO, being within the range of
3.15–12.54 mg/100 g oil reported by another author [35].

Table 5. Carotenoid contents of vegetable oils and TS extracts (mg/100 g extract ± SD).

Extract ID
Extraction
Method *

Extraction
Solvent *

Lycopene
Content **

β-Carotene
Content **

TSO SE AH 3.26 ± 0.05 2.63 ± 0.07
CSO SE AH 0.08 ± 0.01 0.50 ± 0.03
HSO SE AH 0.11 ± 0.01 5.95 ± 0.08

TSO-TS M TSO 11.35 ± 0.06 1.42 ± 0.03
CSO-TS M CSO 8.94 ± 0.07 1.15 ± 0.05
HSO-TS M HSO 8.42 ± 0.25 1.48 ± 0.03

* SE—Soxhlet extraction, AH—acetone:hexane (1:1, v/v), M—maceration. ** there were no statistically significant
differences between carotenoid contents for sets variances according to Hartley’s Fmax test (p < 0.05) at the α =
0.05 level of significance.

To assess the solubility of carotenoids in the three selected oils, the maceration method
was used. Ground TS samples (A and B) were mixed with the oils (C), vortexed (D) and
centrifuged in fractions (E), as shown in Figure 2. After the same extraction times, three
oily extracts (TSO-TS, CSO-TS and HSO-TS) were obtained and changes in the oils’ colours
were observed: TSO-TS changed from orange to red, CSO-TS changed from yellow to
orange and HSO-TS changed from green to brown (Figure 3a,b). These changes in colours
were associated with the carotenoid content extracted from TS, even if the vegetable oils
were also pigmented.

 

Figure 2. Samples and extracts from tomato slices (TS) for determining carotenoid solubility in
vegetable oils (TSO, CSO and HSO): A—TS sample, B—ground TS, C—TS with oil, D—vortexed
sample, E—centrifuged extract.

The extracts’ contents of carotenoids (lycopene and β-carotene), without the oil con-
tribution, are presented in Table 5. The solubility of both carotenoids in CSO and HSO
was similar (~10 mg carotenoids/100 g oil), while, in TSO, the solubility was higher, at
28%. Lycopene’s solubility at 25 ◦C in TSO was 11.35 mg/100 g oil, close to the values of
7–8 mg/100 g oil reported in another study [36]. An amount of 7–10 mg lycopene/100 g
oil was also reported in a recent study as its solubility in five vegetable oils, including
sunflower, palm, soybean, olive and coconut oils [37]. The maximum solubility of pure
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lycopene in tomato oil is 46 mg/100 g oil, as reported by Squillace et al. [5]. These results
show that the carotenoids’ solubility in oils is a very important factor for improving the
extraction efficiency.

  
(a) (b) 

Figure 3. Carotenoids’ solubility in vegetable oils (TSO, CSO and HSO): (a) vegetable oils; (b) extracts
from TS.

The lycopene recovery with TSO was higher, with 21% in CSO and with 26% in HSO.
This behaviour may be caused by the chain length of the triacylglyceride fatty acids present
in the selected oils. As also reported by Borel et al. [38] the solubility of carotenoids in
oils increases with a decrease in the chain length. As can be observed from Table 4, TSO
contains triacylglycerides with C16 and C18 fatty acid groups, while CSO and HSO also
contain C20 and C22 fatty acid groups.

3.2. Extraction of Carotenoids with Supercritical CO2 and Seed Oils as Modifiers

The supercritical CO2 extraction method was used to recover carotenoids from the
TS samples enriched with 20% extra seeds (TSM, CSM and HSM) as modifiers and to
investigate their influence on the extraction efficiency. The final seed contents of the samples
were around 26–28% (as the tomato pomace seed content). The extraction parameters of
450 bar extraction pressure, 70 ◦C extraction temperature, 11 kg/h CO2 flow rate and
extraction time of 10 h were chosen according to the results of a previous study [21]
that established them as being favourable for carotenoid recovery. The seed content of
the tomato samples, the extraction pressure and the CO2 flow rate or extraction time
influenced the extraction efficiency and the extracts’ qualities expressed by the yield,
carotenoid recovery and antioxidant activity for supercritical CO2 extraction of carotenoids
from tomatoes.

Figure 4 presents the characteristics of the initial tomato sample and seeds (A), the
ground sample (B) and the obtained centrifuged extracts TSM-TS, CSM-TS and HSM-TS
(C) by SFE. Two extract phases were separated: red to orange oil (SFE-A) and dark-red
solid oleoresin (SFE-B).

3.2.1. Modifiers’ Effects on Extraction Yield

Supercritical fluid extraction is a contact equilibrium separation process between
a supercritical fluid and solid matrix, where mass transfer kinetics and solubility play
important roles. The variations in the amount of the extract (g) with the amount of solvent
(kg) per kg of sample (SFE extraction curves) for three samples (TSM, CSM and HSM)
are presented in Figure 5a. From a mass transfer point of view, these curves resemble a
typical extraction curve with three regions: a solubility-controlled phase (0–200 kg CO2/kg
sample), transition phase (200–350 kg CO2/kg sample) and diffusion-controlled phase
(350–600 kg CO2/kg sample) for the same operating conditions (pressure, temperature and
flow rate) [39].
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Figure 4. SFE samples and extracts: A—initial sample, B—ground sample, C—centrifuged extracts.

  
(a) (b) 

Figure 5. Supercritical CO2 extraction from tomato slices (TS) using modifiers (TSM, CSM and
HSM): (a) extraction curves (Reg. 1—solubility-controlled phase, Reg. 2—transition phase, Reg.
3—diffusion-controlled phase); (b) extracts’ compositions in oil (SFE-A) and solid oleoresin (SFE-B).

In the first region (Reg. 1), the slope of the curve was linear and the amount of the ex-
tract was influenced by the solubility in supercritical CO2. The compounds from the surface
of the solid were solubilised in solvent. Lipids and carotenoids are compounds with high
molecular weight, slight polarity and low volatility, and need higher-density conditions to
be solubilised in CO2. At higher pressures (450 bar) and moderate temperatures (70 ◦C), the
CO2 density is similar to that of a liquid (850–900 kg/m3). In this region, it was observed
that the extraction yield decreased in the order of CSM > HSM > TSM, from 101 to 55 g
extract/kg of dried sample. In this region, between 82% and 93% of the total extract is ob-
tained. The transition between solubility-controlled to diffusion-controlled phases occurred
in the second region (Reg. 2). The extract recovery was between 5% and 13% for TSM,
HSM and CSM. In the third region (Reg. 3), the supercritical CO2-extracted compounds
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from the inside of the solid diffused to the medium at a slow rate [9,40]. Even if more CO2
was added, the extraction yield did not increase by more than 3–9%. Therefore, no more
than 450 kg of CO2/kg feed is needed for a significant extraction yield. This CO2 consump-
tion corresponds to an extraction time of about 450–480 min. During the performed SFE
experiments, the CO2 was recirculated and reused in the plant; therefore, for each SFE
experiment, only around 3–4 kg of CO2 was consumed when the plant was depressurised.

Adding ground TSM, CSM and HSM seeds to the initial samples of tomato slices, the
extraction efficiency increased by 39% for HSM (91.8 g extract/kg dried sample) and by 65%
for CSM seeds (108.7 g extract/kg dried sample) from that of TSM seeds (66 g extract/kg
dried sample). This increase was caused by the oil content of the seed modifiers. These
results are better than those reported by other authors who used other types of modifiers
for different tomato samples (pulp, peels and pomace) to improve the supercritical CO2
extraction efficiency. For solid modifiers, such as tomato seeds [5,12], hazelnut powder [17]
or avocado pulp added directly to tomato samples, the same effect was observed, with the
extraction yield increasing from 8.04% to 24.4% [19]. The addition of liquid modifiers and
co-solvents, such as different types of edible canola oil [7], soybean oil [13,18], hazelnut
oil [8,18], linseed, corn, sesame, sunflower, rapeseed and olive oils [18], had the same effect.

3.2.2. Modifiers’ Effect on Extracts’ Compositions

In the presence of oil and supercritical CO2, the carotenoid composition of the extracts
improved. Sovova and Stateva [13] studied the effect of oil as a co-solvent on the carotenoid
composition of extracts and reported that β-carotene solubility in supercritical CO2 in-
creased by 1.3–1.5% when soybean oil was used as a co-solvent (mixed with supercritical
CO2 before entering the extractor), while, when the oil was used as a liquid modifier (being
added directly to the sample), the solubility was even higher.

The presence of modifiers in solids subjected to supercritical extraction led to the
extraction of oils together with carotenoids. The obtained SFE extracts were centrifuged
to separate two fractions, such as the SFE-A fraction with the consistency of a pigmented
oil rich in carotenoids and SFE-B fraction with the consistency of a pigmented solid ole-
oresin rich in lycopene. In Figure 5b, the extracts’ compositions of both fractions, SFE-
A (79–86% oil) and SFE-B (14–21% solid oleoresin), are presented. It can be observed
that the highest amounts of SFE-A and SFE-B were found in the TSM-TS extract (6.1 g
SFE-A:1 g SFE-B) and CSM-TS extract (3.8 g SFE-A:1 g SFE-B). The carotenoid contents
of the SFE-A and SFE-B fractions, determined by the UV-VIS method, are presented in
Table 6. The SFE-A fractions contained mostly β-carotene, with values between 101.35 and
159.73 mg/100 g oil, while SFE-B fractions were enriched in lycopene, with values in the
range of 947.92–1212.68 mg/100 g solid oleoresin.

Table 6. Carotenoid contents of TSM-TS, CSM-TS and HSM-TS SFE extract fractions (mg/100 g
extract ± SD).

Extract ID
Extraction
Method

Extraction
Solvent

Lycopene
Content *

β-Carotene
Content *

TSM-TS-SFE-A SFE scCO2 43.81 ± 0.40 a 159.73 ± 1.31 a

CSM-TS-SFE-A SFE scCO2 71.35 ± 0.24 a 139.70 ± 0.79 a

HSM-TS-SFE-A SFE scCO2 61.79 ± 0.14 a 101.35 ± 0.23 a

TSM-TS-SFE-B SFE scCO2 1212.68 ± 0.69 b 133.78 ± 0.76 a

CSM-TS-SFE-B SFE scCO2 1073.94 ± 3.45 a 93.52 ± 8.49 c

HSM-TS-SFE-B SFE scCO2 947.92 ± 4.36 a 123.41 ± 2.11 a

* means ± SD followed by a letter (a–c) indicate that there were no statistically significant differences between the
lycopene and β-carotene contents for sets variances with the same superscript letter according to Hartley’s Fmax
test (p < 0.05) at the α = 0.05 level of significance.

This behaviour was also observed in other studies (the presence of both fractions),
but with lower carotenoid contents than those reported in the present work. By the ex-
traction of carotenoids from tomato pulp with supercritical CO2, 80 mg β-carotene/100 g
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oil fraction (SFE-A) and 581.6 mg lycopene/100 g solid fraction (SFE-B) were reported
by Longo et al. [17]. Valecilla-Yepez and Ciftici [41] extracted lycopene from a mixture
of tomato peels and seeds (70:30), and the extract fractions contained 220–300 mg ly-
copene/100 g oil fraction (SFE-A) and 330–900 mg lycopene/100 g insoluble fraction
(SFE-B). When hazelnut oil was used as a co-solvent in SFE, lycopene recovery from tomato
pulp increased from 1.2% to 21.6% [18], while the addition of 37% tomato seeds as a modi-
fier to tomato peels in SFE increased lycopene and β-carotene recovery from 17.5% and
37% to 46% and 68%, respectively [12].

Additionally, the modifiers directly influenced the composition of the SFE-A fraction
in fatty acids. As shown in Table 4, CSO and HSO had superior quality to TSO due to the
presence of ω3-linolenic acid (C18:3ω3).

Based on the presented results, samples of CSM or HSM mixed with TS could be
used as raw materials to extract carotenoids with the same quality (900–1100 mg ly-
copene/100 g extract and 90–120 mg β-carotene/100 g extract) as those obtained from
tomato pomace. The oily fraction separated from the extract was rich in carotenoids
(40–70 mg lycopene/100 g extract and 100–160 mg β-carotene/100 g extract) and in essen-
tial ω3-linolenic acid (C18:3ω3), which is very rare in common oils.

3.3. Optimal Parameters for SFE Extraction with Seed Oils as Modifiers

Twelve experiments were performed to extract carotenoids by the supercritical CO2
extraction method using tomato slices mixed with three types of seeds (TSM, CSM and
HSM). Three other experiments were also performed in the central point (pressure of
400 bar, 20% CSM and 11 kg/h CO2 flow rate). The values of the dependent variables are
presented in Table 7. The extraction yields at different experimental runs varied between
2.97 and 9.14 g/100 g dried sample for the SFE-A fraction (oily extract) and between 0.22
and 2.81 g/100 g dried sample for the SFE-B fraction (solid extract). For the extracts’
compositions, the total carotenoid contents in the oily fractions (SFE-A) varied between
86.17 and 206.15 mg/100 g extract, while the lycopene content in the solid fractions was
between 659.17 and 1212.68 mg/100 g extract.

Table 7. Box–Behnken experimental design matrix for carotenoid SFE extraction with modifiers.

Run

Independent Variables Dependent Variables *
X1 X2 X3 Y1 Y2 Y3 Y4

Extraction
Pressure

Seeds Type
CO2 Flow

Rate
SFE-A Yield SFE-B Yield

SFE-A
Carotenoids

SFE-B
Lycopene

1 −1 −1 0 2.97 0.22 147.82 814.97
2 +1 −1 0 5.67 0.93 203.54 1212.68
3 −1 +1 0 4.76 0.75 86.17 659.17
4 +1 +1 0 7.36 1.82 163.14 947.92
5 −1 0 −1 4.32 0.73 98.57 756.22
6 +1 0 −1 8.08 1.90 198.58 1055.26
7 −1 0 +1 5.95 1.39 115.66 819.64
8 +1 0 +1 9.14 2.81 206.15 1167.62
9 0 −1 −1 3.43 0.30 172.34 956.10

10 0 +1 −1 5.27 1.09 138.35 739.99
11 0 −1 +1 4.56 0.53 189.80 1059.35
12 0 +1 +1 6.46 1.30 142.11 831.25
13 0 0 0 7.10 1.55 160.59 920.59
14 0 0 0 6.62 1.74 163.01 918.46
15 0 0 0 7.04 1.77 158.63 916.21

* SFE-A yield/(g/100 g dried sample), SFE-B yield/(g/100 g dried sample), SFE-A carotenoids/(mg/100 g extract),
SFE-B lycopene/(mg/100 g extract).

In Table 8, the regression coefficients of four quadratic models that adequately de-
scribed the effects of independent variables X1–X3 through the chosen Y1–Y4 responses of
the SFE process are presented. The significant terms of the models from a statistical point
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of view (p > 0.05 at a significance level of α = 0.05) for the extraction yields of SFE-A (Y1)
and SFE-B (Y2) were the linear terms of the pressure (X1), seed type (X2) and CO2 flow
rate (X3) and the quadratic term of the seed type (X2

2). For the first response (Y1), it can be
seen that the quadratic effect of the seed type (X2

2) and the linear effects of the extraction
pressure (X1) and CO2 flow rate (X3) were positively correlated with the extraction yield
of the SFE-A fraction (run 8 Table 7). This means that using CSM as a modifier, 450 bar as
the extraction pressure and a 13 kg/h CO2 flow rate resulted in high extraction yields. The
same behaviour was found for the second response (Y2), the extraction yield of the SFE-B
fraction. Regarding the Y3 and Y4 responses, it can be seen that the linear terms of the
extraction pressure (X1) and seed type (X2) significantly affected the recovery of carotenoids
from the SFE-A and SFE-B fractions, as shown by the regression coefficient values. The
effect of the seed type was negative, indicating that the use of the TSM modifier had the
greatest effect, while the effect of the pressure was positive, indicating the use of high pres-
sure values (450 bar). For all of the responses, it was observed that the extraction pressure
(X1) and CO2 flow rate (X3) had positive effects, while the seed type (X2) had a complex
effect, being positive for the Y1 and Y2 responses and negative for the Y3 and Y4 responses.
The use of CSM led to high extraction yields and lower carotenoid concentrations, while
the use of TSM led to higher recovery of carotenoids and lower yields. Thus, RSM analysis
confirmed the importance of the type of seeds used as modifiers in carotenoid recovery
from tomato slices through the SFE process.

Table 8. Models’ regression coefficients.

Statistical Data
Y1 = SFE-A

Yield
Y2 = SFE-B

Yield
Y3 = SFE-A
Carotenoids

Y4 = SFE-B
Lycopene

β0 (Intercept) 6.893 1.688 160.690 918.419
β1 (X1) 1.531 0.547 40.398 166.686
β2 (X2) 0.902 0.373 −22.978 −108.097
β3 (X3) 0.626 0.252 5.735 46.287

β4 (X1X2) * * 5.312 −27.241
β5(X2X3) * * * *
β6 (X1X3) * * * 12.235
β7 (X1

2) * * −8.237 21.640
β8 (X2

2) −1.832 −0.830 * −31.374
β9 (X3

2) * * * 9.627

df Lack of fit 8 3 7 4
p-value Lack of fit 0.565 0.154 0.056 0.053

df Pure error 2 2 2 2
Pure Error 0.068 0.014 4.830 4.793

R2 0.983 0.961 0.968 0.999
Adjusted R2 0.976 0.889 0.950 0.998
Predicted R2 0.942 0.861 0.922 0.985

* Statistically insignificant (p > 0.05) at the α = 0.05 level of significance.

For the statistical validation of the proposed models, the lack-of-fit values were evalu-
ated for a confidence level of α = 0.05 (5% risk is considered significant). Coefficients with
p > 0.05 were considered insignificant from a statistical point of view and were removed
from the model. Additionally, the precision of the predictive models was also verified by
the coefficient of determination (R2). The R2 values were higher than 0.96, indicating a
good fit between the experimental and predicted data, as can also be seen in Figure 6a–d
for the Y1–Y4 responses. The predicted R2 values show how well regression models make
predictions. Response surface graphs between two factors keeping the third factor constant
were generated to analyse the effect of them on the four responses (Figure 7). The CO2 flow
rate was kept constant at the maximum value of 13 kg/h because, as shown above, it had
the lowest effect among the analysed factors.
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(c) (d) 

Figure 6. Predicted versus experimental data for responses: (a) Y1—SFE-A extraction yield/(g/100 g
dried sample); (b) Y2—SFE-B extraction yield/(g/100 g dried sample); (c) Y3—SFE-A total carotenoid
content/(mg/100 g extract); (d) Y4—SFE-B lycopene content/(mg/100 g extract).

For the extraction yields of the SFE-A (Figure 7a) and SFE-B (Figure 7b) fractions, it
can be seen that an increase in pressure and the use of CSM seeds led to higher yields. Yield
values of 7–8 g/100 g dried sample for SFE-A and 2–2,5 g/100 g dried sample for SFE-B
could be obtained using pressures between 400 and 450 bar, X1 = (0, 1) and 20% CSM seeds
(X2 = 0), a mixture of 10% CSM + 10%TSM seeds (X2 = −0.5, 0) or 10% CSM + 10% HSM
seeds (X2 = 0, 0.5).

For the total carotenoid content of SFE-A (Figure 7c) and lycopene content of SFE-B
(Figure 7d), an increase in pressure and the use of TSM seeds led to higher amounts
of carotenoids. Total carotenoid values of 180–200 mg/100 g extract for SFE-A and
1100–1300 mg/100 g extract for SFE-B were obtained using pressures between 375 and
450 bar, X1 = (−0.5, 1) and 20% TSM seeds (X2 = −1), a mixture of 10% TSM + 10%CSM
seeds (X2 = −1, 0) or a mixture of 10% TSM + 5% CSM +5% HSM seeds (X2 = −1, 0.5).
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(a) (b) 

 
(c) (d) 

Figure 7. Response surface plots for Y1–Y4 responses: (a) X1X2 effects, X3 = 1 (ct) for Y1; (b) X1X2

effects, X3 = 1 (ct) for Y2; (c) X1X2 effects, X3 = 1 (ct) for Y3; (d) X1X2 effects, X3 = 1 (ct) for Y4.

It is desirable to obtain both high extraction yields and extracts rich in carotenoids;
thus a trade-off is needed. For this purpose, the desirability function was used to obtain the
optimum extraction conditions for all responses optimized simultaneously. In Figure 8a–c,
the optimal desirability plots for the proposed factors (X1, X2 and X3) are presented. A
desirability of 93.31% was obtained when 450 bar, CSM and 13 kg/h were used as the
independent variables. Under these conditions, the obtained optimum response values
were 8.89 g SFE-A/100 g dried sample, 2.57 g SFE-B/100 g dried sample, 198.49 mg total
carotenoids/100 g SFE-A and 1174.90 mg lycopene/100 g SFE-B.

3.4. Quality of Products

By using SFE as an environmentally friendly extraction technique and vegetal samples
with large productivity (tomato and camelina seeds), two natural products were obtained:
a solid oleoresin (SFE-B) enriched in lycopene, which can be used as a natural colourant
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or additive in the food industry, and tomato and camelina oil enriched in carotenoids and
ω3-linolenic acid (C18:3ω3), which can be used for consumption.

   
(a) (b) (c) 

Figure 8. Optimal desirability for (a) X1—extraction pressure; (b) X2—seed type; (c) X3—CO2 flow rate.

In Table 9, a comparison between the quality of the extracts obtained by SFE from
tomato slices with camelina seeds as a modifier and other extracts obtained from tomato
slices and pomace is presented. The extract conditions were as follows: pressure of 450 bar,
temperature of 70 ◦C, CO2 flowrate of 13 kg/h and extraction time of 10 h. A quantitative
analysis of the extracts showed that, when using camelina seeds, the extraction yield of the
SFE-A product was higher by 107% than that when tomato slices and in the range of that
when using tomato pomace. The extraction yield of the SFE-B product was 8.7 times higher
than that obtained using tomato slices and 1.41 times higher than that obtained using
tomato pomace. Regarding the products’ qualities, the total carotenoid content in the SFE-A
product was almost half the content in the SFE-A product obtained from tomato pomace.
However, the presence of ω3-linolenic acid (C18:3ω3) increased the value of this product’s
antioxidant activity from 38.41 to 50.16%. For the SFE-B product, the lycopene content
and the antioxidant activity were the highest from the analysed samples. In the study by
Szabo et al. [1], HSO and flaxseed oil, with ω6/ω3 ratios of 3:1 and 0.3:1, respectively, were
enriched with carotenoids recovered from tomato residue to increase their antioxidant
activities, and their results showed that these products were suitable to be used in various
food matrices.

Table 9. Quality of the products obtained by SFE from TS enriched with a seed modifier.

Extract
ID *

Extraction Yield ** Carotenoid Content ** SFE-A PUFA Content ** Antioxidant Activity **
Ref.SFE-A SFE-B SFE-A SFE-B C18:2ω6 C18:3ω3 SFE-A SFE-B

CSM-TS 9.05 ± 1.02 2.61 ±0.16 203.59 ± 13.12 1172.32 ± 15.98 19.29 ± 0.10 33.90 ± 0.07 50.16 ± 4.19 71.23 ± 5.03 this
study

TS 4.38 ± 0.86 0.30 ± 0.03 198.36 ± 15.45 916.50 ± 16.47 55.59 ± 0.12 - 49.65 ± 4.21 58.85 ± 4.09 [21]TP 8.95 ± 1.07 1.85 ± 0.11 404.08 ± 26.04 1016.94 ± 12.03 55.59 ± 0.12 - 38.41 ± 3.04 67.02 ± 5.11

* CSM-TS extract from tomato slices with 6–8% tomato seed and 20% camelina seed, TS extract from tomato slices
with 12–17% tomato seed, TP extract from tomato pomace with 22–28% tomato seed, ** extraction yield/(g/100 g
dried sample), carotenoid content/(mg/100 g extract), PUFA content/(g/100 g oil), antioxidant activity/(%
inhibition DPPH).

Due to the existence of a wide range of bioactive compounds and the synergistic
effects of these molecules, using camelina seeds as a modifier increases the added value
of supercritical CO2 extracts, allowing them to keep up with current trends in the field of
health-related products.
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4. Conclusions

The major compounds with antioxidant activities from tomato slice samples were
carotenoids (lycopene and β-carotene) and ω-PUFA (ω6-linoleic acid). Three types of
seeds, including tomato, camelina and hemp seeds, were chosen to be used as modifiers in
the supercritical CO2 extraction of carotenoids from tomato slices.

A quali-quantitative analysis of the seeds was performed to determine the amount of
oil from the seeds and the oil quality expressed by the FAME composition and carotenoid
solubility. The oil quantity of selected seeds, determined by Soxhlet extraction with AH sol-
vent, increased from 19.17 to 41.85 g oil/100 g dried seed in the order of TSM < HSM < CSM.
FAME analysis showed that camelina oil contained ω3-linolenic, gondoic and erucic acids,
while hemp oil contained ω3-linolenic, ω6-linolenic, arachidic and gondoic acids and a low
ω6/ω3 ratio. To determine the carotenoids’ solubility, the maceration of tomato slices in
selected oils was performed and, as a result, ~10 mg carotenoids/100 g of oil was extracted
from camelina and hemp oils, while ~13 mg carotenoids/100 g oil was extracted from
tomato oil.

For the supercritical CO2 extraction process at 450 bar, 70 ◦C and 11 kg/h CO2 flow rate
for 10 h applied to tomato slices enriched with 20 w/w% seed modifier, the extraction yield
increased from 66.00 to 108.65 g extract/kg dried sample in the order of TSM < HSM < CSM.
The extracts were centrifuged to separate two products, an oily fraction (79–86%) and a
solid fraction (14–21%). Products analysis showed similar total carotenoid concentra-
tions (163.14–211.05 mg/100 g extract) in the oil fraction and similar values of lycopene
(947.92–1212.68 mg/100 g extract) in the solid fraction. Further, a Box–Behnken experimen-
tal design was applied to analyse the effects of three independent variables (extraction
pressure, seed type and CO2 flow rate) on four dependent variables (oil and solid yields
and carotenoid composition) to identify the optimal extraction conditions for the high
recovery of the two products and their quality. With the optimal SFE conditions of 450 bar,
70 ◦C and 13 kg/h, the CSM modifier resulted in the following yields of the two products:
90.52 g oil/kg dried sample with 203.59 mg carotenoid/100 g oil, 19.29 g ω3-linoleic acid
and 33.90 ω3-linolenic, and 26.13 g solid/kg dried sample with 1172.32 mg lycopene/100 g
solid. The quality of these products means that they can be used as valuable products in
the pharmaceutical, cosmetic and food industries.
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Abstract: Damage to abdominal wall integrity occurs in accidents, infection and herniation. Repair-
ing the hernia remains to be one of the most recurrent common surgical techniques. Supercritical
carbon dioxide (SCCO2) was used to decellularize porcine skin to manufacture acellular dermal
matrix (ADM) for the reparation of full-thickness abdominal wall defects and hernia. The ADM
produced by SCCO2 is chemically equivalent and biocompatible with human skin. The ADM was
characterized by hematoxylin and eosin (H&E) staining, 4,6-Diamidino-2-phenylindole, dihydrochlo-
ride (DAPI) staining, residual deoxyribonucleic acid (DNA) contents and alpha-galactosidase (α-gal
staining), to ensure the complete decellularization of ADM. The ADM mechanical strength was
tested following the repair of full-thickness abdominal wall defects (4 × 4 cm) created on the left and
right sides in the anterior abdominal wall of New Zealand White rabbits. The ADM produced by
SCCO2 technology revealed complete decellularization, as characterized by H&E, DAPI staining,
DNA contents (average of 26.92 ng/mg) and α-gal staining. In addition, ADM exhibited excellent
performance in the repair of full-thickness abdominal wall defects. Furthermore, the mechanical
strength of the reconstructed abdominal wall after using ADM was significantly (p < 0.05) increased
in suture retention strength (30.42 ± 1.23 N), tear strength (63.45 ± 7.64 N and 37.34 ± 11.72 N) and
burst strength (153.92 ± 20.39 N) as compared to the suture retention (13.33 ± 5.05 N), tear strength
(6.83 ± 0.40 N and 15.27 ± 3.46 N) and burst strength (71.77 ± 18.09 N) when the predicate device
materials were concomitantly tested. However, the efficacy in hernia reconstruction of ADM is sub-
stantially equivalent to that of predicate material in both macroscopic and microscopic observations.
To conclude, ADM manufactured by SCCO2 technology revealed good biocompatibility and excellent
mechanical strength in post-repair of full-thickness abdominal wall defects in the rabbit hernia model.

Keywords: supercritical carbon dioxide; scCO2; acellular dermal matrix; ADM; full-thickness
abdominal wall defects; hernia; mechanical strength

1. Introduction

Abdominal wall surgery includes primarily techniques and surgical procedures fo-
cused to repair hernia defects. Every year, more than 20 million hernia surgeries are carried
out worldwide [1]. In the US alone 700,000 inguinal hernia surgeries are performed in one
year. The incisional hernias no less often may ascend after a laparotomy, in which between
11 and 20% of laparotomies may progress to an incisional hernia [2]. The tension-free hernia
repair technique using biomaterial in a rabbit model is the keystone in the field of surgical
procedures intended to repair abdominal wall defects [3,4].
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Acellular dermal matrix (ADM) is a biomaterial derived from decellularized animal
and human skin and tissues [5]. The ADM’s properties such as structural, mechanical, and
biochemical functions are credited to the extracellular matrix (ECM), the main component
of ADM [6]. The major element of ECM is collagen I, accountable for hemostasis on the
wound bed and for modulating the wound-healing process [7]. In wounds, the role of type I
collagen in the wound bed is to avoid the worsening of wounds by attaching to free radicals,
proteases, and inflammatory cytokines [8]. The ADM is a collagen-abundant ECM that
plays a substantial function in wound healing. Many collagen-based ADM scaffolds are
manufactured by the decellularizing animal, and human skin and tissues, such as bovine
collagen-derived Integra®, swine small intestine submucosa-derived Oasis®, and human
placenta-derived Epifix® [5]. Porcine ADM is an ECM-rich collagen scaffold extensively
employed in tissue engineering. It encourages wound healing because of its biodegradable
and biocompatible nature [9].

Acellular dermal matrix (ADM) biomaterials can enhance vascular ingrowth and
integrate with the host tissues. ADM products possess the ability to support vascular
ingrowth and incorporate native tissues. This allows the host immune system to access the
repair site, which increases resistance to infection by controlling necrotic debris and bacteria
that contribute to the development of chronic wounds [10]. Porcine ADM is an outstanding
substitute for human ADM because of its surplus tissue source, cost-effectiveness and
structural resemblances to collagen in humans [11]. Porcine ADM possesses immunogenic
epitopes which cause host rejection and encapsulation. The chemical cross-linking process is
used to decrease the immunogenicity of porcine ADM. The cross-linking process decreases
the immunogenicity of the ADM by chemically covering its antigenic epitope, it decreases
the scaffold deprivation by matrix metalloprotease and cell infiltration essential for matrix
remodeling [12]. The ADM avoids infection by allowing immune cells to contact with
necrotic debris and bacteria [10].

Decellularization technology is used to eradicate the antigenicity of the xenogeneic
tissue while retaining the components of ECM. Decellularization techniques are classified
based on physical, chemical, or enzymatic approaches by adding detergents, such as Triton-
X100, sodium dodecyl sulfate (SDS), and sodium deoxycholate [13]. Nevertheless, detergent
residues elicit cytotoxicity in vivo and irreversible structural damage to ECM. In addition,
decellularization by detergent is laborious [14]. Supercritical carbon dioxide (SCCO2) ex-
traction technology was an excellent alternative for the decellularization process [15,16].
The SCCO2 technology can be employed to eradicate fat and cellular components from
the fat cells and intracellular, functional cellular proteins while retaining the intact ECM
structure without impairment. The SCCO2 method is efficient in fat reduction and removal
from porcine skin [16]. The histological and immunohistochemical (IHC) staining con-
firmed that there are no alterations and damage to ECM in SCCO2 decellularization [15].
Carbon dioxide is the most commonly used supercritical fluid due to its suitable critical
temperature (31.0 ◦C) for processing ECM. Carbon dioxide is an easily available ambient
gas [16,17]. Moreover, the advantage of SCCO2 decellularization technology is non-toxic,
inexpensive, and eco-friendly [15,18]. The SCCO2 process has few known disadvantages
related to the processing of the tissues, except the fact that the SCCO2 system is a costly
and intricate apparatus working at high pressure.

The protective function, tensile strength and continuity of the skin are due to the
presence of type I collagen. Throughout the maturation stage and skin remodeling, it is
predicted that type III collagen declines compared to type I collagen to return to the ratio
found in normal skin [19,20]. In ADM-treated animals type I collagen revealed a significant
elevation in density compared to normal animals. In addition, a rise in total collagen in
skin wounds was also observed in the presence of ADM [20].

In the present study, we decellularized the porcine hide employing SCCO2 technology
to produce ADM and examined the biocompatibility and mechanical strength in post-repair
of full-thickness abdominal wall defects in the rabbit model.
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2. Materials and Methods

2.1. Preparation of Acellular Dermal Matrix

Porcine hide was procured from Tissue Source, LLC (Lafayette, IN, USA). The fat layer
of the hide was trimmed off and discarded. The remaining hide part was washed with
phosphate-buffered saline (PBS). The hide was delicately sliced to 0.4–2 mm in thickness.
The sliced hide was rolled along with polyethene gauze arranged in a tissue holder, which
was then placed into a SCCO2 vessel system (Helix SFE Version R3U, Applied Separations
Inc (Allentown, PA, USA), with a cosolvent filled to 10% volume of the vessel with 75%
ethanol. The operations of the SCCO2 system were carried out in dynamic mode at 350 bar
and 40 ◦C for 40 min to decellularize porcine hide to ADM. The flow rate of carbon dioxide is
0.3 liters per minute (LPM). Subsequently washed with acetic acid (1%), sodium hydroxide
(0.1 N) and freeze-dried. The ADM is sterilized by γ-irradiation (25 kilo Gray), and the
product is marketed as ABCcolla® Acellular Dermal Matrix in Taiwan.

2.2. Predicate Device

In the present study, the predicate device used is a popular commercial brand, rec-
ommended for hernia reconstruction by physicians. This predicate device is approved
by US FDA and CE. The biological, chemical, physical and mechanical properties of this
commercial brand are comparable to that of the SCCO2-derived ADM, and therefore we
used this predicate device (PRE) to compare in this study.

2.3. Hematoxylin and Eosin Staining

The native porcine hide and ADM were fixed in 4% buffered formaldehyde and
paraffin and the sections were carried out using standard routine sectioning, followed
by hematoxylin and eosin (H&E) for assessing the decellularization of the porcine hide.
The stained native hide and ADM sections were placed on an Olympus bx53 microscope
(Olympus, TX, USA) and photomicrographs were documented for assessment.

2.4. DAPI (4,6-Diamidino-2-phenylindole, Dihydrochloride) Staining

The 5 μm thickness of standard routine paraffin-embedded sections was cut, followed
by dewaxing in xylene and graded alcohol series were used for rehydration and finally into
water. Subsequently, the sections were stained with DAPI and photographs were recorded
using a fluorescent microscope.

2.5. DNA Quantification

The native porcine hide and ADMs the standard genomic DNA were extracted employ-
ing a kit (Nautia Cat. NO.: NGTZ-S100, Nautiagene, Taipei City, Taiwan). The extracted
DNA from the native porcine hide and ADMs DNA was measured employing PicoGreen
dsDNa Quantitation Reagent and Kit (P-7589, Thermo Fisher Scientific, Tainan, Taiwan) at
260 nm in a spectrofluorometric microplate reader (BIO-TEK®Flx800, BioTek Instruments,
Inc., Winooski, VT, USA). The residual DNA quantity and fragment size in the native
porcine hide and ADM were analyzed by agarose gel electrophoresis.

2.6. Alpha-Gal (α-Gal) Staining

The native porcine hide and ADMs paraffin-embedded sections were carried out as
stated in the former section, dewaxed, rehydrated and primary antibody alpha-Gal (α-gal)
was added, incubated and developed by employing the standard immunohistochemistry
staining Avidin-Biotin Complex (ABC) method, following Wu et al. [21]

2.7. Surgery for the Repair of Full-Thickness Abdominal Wall Defects

In this case, 24 New Zealand rabbits weighing greater than 2.5 kg (Male) were ran-
domly allocated to two groups: the experimental ADM group (n = 12) and the predicate
group (PRE) (n = 12), a well-known commercial brand. The animal study protocol was
approved by Institutional Animal Care & Use Committee (Master Laboratory Co., Ltd.,
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IACUC: 20T10-10). All animals overnight fasted before surgery, but the water was permit-
ted. The animals were anaesthetized Zoletil and xylazine were injected into the intramus-
cularly at the dose of 10 mg/kg separately, and then anaesthetized with isoflurane 30 min
before surgery. Before the surgery, the fur of the animal’s abdomen was clipped with an
electric animal shaver with aseptic techniques.

Using a sterile surgical technique, full-thickness abdominal wall defects with a size of
4 × 4 cm on both sides of the midline were carried out, by which the fascia, the underlying
rectus abdominis muscle, and the peritoneum were resected. The experimental ADM
(24 experimental ADM, one animal received 2) and PRE (24 predicate device, one animal
received 2) (5 × 5 cm) were placed intraabdominal with 1 cm overlap and fixed tension-
free to the abdominal wall with eight interrupted 2/0 polypropylene sutures. Next, the
abdominal wall fascia was closed with a running 2/0 polypropylene suture. The subcutis
and skin were closed with continuous resorbable 2/0 polyglactin sutures. The povidone-
iodine was used to disinfect the wound. After surgery, the animals were given antibiotics
intramuscularly once a day for seven days. At 2 and 8 weeks after implantation, the
animal was sacrificed with humanity. The animal samples were collected for further
biomechanical study.

2.8. Mechanical Testing

The mechanical testing was following the in vitro mechanical properties study. The
instrument used is the HT 2402EC material testing machine (Hung Ta Instrument Co., Ltd.,
Taiwan, China) for the tensile strength test. The HT 2402EC capacity is 500 kgf with an
accuracy of ±1% and load accuracy of ±0.01%, with a capacity of 0.005–500 mm/min

2.9. Suture Retention Strength Test

The implanted ADM in the abdominal muscle of rabbit specimens were cut into a
size of 25 × 50 mm2. No #2 suture was used for the retention test, a suture needle was
passed through at a distance of 10 mm from the side of the sample and tied the suture with
a bowline knot. The suture was passed through a hole in a specimen and fixed on the hook
which was attached to the grip of the tensile testing machine.

2.9.1. Tear Strength Test

The tear strength of the implanted ADM in the abdominal muscle of rabbit specimens
was cut into a size of 25 × 50 mm2, and a 10 mm slit was cut from the midline of the 2.5 cm
edge towards the center of the specimen, which is suitable for clamping. Each specimen
was clamped in the upper and lower grip of the tensile testing machine. The samples
were then stretched at 25.4 mm/min. The test was stopped when the total displacement
exceeded 30 mm (the specimen was fully stretched).

2.9.2. Burst Strength Test

The burst strength of the implanted ADM in the abdominal muscle of rabbit specimens
was cut to a size of 50 × 50 mm2, the surrounding muscle tissue was removed, and the
specimens were clamped in the grip. The specimen was fixed into a sample holder, the
clamping device could tightly clamp the four sides of the specimen with a diameter of
30 mm in the center tested. A diameter of 25 mm round rod bar fixture was load applied
at a rate of 25.4 mm/min on the loading device. The test was stopped when the total
displacement exceeded 30 mm or until complete material failure (load = 0 N).

2.9.3. Specimen Tissue Section Preparation and Staining

The raw specimens of each animal (implants on the left or right abdomen) were fixed
in 10% buffered neutral formalin solution for 24 h and went through trimming, fixation,
dehydration, embedding, and slicing for 3–4 μm slides. The slices were then stained with
H&E staining and observed by a veterinary pathologist who was blinded to the experiment
and scored by microscope observation.
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Semi-quantitative scoring of histopathological lesions according to Shackelford et al. [22],
the criteria of the severity grading system for all microscopic lesions were shown as follows:
(i) Grade “minimal”—The tissue has undergone less than 10% of the tissue is involved. For
hyperplasia, hypoplasia and/or atrophy lesions, the “minimal” grade is given when the
affected tissue showed less than 10% increase or decrease in volume. (ii) Grade “mild”—
The tissue has undergone 10–39% of the tissue involved. For hyperplasia, hypoplasia
and/or atrophy lesions, the “mild” grade is given when the affected tissue has less than
10–39% increase or decrease in volume. (iii) Grade “moderate”—The tissue has undergone
40–79% of the tissue involved. For hyperplasia, hypoplasia and/or atrophy lesions, the
“moderate” score is employed when the affected tissue has less than 40–79% increase or
decrease in volume. (iv) Grade “marked”—The tissue has undergone 80–100% of the tissue
involved. For hyperplasia, hypoplasia and/or atrophy lesions, the “marked” score is given
when the affected tissue has experienced 80–100% increase or decrease in volume.

3. Results

3.1. H&E Staining of SCCO2 Decellularized ADM

In native porcine hide, the nucleus is stained by hematoxylin displaying blue-purple
color and eosin binds to the protein of cytoplasm giving pink color (Figure 1i,iii). The
H&E staining showed no cells in the SCCO2 decellularized ADM (Figure 1ii, iv). Therefore,
the H&E staining shows ample decellularization of the porcine ADM as compared to
normal hide.

Figure 1. The characterization of ADM by H&E staining (i,iii) native porcine hide, and (ii,iv) SCCO2

decellularized ADM. (i,ii) Scale bar: 100 μm; (iii,iv) Scale bar: 50 μm.

3.2. DAPI Staining of SCCO2 Decellularized ADM

DAPI stains the nucleus of the cell and shows a bright blue color, under a fluorescent
microscope. The DAPI staining of the SCCO2-processed ADM displayed no nucleus
demonstrating complete decellularization, whereas nucleus staining was visible in the
native porcine hide (Figure 2i, iii). The results indicate that the SCCO2-decellularization
process can successfully remove the cells from the porcine hide (Figure 2ii, iv).

3.3. Residual DNA Content of SCCO2 Decellularized ADM

The SCCO2 decellularization of the porcine hide was confirmed by quantifying the
content of DNA and agarose gel electrophoresis. For ideal and effective decellularization the
criteria are that decellularized tissue must contain < 50 ng of dsDNA per mg of dry tissue.
The SCCO2 decellularized ADMs DNA quantification exhibited an average of 26.92 ng/mg
of DNA (Figure 3A), which is below the acceptable level of 50 ng/mg residual DNA for
medical implant devices based on Biological Evaluation of Medical Devices—Part 1 (ISO
2018). In addition, the SCCO2 decellularized ADM by agarose gel electrophoresis showed
no DNA band, whereas DNA bands were found in the native porcine hide (Figure 3B).
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Figure 2. The characterization of ADM by DAPI staining (i,iii) native porcine hide, and (ii,iv) SCCO2

decellularized ADM. (i,ii) Scale bar: 1000 μm; (iii,iv) Scale bar: 400 μm.

Figure 3. The characterization of ADM by DNA quantification and α-gal staining (A) DNA quan-
tification from native porcine hide and SCCO2 decellularized ADM. (B) Agarose gel electrophoresis
of DNA from native porcine hide and SCCO2 decellularized ADM. (C) α-gal staining. The data
are expressed as mean ± SD (n = 3). * The differences between treatments with different letters are
statistically significant (p < 0.05). (C,ADM) Scale bar: 100 μm.

3.4. Alpha-Gal Staining of SCCO2 Decellularized ADM

The native porcine hide shows the presence of α-gal indicating live cells. α-gal is
a catabolizing enzyme that breakdowns glycoproteins, glycolipids, and polysaccharides.
Live cells show positive immunostaining of α -gal in the native porcine hide (Figure 3C).
However, SCCO2 decellularized ADM exhibited negative immunostaining for alpha-gal
indicating complete decellularization in the ADM (Figure 3D).

3.5. The Mechanical Strength of SCCO2 Decellularized ADM

The suture retention strength of SCCO2 decellularized ADM after implantation was
significantly higher (30.42 ± 1.23 N) than that in the PRE control (13.33 ± 5.05 N) at week
2. The suture retention strength of SCCO2 decellularized ADM and PRE control after
implantation were similar at week 8 (30.38 ± 2.31 N and 31.93 ± 3.05 N) (Figure 4A).
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Figure 4. The mechanical strength of SCCO2 decellularized ADM post 2 and 8 weeks of implantation.
(A) Suture retention strength, (B) tear strength tests, and (C) burst strength tests. The data are
expressed as mean ± SD. * p < 0.05 were considered statistically significant for the PRE group,
ns—nonsignificant.

In the tear strength tests, the SCCO2 decellularized ADM (63.45 ± 7.64 N and
37.34 ± 11.72 N) were significantly higher than the PRE control (6.83 ± 0.40 N and
15.27 ± 3.46 N) at week 2 and week 8 (Figure 4B).

In the burst strength test, the SCCO2 decellularized ADM (153.92 ± 20.39 N) was
significantly higher than the PRE control (71.77 ± 18.09 N) at week 2. However, there were
no significant differences between the SCCO2 decellularized ADM (421.50 ± 127.34 N) and
the PRE control (276.42 ± 82.67 N) in strength at week 8 (Figure 4C).

3.6. Histological Evaluation of the Abdominal Wall Defect Model

The representative histological photomicrographs 2 weeks after implantation of the
SCCO2 decellularized ADM (Figure 5i,ii) and PRE control (Figure 5iii,iv) were shown in
Figure 5. The representative histological photomicrographs 8 weeks after implantation of
the SCCO2 decellularized ADM (Figure 6i,ii) and PRE control (Figure 6iii,iv) were shown
in Figure 6.

Figure 5. The histological evaluation of the abdominal wall defect model post 2 weeks. (i,ii) ADM
group, and (iii,iv) PRE group. (i,iii) Scale bar: 5 mm; (ii,iv) Scale bar: 50 × 200.00 μm.
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Figure 6. The histological evaluation of the abdominal wall defect model post 8 weeks. (i,ii) ADM
group, and (iii,iv) PRE group. (i,iii) Scale bar: 5 mm; (ii,iv) Scale bar: 50 × 200.00 μm.

The histological scores of inflammation in the SCCO2 decellularized ADM (2.83 ± 0.41
and 3.50 ± 0.55) showed similar levels to those in PRE control (3.17 ± 0.98 and 3.00 ± 0.89)
at week 2 and week 8, respectively, indicating no significant difference in the clinical
outcome after implantation between the SCCO2 decellularized ADM and PRE control
(Figure 7A,C). The histological scores of fibroblast and vessel formation in the SCCO2
decellularized ADM and PRE control also showed similar levels at the observation time
points. The scores of fibroblast formation in the SCCO2 decellularized ADM (2.50 ± 0.55
and 2.00 ± 0), and (2.83 ± 0.41 and 2.67 ± 1.03) in PRE control at week 2 and week 8,
respectively, indicating no significant changes between the SCCO2 decellularized ADM
and PRE control (Figure 7A,C). The scores of vessel formation in the SCCO2 decellularized
ADM (2.50 ± 0.55 and 2.17 ± 0.41) and (2.50 ± 0.55 and 2.67 ± 0.82) in PRE control at
week 2 and week 8, respectively, indicating no significant changes between the SCCO2
decellularized ADM and PRE control (Figure 7A,C).

Figure 7. The histological scoring of the abdominal wall defect model post 2 and 8 weeks after
implantation. At 2 weeks (A) inflammation, fibroblast and new vessels, (B) epithelization and PMNL.
At 8 weeks (C) inflammation, fibroblast and new vessels, (D) epithelization and PMNL. The data are
expressed as mean ± SD. ns—nonsignificant.
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The scores of epithelization in the SCCO2 decellularized ADM (3.33 ± 0.52 and
3.17 ± 0.75), and (3.33 ± 0.98 and 3 ± 1.1) in PRE control at week 2 and week 8, respec-
tively, indicating no significant changes between the SCCO2 decellularized ADM and PRE
control (Figure 7B,D). The scores of PMNL in the SCCO2 decellularized ADM (3.17 ± 0.98
and 2.83 ± 0.98), and (3.67 ± 0.41 and 3.17 ± 1.17) in PRE control at week 2 and week 8,
respectively, indicating no significant changes between the SCCO2 decellularized ADM
and PRE control (Figure 7B,D).

4. Discussion

Today the budding topic of research is the development of various kinds of bioma-
terial for the restoration of tissue defects in the abdominal wall. For the past 20 years,
the development has necessitated alterations to the numerous biomaterials in quest of a
prosthetic material displaying ideal performance. However, there is no perfect biomaterial
and strategy for tissue repair and regeneration processes so far. The new age of biomaterials
has taken into account the features of the host tissue and its biology to ensure that the
developed materials with proper characteristics are comparable to the host tissue. There-
fore, engineers, biologists and pathologists play a vital role in the product research and
development process. Various biomaterials are exposed to in vitro and in vivo biocompati-
bility studies, and pre-clinical animal performance studies and their mechanical strength
before and after implantation are also tested [4]. We have developed and manufactured an
innovative regenerative ADM using SCCO2 technology and examined the biocompatibility
and mechanical strength in post-repair of full-thickness abdominal wall defects in the
rabbit model.

In the present study, the characterization of ADM was carried out to validate the
complete decellularization, competent to be employed as ADM for repairing full-thickness
abdominal wall defects. The ADM owns no residual cells as evidenced via H&E and
DAPI staining. The SCCO2 process completely removed the cells as evidenced by H&E
staining. In addition, the SCCO2 process eliminated the nucleus as evidenced by DAPI
staining. The residual DNA quantification was found to be negligible and complied with
the international standard for regulatory approval. Biomaterials accessible for the treatment
of abdominal wall defects are essential to be tested by preclinical animal experimental
studies. International Organization for Standardization have developed biocompatibility
standards following ISO 10993-6, “Biological evaluation of medical devices “Tests for
Local Effects after Implantation,” epitomizes the features that are essential to be taken
into consideration when executing implant studies. Among other features, ISO 10993-6
indicates the selection of species and the assessment of biological responses. Though ISO
10993-6 indicates various experimental animals such as rats, mice, and rabbits. Due to
its size and easy handling, the rabbit is the animal of choice for implant testing. The
New Zealand White rabbit models have offered a shred of outstanding evidence on the
behavior of the various mesh implants in the abdominal wall and facilitated the progress
of our understanding and predict the consequences that would transpire in human clinical
practice [4,23]. Therefore, the current study examines the biocompatibility and mechanical
strength in post-repair of full-thickness abdominal wall defects in the rabbit model further
studies are needed for extrapolating to humans.

In the present study, ADM was characterized to validate the complete decellularization,
α-gal negative in the ADM. A noteworthy difference was detected between the human
and porcine dermis. The decellularized porcine ADM owns the immunogenic galactose-
α -1,3-galactose epitope, while the galactose epitope was absent in the human dermis.
Humans possess a cellular and humoral immune response to this epitope. Its occurrence
generates the possibility of immune rejection [24,25]. Porcine ADM is treated to alleviate the
galactose-α-1,3-galactose epitope, and this treatment has demonstrated efficacy in evading
the immune response during the ADM is implanted in non-human primates. In vitro
studies with human fibroblasts displayed higher numbers of human fibroblasts infiltrating
deep into human ADM than in porcine ADM, this may be because of the increased density

145



Processes 2022, 10, 2588

of collagen in the porcine dermis [26]. Therefore, the current study proved that SCCO2
technology alleviated the galactose-α-1,3-galactose epitope offering biocompatibility and
evading the immune response during the ADM implantation.

Hernia repair meshes need to be precisely designed for their uses. The perfect ADM
used in the reinforced closure need to offer structural integrity during implantation and
an ECM for regeneration. The implanted ADM remodels both mechanically and biologi-
cally. Commercially around 14 biologically derived ADMs are available for hernia repair
in clinical use [27,28]. Furthermore, the tissue-derived ADMs showed no satisfactory
positive responses, in the integration to the host [29]. The current study with the SCCO2-
derived ADM had an excellent integration to the host tissue remodel both mechanically and
biologically in the post-repair of full-thickness abdominal wall defects in the rabbit model.

In the case of big incisional hernias, a multifaceted situation of biological and mechan-
ical signaling and remodeling can impact the remodeling of ADM employed for repair. In
addition, inflammation is linked to high protease activity, which degrades ADM [30]. ADM-
ECM scaffolds implanted in large incisional hernias aid physiologically pertinent to loading
and evading repetition, against the occurrence of protease activity. The inflammation and
swelling were significantly decreased in gross observations in porcine ADM-reinforcement
at 2, 4, and 6 weeks with minimal remodeling at 4 and 6 weeks after the repair [30]. The
current study with the SCCO2-derived ADM is not degraded and no inflammation was
observed even after 8 weeks in post-repair of full-thickness abdominal wall defects in the
rabbit model.

In Förstemann’s abdominal wall model, the average minimum ultimate tensile strength
of the porcine ADM was at least 25 times higher than the average loading in a human
abdominal wall [31,32]. The absolute tensile strength of the porcine ADM was lower than
the surrounding fascia, which is vital in avoiding hernia reappearance. Comparable results
in tensile strength decreased in porcine ADM were observed in primates [29]. Furthermore,
the average Young’s modulus of the porcine ADM and fascia at 6 weeks was comparable.
Young’s modulus is a measure of the stress required to distort a material. In the abdominal
wall defect model, the ADM and abdominal wall interact for a complete closure repair,
both the ADM and the peritoneum-fascia complex will work together to counterattack
stress and loads in the abdominal wall, totaling the capability of the repair to endure pro-
truding and hernia recurrence in implanting collagen-based ADM in vivo [30]. The current
study with the SCCO2-derived ADM had excellent mechanical strength so that the ADM
and abdominal wall interact for a complete closure repair in post-repair of full-thickness
abdominal wall defects in the rabbit model.

Implanted porcine ADMs histological evaluation confirmed remodeling into fascia-like
tissue, without any adhesions to the internal organs. Moderate revascularization occurs on
an average of 2 weeks after implantation of porcine ADM and is increased vascularization
in 4 weeks. Cellular repopulation took a similar trend in implanted porcine ADM. In the
porcine ADM or peritoneum/fascia complex no inflammation and scarring were observed
with the functional repair of a herniated abdominal wall [30]. The synthetic mesh and
cross-linked porcine ADM are encapsulated with scar tissue and are not entirely integrated
into the host tissue [33,34]. The host resident’s abdominal wall inflammatory cells and the
collagen synthesis of fibroblastic cells will respond to the ADM used for hernia repair. The
ADM will modulate the integrity and mechanical properties of the repair over time [30].
The present study with the SCCO2-derived ADM had a minimal infiltration of host cells to
ADM for revascularization and to maintain the mechanical strength of the reconstructed
abdominal wall in post-repair of full-thickness abdominal wall defects in the rabbit model.

The generally employed bioprosthetic in ventral hernia repair is the human ADM
(AlloDerm; Life-Cell Corp., Branchburg, NJ, USA). However, it has a major disadvantage of
propensity to stretch after implantation, leading to protruding of the repair site [35,36]. The
novel xenogeneic non-crosslinked porcine ADM (Strattice; LifeCell) is a good substitute,
due to its negligible bulge rate and the porcine dermis is similar to the human dermis.
The temperature regulation of porcine is by the subcutaneous fat instead of hair, which
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is similar to humans. In addition, similar collagen arrangement and structure between
porcine and human dermis, even though porcine collagen is tightly packed and possesses
a smaller amount of elastin [26,37]. However, the present study with the SCCO2-derived
ADM had no stretching and protrusion of the repair site was observed that maintain the
mechanical strength of the reconstructed abdominal wall in post-repair of full-thickness
abdominal wall defects.

In the present study, we produced an innovative porcine ADM by using SCCO2
extraction technology. Our results proposed that the SCCO2 method can be successfully
used to produce decellularized ADM with excellent mechanical strength, a suitable dermal
substitute for the reconstruction of full-thickness abdominal wall defects.
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Abstract: The presence of tens of Clostridium botulinum spores per gram of honey can cause infantile
botulism. Thermal treatment is insufficient to inactivate these resistant forms. This study explored
the effectiveness of supercritical CO2 (scCO2) on its own and combined with lemon (LEO), clove
(CLEO), and cinnamon (CEO) essential oils on the inactivation of Clostridium sporogenes (CECT 553)
as a surrogate of Clostridium botulinum. In water, the degree of inactivation at 10 MPa after 60 min
increased with the increasing temperature, reducing the population by 90% at 40 ◦C and by 99.7% at
80 ◦C. In contrast, when applied to honey, scCO2 did not inactivate Clostridium spores satisfactorily
at temperatures below 70 ◦C, which was related to the protective effect of honey. Meanwhile, scCO2

modified with CEO (<0.4% mass) improved the inactivation degree, with a 1.3-log reduction achieved
at 60 ◦C. With this same mixture, a reduction of 3.7 logs was accomplished in a derivative with 70%
moisture. Honey was very sensitive to the temperature of the applied CO2. The obtained product
could be used as a novel food, food ingredient, cosmetic, or medicine.

Keywords: high-pressure carbon dioxide; lemon essential oil; clove essential oil; cinnamon essential
oil; Clostridium sporogenes

1. Introduction

Clostridium species are anaerobic spore-forming gram-positive bacilli that are widely
distributed in nature, both in soil and dust, in addition to sweet, salty, and residual aqueous
bodies [1]. They are highly resistant to extreme temperatures, ultraviolet (UV) radiation,
water scarcity, and physical and chemical agents, and, therefore, to the environment [2].
In particular, the ability of Clostridium botulinum to cause disease is linked to its ability
to survive in adverse environmental conditions through spore formation, rapid growth,
and toxin production. Thus, this bacterium can result in botulism, a disease contracted by
food poisoning, due to the ingestion of its spores or toxins (type A and B). Botulism is mainly
characterized by descending paralysis that leads to death by cardiorespiratory failure [3].

Honey is known as a tasty and nutritious sweetener; it is usually considered a natural,
healthy, and clean product. The low pH (typically 3.9), low water activity (aw 0.5–0.6),
and high sugar concentration of honey prevent the growth and survival of many types of
bacteria. In addition to its osmolarity, the antimicrobial effect of honey is mainly due to
the generation of hydrogen peroxide from the oxidation of glucose by glucose oxidase [4].
Thus, the European Commission (EC) Regulation No. 2073/2005 [5] on microbiological
criteria for foodstuffs considers honey a ready-to-eat food during its marketed shelf-life,
in which no limits are described for any microorganism, toxin, or metabolites other than
Listeria monocytogenes, and only if honey is intended for infants and under special medical
purposes. However, honey may be a natural reservoir of Clostridium species [6].

Grabowski and Klein [7] reported that C. botulinum spores were identified in up to
62% of honey samples although spore counts varied widely, from 36 to 60 spores per gram
in the most contaminated samples to less than 1 spore per gram in the others. Primary
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sources of this biocontamination in honey may be pollen, the bee itself, soil, water, air,
or dust, which are natural sources that are very difficult to control [7]. Secondary sources
are closely connected with the hygiene of processing, handling, and storage of honey [8].
Because of this, honey has been identified as a possible cause of infantile botulism [7].

Clostridial spores are ingested and then germinate and multiplicate to start toxic
genesis in babies because of their poorly developed (anaerobic) intestinal flora. Accordingly,
health authorities in several countries have ordered or advised the use of labels on honey
packaging alerting to the danger of feeding infants under one year of age. Related to known
outbreaks of infant botulism, the number of Clostridium spores is usually in the order of
1 to 80 spores per gram [7].

Conventional processing of commercial honey involves indirect heating around
60 ◦C–65 ◦C for about 25 min–30 min to destroy yeasts that are responsible for honey
fermentation when the moisture content is high and storage temperature is favourable.
This treatment is also intended to dissolve crystals of glucose as it exists in a supersaturated
state, to avoid the total or partial crystallization of honey in storage, allowing it to remain
liquid for longer [9]. Inconveniently, Clostridium spores are not inactivated and certain
starch-digesting enzymes (invertase, amylase, glucose oxidase) are destroyed [10]. Heating
also causes the formation of hydroxymethylfurfural (HMF), a substance characteristic of
heated or old honey that can even have detrimental effects (mutagenic, genotoxic, organ-
otoxic, and enzyme inhibition) [11]. Moreover, thermal processing reduces the aromatic
richness, as volatile components are lost at high temperatures. Similarly, if not carried out
appropriately, this processing results in a loss of diversity in flavours, as it produces a dark-
ening in the tonality of the honey, a situation that is attributed to a partial caramelization of
the sugars [12].

Other preservation methods are sought to produce honey with superior quality and
free from Clostridium spores. Al-Ghamdi et al. [13] studied the effect of high-pressure
thermal treatments on the inactivation of nonproteolytic spores type E Clostridium botulinum.
High pressures (300 MPa to 600 MPa) and elevated temperatures (80 ◦C to 100 ◦C) were
tested in four low-acid foods. In the said work, processing at 90 ◦C and 600 MPa resulted in
inactivation below the detection limit after 5 min. Traditional thermal processing of spores
at 90 ◦C for 10 min, on the other hand, did not result in an estimated 6-log reduction [13].
According to these studies, high-energy treatments are required to eliminate Clostridium
spores, which is a difficult task to achieve without damaging the sensitive quality of
the honey.

Meanwhile, the inactivation of Clostridium sporogenes spores in honey was studied
with the application of ultraviolet-C (UV-C) [14]. In the aforementioned work, a max-
imum reduction of 2.5 Log10 colony-forming units g−1 (CFU g−1) was observed after
an 18 J mL−1 treatment. The effect of UV-C on some quality parameters of honey, such as
HMF, pH, and colour, was also assessed by the authors, who claimed that UV-C light
induced changes in most of these parameters.

Another option is the application of supercritical carbon dioxide (scCO2) [15]. The scCO2
conservation method presents some fundamental advantages related to the mild conditions
employed, particularly because it allows processing to be carried out at a much lower tem-
perature than those used in conventional pasteurization and sterilization techniques [16].
In the scCO2 technique, food is exposed to pressurized carbon dioxide (CO2) for a certain
amount of time in a batch, semi-batch, or continuous manner [17]. In addition, CO2 is inert,
non-toxic, accessible, and affordable. Under ambient conditions, it is a gas, so it leaves no
residue on the treated product and it is a Generally Recognized as Safe (GRAS) solvent [18].

The scCO2 treatment has been mainly explored for the inactivation of pathogens
in liquid food samples [15,17] and less so on viscous or solid foodstuffs. To the best
of our knowledge, the reported cases of the use of scCO2 to inactivate bacterial spores
in these latter products are the inactivation of natural biocontamination of mesophilic
and thermophilic spores in cocoa powder [19] and the bioburden, mostly Bacillus cereus
spores, in paprika [20], Alicyclobacillus acidoterrestris in apple cream [21], and Geobacillus
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stearothermophilus in cheese [22]. In this previous research, the inactivation efficiency of
the scCO2 treatment was limited by the high resistance of these forms in media of low aw.
More recently, Zambon et al. [23,24] explored the feasibility to apply scCO2 to dry and
increase the microbial safety of strawberries, finding that the process was efficient against
different strains of pathogens (Escherichia coli, Salmonella spp., and L. monocytogenes). Studies
have also established that essential oils (EOs) have sporicidal effects in the range of 1% to
3% in mass fraction [25]. Our research group successfully used oregano EO in combination
with scCO2 to inactivate Bacillus cereus spores in paprika [26]. González-Alonso et al. [27]
also inactivated E. coli inoculated in raw poultry meat after treatment with herbal EOs in
combination with scCO2. Other works reporting the application of scCO2 to improve food
shelf-life and safety by inactivating spores can be found in a recent review [28].

With the growing number of consumers seeking natural products from medicinal
plants for the well-being of people, new initiatives are already trying to boost all the benefits
of honey with different plants, fruits, and EOs. Latin American entrepreneurs are already
commercializing 100% pure honey with EOs [29]. According to the companies themselves,
EOs are added to honey to boost the benefits that it already has. To this end, EOs of mint,
eucalyptus, ginger, cinnamon, and lemon have been added. This type of initiative increases
the spectrum of the possible final market in which the product could be purchased, since
besides food use (honey with EOs is mainly used for infusions), the final product can be
used as a cosmetic and/or ancestral medicine [30].

Therefore, the current study aimed to evaluate the use of pure scCO2, and scCO2 in
combination with several EOs to reduce the count of Clostridium spores in honey. Because
of its morphological and genetic similarity and its nontoxigenicity, C. sporogenes was used as
a surrogate for C. botulinum [31]. Moreover, it has previously been considered an adequate
substitute since C. sporogenes spores are more resistant than those of C. botulinum to heat [32].
The impact of the most relevant operational variables of the technology was investigated
according to previous studies in solid or low aw matrices and within the range of the
technology itself [33]. A minimum reduction of one order of magnitude in the Clostridium
count was sought based on the contamination typically found in honey. In addition,
this treatment’s impact on the quality of the honey was analysed. This is the first time
that the inactivation of Clostridium spores by high-pressure CO2 has been reported both in
aqueous media and in complex food matrices such as honey.

2. Materials and Methods

2.1. Raw Materials

Lemon EO (LEO; CAS No. 8008-56-8; Ref. W262528, lot No. 13503DE), clove EO,
Eugenia spp. (CLEO; CAS No. 8000-34-8; Ref. C8392, lot No. 018K1137), and cinnamon EO,
Ceylon type (CEO; CAS No. 8015-91-6; Ref. W229105, lot No. 05211MA), all from Sigma-
Aldrich (Spain) were stored in a refrigerator until assayed. Commercial honey (Granja San
Francisco, Spain) was also used. The honey label indicated that it was thousand-flower
honey from a mixture of both native and non-native European honey. Its containers were
opened in a laminar-flow chamber to ensure they were kept sterile and free of enzyme
activity. After opening, the containers were carefully closed and refrigerated. The CO2
(purity >99.95%, <7 vpm H2, <10 vpm O2, <5 vpm THC, <2 vpm CO, <25 vpm N2) was
supplied by Carburos Metálicos (Spain). All reagents and culture media were supplied by
Sigma-Aldrich (Spain) and used as received.

2.2. Bacteria

C. sporogenes was used as a surrogate for C. botulinum [31]. The strain used was the
CECT 553 (NCIMB 8053; ATCC 7955) from the Spanish Type Culture Collection (Universi-
dad de Valencia, Spain).
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2.3. Culture Medium

The reinforced clostridial medium (RCM) specific culture recommended by the strain
supplier was used. A volume of 1 L of RCM was composed of 10 g of meat extract, 10 g
of peptone, 5 g of glucose, 5 g of NaCl, 3 g of yeast extract, 3 g of sodium acetate, 1 g of
raffinose, and 0.5 g of cysteine. The optimal pH was 7.1 and Na2CO3 (0.66 M) was used for
its correction.

The lyophilized strain was dissolved in approximately 1 mL of fresh culture medium
and then transferred to a small volume of fresh medium that was incubated anaerobically
at 37 ◦C for 24 h to recover the bacteria. Once recovered, the revived strain was transferred
to 100 mL of fresh medium and allowed to grow for 48 h at 37 ◦C.

2.4. Generation and Concentration of Spores

Aliquots were extracted from the live culture in a growing medium after 48 h of
incubation. The aliquots were inoculated in the sporulation medium and impoverished
at a volumetric ratio of 1 to 10. The composition of 1 L of sporulation medium was 50 g
of peptone trypticase, 5 g of peptone, and 1 g of sodium thioglycolate. The inoculated
sporulation medium was then incubated for 7 days at 30 ◦C. After this time, the presence
of spores was confirmed by differential staining and subsequent microscopic observation.
The spores were centrifuged at 5000× g for 15 min and washed with sterile water. The su-
pernatant was discarded. The sediment was washed with distilled water and the process
was repeated until it was centrifuged three times. The final sediment was diluted in 50 mL
of distilled water and stored at 4 ◦C.

The order of magnitude of the spore suspension was measured by counting the CFU
in Petri dishes per deep seeding in solid RCM. To verify that the plate count did not include
vegetative forms and that only spores had been sown, a parallel count was carried out in
which the dilutions were introduced to a water bath at 80 ◦C for 15 min. The initial spore
concentration in the suspension was of the order of 106 CFU mL−1.

2.5. Sample Preparation

For inactivation tests of spores in honey, samples had to be previously contaminated.
Since the resulting contamination was intended to be maximal, but not capable of altering the
properties of the honey, a small amount of the spore water suspension in high concentration
was added. Thus, for each 50 g of honey, 5 mL of suspension was added, and the sample was
shaken until a homogeneous mixture was observed. The obtained concentrations ranged
from 104 CFU mL−1 to 105 CFU mL−1. These concentrations were much higher than those of
Clostridium spores usually found in honey, but they ensured precision in counts and analyses.
The resulting honey was made more fluid by the addition of water; thus, if the water content
was initially between 18% and 20% in mass fraction, the newly prepared samples had a
water content between 25% and 27% in mass fraction. To prepare diluted honey samples,
more water was added to the already contaminated honey to increase moisture levels until
the desired moisture content was determined, as determined by weight.

2.6. Experimental Installation for the scCO2 Treatment

CO2 was supplied in liquid form. It passed through a thermally controlled bath
(Selecta, Frigiterm-30, Spain) and was cooled to −10 ◦C before it reached the diaphragm
pump (Milroyal D; Dosapro Milton Roy, Spain). The cooling of CO2 prevented cavitation
during pressurization. The pressurized CO2 was preheated in a spiral inside of a heating
jacket before entering a 50 mL capacity 316 ss vessel (Autoclave Engineers, MicroClave™,
Series 401A-8067, USA). The temperature in the vessel was controlled with an external
heating jacket and read by a type K thermocouple (±1 ◦C) located inside the vessel, and the
pressure was read at the outlet of the vessel with a Bourdon gauge with an accuracy
of ±0.2 MPa. Stirring was achieved by an impeller with a speed that could vary between
50 rpm and 500 rpm. A pre-vessel was located upstream from the main vessel for tests in
which the CO2 was mixed with the EO. The CO2 pressure and flow rate were controlled by
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the combined action of a back-pressure regulator (BPR, 26-1761-24-161, TESCOM Europe,
Germany) and a pump flow regulator, respectively. The installation had a rupture disk at
38 MPa to avoid overpressure. The total mass and flow rate of CO2 were measured using a
mass flow meter (M-10 SLPM-D, Alicat Scientific, Tucson, AZ, USA) connected to the outlet.
The scheme of the scCO2 apparatus is shown in a previous work of our research group [34].

2.7. Method for the Inactivation of Clostridium Spores by scCO2

To begin a scCO2 treatment, the vessel was loaded with the raw material. For the
tests with pure water, 15 mL of suspension was introduced. For assays with honey and
diluted honey, 15 g of the sample was loaded. After the closures were adjusted, the heating
jacket was connected and heated to the operating temperature. Then, the CO2 container
was opened, and the pump was turned on to reach the working pressure. When the EO
was used, a piece of cotton soaked with about 0.5 g was placed in the pre-vessel. When the
CO2 passed through the pre-vessel, the EO was solubilized by the CO2, and the mixture
passed into the vessel containing the sample. Then, the BPR valve was opened to provide
a continuous flow of CO2 over the sample at approximately 1 g min−1. The CO2 (or its
mixture with the EO) entered from the bottom of the vessel and passed over the sample.
The stirrer in the vessel was set to the desired rotation (300 rpm for spore suspension;
60 rpm for honey and diluted honey samples). The mixing was carried out both to facilitate
the contact of the sample with the CO2 stream inside the container and to guarantee a
homogeneous mixture. There was no honey carry-over during processing. When the end
of the operating time was reached, the pump was turned off, the CO2 supply was cut off,
and depressurization began very slowly to avoid dragging or freezing the sample. Typically,
the time required for the operating temperature and pressure to be reached was 5 min,
and the depressurization time was 12 min. Once depressurized and separated from the
equipment, the vessel containing the sample was taken to the sterile laminar-flow chamber
for further analyses.

2.8. Thermal Treatments

To study the separate effect of temperature on spore inactivation, several non-CO2
tests were carried out. In these experiments, the operating procedure was the same, except
that there was no CO2 flow in the vessel. Instead, the spore suspension or the contaminated
honey was kept inside the vessel at the desired temperature for the same time as in the
comparative tests with CO2.

2.9. Microbial Analysis

In a laminar-flow chamber, 1 mL of spore suspension or 1 g of honey or diluted honey
was taken to prepare serial dilutions in the RCM to obtain the concentration of spores in the
sample by counting the CFU in Petri dishes. The degree of inactivation of the Clostridium
spores was expressed as logarithm (log) reduction, which is the logarithm of the count after
treatment (N) divided by the initial count (N0) before each test.

2.10. Quality Analysis of the Honey

The impact of the scCO2 treatment on honey quality variables such as HMF content,
diastase index, and pH was analysed.

2.10.1. Determination of Hydroxymethylfurfural (HMF)

The increase of HMF in honey and diluted honey samples was determined according
to the method proposed by the International Honey Commission [35]. This method is based
on the absorbance of HMF at 284 nm using a UV-Vis spectrophotometer (MRC, model
UV-1800, Tel-Aviv, Israel). To avoid the interference of other components at this wavelength,
the difference between the absorbances of a clear aqueous honey solution and the same
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solution after the addition of bisulphite was determined. The HMF content was calculated
after subtraction of the background absorbance at 336 nm as shown in Equation (1):

HMF
(

mg kg honey−1
)
=

(A284 – A336)× 149.7 × 5 × D
W

(1)

where A284 and A336 are absorbances at 284 nm and 336 nm, respectively; D is the final
volume of the sample solution divided by 10; 5 is a theoretical nominal sample weight;
W is the weight in g of the honey sample; and 149.7 is a constant [35].

2.10.2. Determination of the Diastase Activity

The diastase activity determination was conducted by an enzymatic-spectrophotometric
method according to the International Honey Commission [35]. The principle of the method
is based on the fact that the enzymes in the sample act on a starch standard solution that is
capable of developing colour, with iodine, in a defined range of intensity, under standard
conditions. The decrease in the blue colour was measured photometrically at 660 nm.
A plot of absorbance against time was used to determine the time (tx) required to reach
the specified absorbance, 0.235. The results were expressed as a diastase number (DN,
also known as Schade or Goethe units), which was calculated as 300 divided by tx. DN is
defined as the amount of enzyme which converts 10 mg of starch to the prescribed endpoint
in one hour at 40 ◦C under the conditions of the test.

2.10.3. Measurement of pH

The pH was measured during the CO2 treatment using reactive strips (McolorpHast,
sensitivity of 0.3 pH unit, Merck, Spain) introduced into the high-pressure vessel along
with the sample, where the pH was in two ranges: 2.5−4.5 and 4.0−7.0.

2.11. Data Analysis

The experiments were replicated three times. Microbial analyses were performed
in duplicate for each replicate (n = 3 × 2). Means and standard deviations were com-
puted for all data. The maximum standard deviation in the readings of the Clostridium
degree of inactivation was 0.3-log cycles. The statistical significance of the factors on the
Clostridium inactivation degree was analysed using the ANOVA General Linear Models
tool of STATGRAPHICS XVIII at a 5% significance level (p ≤ 0.05). For this purpose,
the following factors were used as categorical variables: (a) the type of treatment: thermal,
scCO2, or scCO2 plus CEO; and (b) the matrix: water, honey, or derivatives. Tempera-
ture (data from Figures 1–3) and water content (data from Figure 4) were included as
quantitative factors.

Figure 1. Inactivation of Clostridium spores suspended in water using scCO2 (�) and comparison with
heat at atmospheric pressure (�). Conditions: P = 10 MPa; Q = 1 g min−1; operation time = 60 min;
stirring rate = 300 rpm. The solid line is the linear fitting.
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Figure 2. Effect of temperature on the inactivation of Clostridium spores using scCO2 in aqueous
suspension at 300 rpm (�) and biocontaminated honey at 60 rpm (�). Conditions: P = 10 MPa;
Q = 1 g min−1; operation time = 60 min. The solid line is the linear fitting.

Figure 3. Inactivation of Clostridium spores in honey using scCO2 alone and scCO2 combined with
lemon essential oil (LEO), clove essential oil (CLEO), and cinnamon essential oil (CEO). Conditions:
P = 10 MPa; Q = 1 g min−1; stirring rate = 60 rpm; operation time = 60 min.
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Figure 4. Effect of the initial water content on the inactivation of Clostridium spores in honey using
scCO2 (�) and scCO2 saturated with CEO (�). Conditions: P = 10 MPa; T = 60 ◦C; Q = 1 g min−1;
stirring rate = 60 rpm; operation time = 60 min. The solid line is the linear fitting.

3. Results and Discussions

First, the efficacy of the scCO2 method on the inactivation of Clostridium spores
suspended in water was analysed. Subsequently, the inactivation of these spores in honey
and diluted honey samples was studied. The previous study on the water made it possible
to establish the possible effects of the food matrix on the effectiveness of the treatment.
The main variables that affected the operation and the influence that honey had on the
degree of inactivation were studied. The pressure varied between 10 MPa and 30 MPa.
The temperature ranged between 40 ◦C and 80 ◦C. Up to 60 ◦C, the treatment could be
considered a low-temperature conservation method, but higher values were explored to
reach a superior degree of inactivation and to be able to compare with the conventional
heat treatment. Agitation at different speeds and increased CO2 flow rates were explored
to promote the transfer of CO2 to water and viscous honey. Treatment times in the order
of several hours were studied to evaluate their impact on the clostridial spores’ survival.
Furthermore, the use of scCO2 saturated with EOs was investigated. Both CO2 and EOs do
not present a risk of toxicity and their combination could lead to a non-thermal treatment
of honey for the elimination of its microbial contamination. The impact of the increasing
amounts of water in the honey was intended to prove the importance of the aw of the food
in the inactivation of the bacterial spores. In the treated honey, the quality parameters were
analysed to determine the feasibility of the implementation of this technology.

3.1. Inactivation of Clostridium Spores in Aqueous Suspension by scCO2 and Comparison with
Heating at Atmospheric Pressure

Figure 1 shows the results of the inactivation of Clostridium spores in an aqueous
solution using scCO2 and its comparison with heat at atmospheric pressure after 60 min of
treatment. The pressure was set at 10 MPa and the solution was stirred at 300 rpm. With the
scCO2 process, at 40 ◦C, a significant (p ≤ 0.05) degree of inactivation was observed; about
90% of the spore population with respect to the initial population was inactivated.

As the temperature increased (see Figure 1), the degree of inactivation was higher,
reducing the population by 99.7% at 80 ◦C, which corresponded to a 2.5-log reduction.
In contrast, in tests performed with heat at atmospheric pressure, without the passage of
CO2, only a small decrease in the total population was observed, less than 1-log reduction
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at 80 ◦C. Therefore, it appeared that CO2 had sporicidal effects on its own. This fact was
previously published by other authors [36–38]. They reported that scCO2 had a lethal effect
because in media with high aw it could promote the activation and germination of spores,
reducing their tolerance to heat [39].

3.2. Effect of Operation Conditions on the Inactivation of Clostridium Spores in Honey by scCO2

For these assays, biocontaminated honey with Clostridium spores was used as a raw
material to determine the buffering effects of the food itself on the process. The pressure
was set at 10 MPa and the treatment time at 60 min, as in the water tests, unless otherwise
specified. However, the stirring speed was reduced to 60 rpm because it was observed that
a high stirring speed produced a dense foam.

3.2.1. Effect of Temperature

Similar to the aqueous suspension, the degree of inactivation of Clostridium spores
increased with the temperature, as can be seen in Figure 2. However, clear differences could
be observed compared with the evolution observed in the aqueous suspension. The lethal
effect of scCO2 was much lower in honey than in the aqueous suspension, as the degree of
inactivation did not achieve a 2-log reduction, even after reaching 80 ◦C. This was probably
due to the protective effect of honey.

A previous study [40] reported that the presence of salts and sugars in the media re-
duced the CO2 effectiveness on the inactivation of G. stearothermophilus spores. This negative
impact was proportional to their concentration, and therefore to a lower aw. Additionally,
on the inactivation of A. acidoterrestris in apple cream, the effectiveness of the scCO2 in this
medium was lower than that obtained in liquid juice [21]. The apple cream of the study
was much more viscous than the juice and this resulted in a less effective level of contact
with CO2.

3.2.2. Effect of Pressure

The effect of the scCO2 treatment was studied using a pressure of 30 MPa to compare
with the results already obtained at 10 MPa. However, no important differences were
obtained. A reduction of less than 0.05-log cycles was found in both cases at 40 ◦C. This was
in line with other results obtained on the inactivation of spores in viscous [21] or solid [19,20]
food products. It was widely demonstrated that a hydrostatic pressure of the range used
had no effect on spores. Specifically, a recent paper reviewed all of the research undertaken
on the inactivation of Clostridium spores in low-acid foods under high-pressure conditions
in the range of 345 MPa–900 MPa [41]. Modest results were reported (<3-log reduction)
even in combination with temperatures of the order of 80 ◦C–86 ◦C after 15 min–16 min of
treatment. Therefore, it is unlikely that there was any significant effect of pressure related
to the scCO2 treatment in honey. Since no significant difference was found between 10 MPa
and 30 MPa (p > 0.05), for economic and safety reasons, the lowest pressure (10 MPa) was
used for the following tests.

3.2.3. Effect of the CO2 Flow Rate

The effectiveness of increasing the CO2 flow rate was tested to improve the contact
between the CO2 and honey, which had a high viscosity. These tests had good results in the
inactivation of A. acidoterrestris in apple cream [21], which was also very viscous. However,
no differences (p > 0.05) were found at 10 MPa and 60 ◦C between the resulting inactivation
using 1 g min−1 or 4 g min−1 after 60 min (not shown). On the contrary, the introduction
of CO2 at a higher flow rate produced a greater amount of foam, and therefore, it was
necessary to spend more rest time after the treatment to allow the CO2 to escape from the
honey. Specifically, by using 1 g min−1, a rest time close to 2 h was needed for a partial
recovery (only one layer of foam remained on the surface), and more than 3 h for its total
recovery. When using 4 g min−1, times longer than 6 h were needed for the partial recovery,
and around 24 h to return to the original state. Therefore, since no significant difference was
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found between the highest and the lowest CO2 flow rate, to reduce the CO2 consumption
and the pumping costs, 1 g min−1 was set for the rest of the tests.

3.2.4. Effect of Treatment Time

Operating at 10 MPa, 60 ◦C, 60 rpm, and 1 g min−1, it was attempted to increase the
treatment time to 4 h and consequently the contact with the scCO2. However, this method
did not have any significant benefit (p > 0.05) on the inactivation of Clostridium spores in
honey in comparison with the results obtained from a treatment time of 60 min. Specifically,
at 60 min, the inactivation degree reached −0.5 ± 0.2 logs, while after 240 min, it was
−0.4 ± 0.1 logs.

3.3. Inactivation of Clostridium Spores via scCO2 + EOs

Since the treatment with scCO2 was not effective enough to achieve a 1-log reduction
of spores at a mild temperature, the addition of EOs was tested.

In a previous study by our research group [26], it was demonstrated that it was possible
to reduce B. cereus spores in paprika to 3-log cycles using scCO2 mixed with oregano EO.
For this reason, a similar treatment was considered for honey. Three EOs were chosen from
the list of EOs that are effective as antimicrobials [42] and whose organoleptic properties
were more compatible with honey: lemon (LEO), clove (CLEO), and cinnamon (CEO). For
these treatments, the CO2 was passed through the pre-vessel where the EO was placed
before contact with the samples. Conditions were set in the pre-vessel at 10 MPa and 40 ◦C
to improve the solubilization of the EO in the CO2 because the solubility of EO is better
at higher supercritical solvent densities. Under these conditions, the EO solubility in CO2
was in the order of 0.3–0.4% in mass fraction [43]. Figure 3 compares the results obtained
after honey treatment with scCO2 combined with the mentioned EOs and with scCO2 on
its own at temperatures between 40 ◦C and 60 ◦C.

As can be seen in Figure 3, the CEO was the only EO in which significant (p ≤ 0.05)
improvement was found. The explanation for the different behaviour of the three EOs could
lie in the different composition and richness of the main constituents, as demonstrated by
Bagheri et al. [44]. In this same work, CEO (Cassia-Aliksir) is also one of the best against
C. tyrobutiricum. The degree of efficacy achieved with this EO was better than that obtained
with scCO2 for the three explored temperatures. Thus, by using scCO2 with CEO at 60 ◦C,
a reduction of more than 1.3-log cycles (94%) in the Clostridium spore count in honey was
achieved. A previous study discussed the mechanism of action of supercritical CO2 on
spores. With flow cytometry analysis, Rao et al. [45] probed that the permeability of the
inner membrane and the cortex was increased. Moreover, the electron microscopy images
showed clear evidence of damages to the external structure and morphology changes.
Consequently, the pyridine-2,6-dicarboxylic acid (DPA) of the CO2-treated spores was
released to the medium. The presence of moisture would increase the fluidity of the
membranes, facilitating the attack of CO2. In parallel, scanning electron microscope (SEM)
observations showed that exposure to high concentrations of EO resulted in damage to the
spore coat of Bacillus subtilis [25]. Thus, it is logical to find that both agents combined cause
a greater sporicidal effect.

Finally, it is highly likely that under these conditions in which Clostridium spores were
greatly inactivated, other pathogens in the vegetative form were also inactivated due to
their lower resistance to the scCO2 treatment [46,47].

3.4. Impact of Initial Product Moisture

As indicated above, honey is a product with a low aw, which may protect the spores
and make scCO2 inactivation difficult. Previous research on the microbial inactivation of
solid foods, such as herbs and spices [48], cocoa [19], and paprika [20], have shown that
CO2 under pressure was sporicidal only in the presence of some water. These results were
directly related to the role of water in the germination of spores in vegetative forms that
are much less resistant [49].
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For this reason, the effect of increasing the proportion of water in honey on the
inactivation of Clostridium spores was analysed. Honey samples with different water
content were treated with scCO2 on their own and modified with the CEO. The percentages
of moisture investigated were between 25% in mass fraction with respect to the sample (the
minimal amount reached after Clostridium spore contamination) and 100% in mass fraction
with respect to the sample (corresponding to the suspension of spores in water). Honey
mead typically contains around 70% water. Please note that mead also contains alcohol
and other components that could change these results.

As can be seen in Figure 4, the degree of inactivation of Clostridium spores was
progressively augmented as the moisture of the samples was increased (p ≤ 0.05), while
operating at 60 ◦C. A higher degree of inactivation in the treatment with scCO2 + CEO
was obtained than in the treatment with scCO2 alone (p ≤ 0.05). For example, by using the
CO2 mixed with the CEO, a 1.2 ± 0.2-log reduction was reached when the water content in
honey was 27%; meanwhile, 2.1 ± 0.2-log cycles (equivalent to a 99% reduction in the total
population of spores) was found with an increase of the water content up to 40%. The linear
adjustment shown in Figure 4 with the solid line predicts one log reduction in honey with
20% water, i.e., native. During the inactivation of Clostridium spores in the honey with 70%
water, using scCO2 modified with the CEO, a 3.7 ± 0.2-log reduction was reached, which
would be equivalent in practice to obtaining a sterile product.

3.5. Effect of scCO2 Treatment on Honey Quality

The increase in HMF content in honey and the decrease in the diastase activity are
parallel processes to the degradation of vitamins, proteins, enzymes, and flavour of this
product [11]. HMF is generated by the decomposition of fructose in acid conditions.
It occurs naturally in most honey and increases rapidly with heat treatment. Therefore,
it can be used as an indicator of heating and storage time [50]. The diastase activity is a
measurement of the enzyme content in honey, so it is used as a quality parameter because
of the sensitivity of enzymes to heat [9]. For this reason, the European legislation [5] sets
a minimum DN of 8 for diastase activity and a maximum HMF content value of 40 mg
HMF kg honey−1, excluding honey produced in tropical areas, for which the highest level
of HMF allowed is 80 mg HMF kg honey−1.

This part of the study aimed to examine the HMF and diastase contents in honey
samples with and without scCO2 treatment to obtain objective information regarding its
quality, and to study how the scCO2 process affected these variables. The values of these
parameters were initially determined in honey as purchased and are shown in Table 1.

Table 1. Hydroxymethylfurfural and diastase content in untreated honey and honey subjected to the
scCO2 treatment at 10 MPa and 60 min at increasing temperatures.

Treatment Diastase Number (DN) mg HMF kg Honey−1

Untreated honey 13.4 ± 1.1 a 30.5 ± 2.5 a

scCO2 at 45 ◦C 10.9 ± 0.2 b 33.1 ± 2.0 a

scCO2 at 60 ◦C 7.2 ± 0.1 c 40.7 ± 1.9 b

Different lowercase letters within the same column represent statistically significant differences at a 5% significance.

Values of 13.4 for DN and 30.5 mg HMF kg honey−1 were found in the starting honey.
These values were already low for DN and high for HMF, which showed that the honey had
already been treated with heat. Table 1 also shows HMF values and DN in honey samples
treated with scCO2. The HMF content in honey samples treated with scCO2 at 45 ◦C had
no statistically significant differences (p > 0.05) with the HMF content of untreated honey
samples. However, a significant (p ≤ 0.05) change in the HMF content in samples treated
by scCO2 at 60 ◦C was found, with an increase of 33% with respect to the initial value.
This also resulted in a darkening of the honey, which was noticeable to the naked eye at
temperatures higher than 60 ◦C.
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In contrast, the diastase index was more affected by the scCO2 treatment. For example,
the DN of honey subjected to scCO2 at 45 ◦C was reduced by 18% of its initial value, and by
46% using scCO2 at 60 ◦C, with statistically significant differences (p ≤ 0.05) among all
groups. This was because scCO2 had a damaging impact on enzymes. The application of
scCO2 has been previously explored as an effective non-thermal technique to inactivate
harmful enzymes in liquid and solid food systems. Structural, morphological, and elec-
trophoretic behaviour changes in the enzymes have been detected after scCO2 contact [51].

The dissolution of CO2 in water generates carbonic acid (H2CO3), which reduces the
pH. This reduction in acidity has synergistic effects on the inactivation of spores through
the use of scCO2. Haas et al. [48] claimed that the efficacy of scCO2 for the inactivation
of C. sporogenes in thioglycolate broth (pH = 5.5) at 5.5 MPa and 70 ◦C was substantially
greater (7-log) if the medium was acidified to pH 2.5–3.0. In the same way, Casas and
Calvo [52] showed that the inactivation of B. cereus spores in a phosphate-buffered solution
(pH = 7) was null in contrast to that achieved in pure water, where at 30 MPa and 70 ◦C,
the spore population was reduced by four orders of magnitude. The pH of the water under
these conditions was found to be 3.9 inside the vessel.

Table 2 shows the variation of the pH in the vessel due to the scCO2 treatment in
honey, diluted honey, and the spore suspension. In the aqueous suspension, the pH was
significantly (p ≤ 0.05) lowered after scCO2 treatment due to the better solubilization of
CO2. In contrast, the pH in pure honey was not significantly (p > 0.05) altered by the scCO2
treatment since it was already low and the free water (aw) for CO2 dissolution was low.
The naturally low pH of the honey could be one of the causes of the lower inactivation of
Clostridium spores in this medium, along with the other protecting factors earlier mentioned.
In contrast, in honey samples with added water, the pH was slightly reduced (p ≤ 0.05).

Table 2. Variation of pH due to scCO2 treatment.

Sample Initial pH Final pH

Honey 3.9 a 4.1 a

Diluted honey (40% water) 4.1 a 3.8 b

Diluted honey (55% water) 4.7 a 4.2 b

Diluted honey (70% water) 4.8 a 4.3 b

Spore suspension 5.5 a 4.3 b

Different lowercase letters within the same row represent statistically significant differences at a 5% significance.
The average standard deviation in the readings was ±0.1.

The honey aroma is rich in volatile compounds such as alcohols, ketones, aldehydes,
acids, terpenes, hydrocarbons, benzene, and furan derivatives [53]; many studies showed
good solubility of flavours and fragrances in scCO2 [54] although the pressure was usually
higher than that used by us. Still, we did not observe any extract in the vessel placed after
the BPR where depressurization to room conditions occurred, even after many runs.

By adding increasing quantities of the EO to the honey, our research group identified
that the level of smell that was perceptible but pleasant was of the order of 200 ppm,
while it was excessive at or above 400 ppm and even unpleasant when it was higher than
800 ppm. However, given the relatively high solubility of the EO in scCO2 [43], it would
be possible to remove all or part of the EO with an extra passage of pure CO2. This was
done successfully in an earlier study to eliminate the remaining odour of oregano EO
from paprika [26]. In the aforementioned work, 20 min of continuous CO2 passage was
enough to render the odour in the paprika imperceptible to a panel of six trained people.
Nevertheless, more experiments are needed to confirm this hypothesis.

4. Conclusions

Among several parameters, temperature and initial moisture content of the honey
derivatives were variables with the greatest impact on the efficacy of the Clostridium
spores’ inactivation. Pressure and/or treatment time were less influential. The smallest
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reduction of Clostridium spore count (i.e., 1-log reduction) was obtained in an aqueous
suspension with scCO2 at 10 MPa and 40 ◦C after 60 min. In comparison, this minimum
inactivation degree in pure honey was not achieved until 70 ◦C due to its low water
content, naturally low pH, other protective effects associated with the presence of nutrients
(sugar), and its high viscosity. However, adding CEO to the CO2 (0.3–0.4% in mass fraction)
significantly increased the effectiveness of inactivation, so the temperature to achieve a
1-log reduction was about 55 ◦C. Therefore, this combined method could be an alternative
to traditional thermal treatments for the inactivation of honey microflora causing infant
botulism. However, this method should be validated with C. botulinum spores before
its implementation.

This treatment, if carried out at temperatures below 60 ◦C, did not cause significant
increases in the HMF content of the honey, nor changes in its pH or colour. However,
it significantly reduced the enzymatic activity of the honey due to the inactivation capacity
of free enzymes caused by the scCO2. The sensory impact of the addition of EOs may be
acceptable for consumers based on flavour compatibility, but it could also be controlled
with an extraction step of pure CO2.

Better clostridial spore inactivation degrees were found in honey with a high-water
content, as it could be mead. scCO2 combined with the addition of CEO caused an
inactivation degree of nearly 4-log cycles of the Clostridium spores at 60 ◦C, which opens
the possibility of applying the process for the sterilization of other thermolabile liquid food
products or those with high moisture content. In liquid products, this could be done by
pumping them simultaneously with the scCO2, providing contact time in a holding tube.
This operating method would allow continuous treatment with higher capacity and lower
operating costs [34].

The introduction of the CEO in combination with the scCO2 left a noticeable odour in
the honey. However, recipes for flavouring honey with herbs, edible flowers, and spices
can be easily found on the Internet and are already marketed. Thus, it is highly possible
that consumers would readily accept the aroma and flavour imparted by the CEO. Indeed,
all the research team members of our group found the aroma and flavour to be very
pleasant. Therefore, the product obtained in this work could have a wide range of uses,
including as a food ingredient (e.g., for infusions and tea); in cosmetics (mainly for use
on the skin); and in traditional medicine, since honey with CEO is used ancestrally in
Latin America against colds, joint pains, indigestion, and other ailments [30]. Furthermore,
its possible use as a novel food (since it includes an EO) should be authorized according to
the EU regulation.
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Abstract: (1) Background: Hedera nepalensis (Araliaceae) is a recognized medicinal plant founded
in Asia that has been reported to work in antioxidant, antifungal, antimicrobial, and antitumor
capacities. (2) Methods: The subcritical fluid extraction of saponin from Hedera nepalensis leaves
and the optimum of the extraction process based on yield of saponin contents (by calculating
the hederacoside C contents in dried Hedera nepalensis leaves) are examined by response surface
methodology (RSM). Furthermore, the antimicrobial activity of the extract is tested for potential
drug applications in the future. (3) Results: Based upon RSM data, the following parameters are
optimal: extraction time of 3 min, extraction temperature of 150 ◦C, and a sample/solvent ratio
of 1:55 g/mL. Under such circumstances, the achieved yield of saponin is 1.879%. Moreover, the
extracts inhibit the growth of some bacterial strains (Streptococcus pneumoniae, Streptococcus pyogenes,
Haemophilus influenza) at a moderate to strong level with inhibition zone diameter values ranging from
12.63 to 19.50 mm. (4) Conclusions: The development of such a model provides a robust experimental
process for optimizing the extraction factors of saponin contents from Hedera nepalensis extract using
subcritical fluid extraction and RSM. Moreover, the current work reveals that saponin extracts of
Hedera nepalensis leaves exhibit a potential antimicrobial activity, which can be used as scientific
evidence for further study.

Keywords: Hedera nepalensis; subcritical fluid extraction; response surface methodology; antimicrobial

1. Introduction

Medicinal herbs have traditionally been used to both prevent and treat a variety of
ailments. Several attempts have been made to investigate medicinal flora, and pharmacists
continue to investigate the value of them across the world. Hedera nepalensis (Araliaceae)
is a recognized medicinal plant found in Asia, mainly in Japan, Afghanistan, and the
Himalayas [1,2]. According to past research, Hedera nepalensis contains a diverse array of
natural substances, such as triterpene saponins, flavonoids, steroids, tannins, terpenoids,
and phenolic compounds [3]. Particularly, triterpene saponins, with hederacoside C and
alpha-hederin as major constituents, have been reported to work in antioxidant, antifungal,
antimicrobial, and antitumor capacities [4–6].

A vast collection of methods can be applied for recovering bioactive compounds from
natural resources, which include maceration extraction, microwave-assisted extraction,
ultrasound-assisted extraction, and others [7]. Numerous downsides were found when
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the usual extraction methods were applied to obtain these compounds, such as time and
solvent consumption, as well as tedious and limited selectivity and/or extraction yields.
Recently, subcritical fluid extraction has developed quickly as a conventional substitute for
traditional extraction methods. The extraction of a liquid under pressure benefits from the
enhanced solubility that happens when the solvent temperature rises. Higher temperatures
improve the ability of solvents to be reconstituted for the analytes. Furthermore, raising the
temperature of the solvent causes a reduction in viscosity, allowing for improved sample
matrix penetration [8]. This method has been extensively utilized in recent years to extract
bioactive compounds from natural materials [9–12], especially saponins [13–16]. To the best
of our knowledge, there have been no publications regarding the extraction of saponins
from Hedera nepalensis leaves by pressurized liquid extraction.

In recent years, microbial infections have increased to a great extent, and resistance
to antimicrobial drugs will put the health of millions of people at risk. For mainly years,
various plants have been used for daily remedies based only on traditional medicine,
without adequate scientific research. With the advancement of technology in science and
medicine, natural products of plants may provide a new source of antibacterial substances
that might have a major impact on infectious diseases and overall community health [17,18].

The aim of our research is to optimize, by means of an experimental design using a
Box–Behnken model in response surface methodology analysis, the process for extraction
of saponin-rich extract from Hedera nepalensis. Such optimization with the proposed mathe-
matical models will be able to properly predict the performance of the system by evaluating
changes in extraction aspects such as temperature and time [19]. Moreover, the activity of
these extracts against a wide range of microorganisms will be evaluated to determine the
range of activity of the extract and to provide information about the antimicrobial potential
of Hedera nepalensis extracts against infection agents.

2. Materials and Methods

2.1. Plant Materials

Leaves of Hedera nepalensis were harvested in Ha Giang province, Vietnam. Plant
identification was carried out by the National Institute of Medicinal Material (Hanoi,
Vietnam). The collected leaves were cleaned, oven-dried at 55 ◦C, and ground. They were
stored under dry and dark conditions at room temperature. Moisture content (7.21%) was
determined before further experiments.

2.2. Accelerated Solvent Extraction (ASE) Procedure

The pressured liquid extraction was performed using an ASE 350 System (Dionex,
Sunnyvale, CA, USA) with a stainless-steel extraction cell. About 2 g of Hedera nepalensis
sample was placed into an extraction cell after being uniformly mixed with the similar
weight of diatomaceous earth. To avoid the powder from penetrating into the extraction
bottle, a frit and a filter (Dionex) were positioned at the end of the cell. The method was as
follows: solvent ethanol 50%, constant pressure 1600 psi, and other parameters (volume
of used solvent, temperature, and dynamic extraction time) were chosen by performing
the initial experiments (not reported here). The extract was evaporated to dryness using a
rotary evaporator at 50 ◦C. The extract was dried using a rotary evaporator set to 50 ◦C.
The dried extract was then diluted in 50 mL of methanol and filtered through a 0.45 μm
filter for HPLC analysis.

2.3. HPLC Analysis

The saponin analysis of the extracts was conducted using HPLC as per our reported
procedure [20]. Applied to this analysis, hederacoside C, a major saponin in Hedera nepalen-
sis, was used as the marker for quality control of the products. The Shimadzu SPD-20A
system (C18 column; 250 mm × 4.6 mm, 5 μm) (Shimadzu Co., Ltd., Kyoto, Japan) was
used for HPLC analysis. A mixture of acetonitrile–0.02% phosphoric acid solution was
used as the mobile phase. The composition of the mobile phase was: 0–25 min, 20–60%

165



Processes 2022, 10, 1268

acetonitrile; 25–30 min, 60–100% acetonitrile. Other running conditions included the detec-
tion wavelength (210 nm), the flow rate (1 mL/min), the injection volume (20 mL), and the
column temperature (25 ◦C).

The percentage of hederacoside C in the portion of Hedera nepalensis leaves taken was
calculated as follows:

X(%) =
C × V × P

m × (100 − W)× 10

C: the concentration of analyzed compound in the sample solution from the calibration
curve equation (μg/mL); V: volume of the sample solution (mL); m: weight of Hedera
nepalensis leaves taken to prepare the sample solution (mg); W: the moisture of Hedera
nepalensis dried leaves (%); P: purity of standard (%).

2.4. Experimental Design and Statistical Analytic

Response surface methodology (RSM) is the pattern of the design and analysis of
testing, modeling procedures, and optimization approaches that utilize experimental data
to obtain an approximated operational correlation between a response target and a set
of proposed variables. Specifically, RSM is an empirical method created to find the best
response within the individual variations among the parameters. RSM is a statistical-based
technique and is a potent experimental design instrument that acknowledges the execution
of whole systems [21].

Box–Behnken is a spherical design, with a centrally positioned point and middle
points at the edges of the cube; it does not contain any points on the outermost corners
of the cube. Application of this design was used for optimization of numerous extraction
procedures, and the number of experiments was appropriately selected [22].

Design-Expert 11 (State-Ease Inc., Minneapolis, MN, USA) was used to generate the
experimental designs, a statistical analysis, and regression model. In this experiment, a
three-level-three-factor BBD was employed to establish the best combination of extraction
variables to produce saponin-rich extract from Hedera nepalensis. Volume of used solvent,
temperature, and dynamic extraction time were optimized by means of an experimental
design. Initial experiments (not reported here) were performed to choose the experimental
area for each parameter. The temperature range was confined to the 200 ◦C maximum
system operating temperature. The range of the selected factors is reported, and three
independent variables, namely volume (A), temperature (B), and time (C), were chosen, as
shown in Table 1. The particle size was kept below 1.4 mm to make it easier for experimental
work [23].

Table 1. Independent process variables, range and levels used for Box–Behnken design.

Independent Variable Factors
Coded Levels

−1 0 +1

Volume used (mL) A 80 100 120
Extraction temperature (◦C) B 140 170 200

Extraction time (min) C 3 6 9

Y = β0 +
3

∑
i=1

βiXi +
3

∑
i=1

βiiX2
i +

2

∑
i=1

3

∑
j=1

βijXiXj

Y is the response function (yield of saponin content (%)), β0 is the constant, and βi, βii,
and βij are the coefficients of the linear, quadratic, and cross-product terms, respectively.
Accordingly, Xi and Xj are levels of the independent variables.

The analysis of variance (ANOVA) tables were created, and the effect and regression co-
efficients of individual linear, quadratic, and interaction terms were defined. Then, optimal
conditions were counted from the final model and verified by an actual experiment attempt.
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2.5. Antimicrobial Assay
2.5.1. Preparation of Test Organism Cultures

Bacterial strains: The antibacterial effectiveness of the extracts was evaluated using
six bacterial strains that cause respiratory illnesses. Three strains of Gram-positive (Staphy-
lococcus aureus ATCC® 25923, Streptococcus pneumoniae ATCC® 49619 and Streptococcus
pyogenes ATCC® 12344) and three strains of Gram-negative (Haemophilus influenza ATCC®

49247, Klebsiella pneumoniae sub sp. pneumoniae ATCC® 13883 and Pseudomonas aeruginosa
ATCC® 27853) bacteria were obtained from The Global Bioresource Center (American Type
Culture Collection).

2.5.2. Inoculums Preparation

The agar plates were incubated at 37 ◦C and the colonies formed on them were counted
after 24 h. A tryptic soy agar plate (TSA) was used for S. aureus, S. pyogenes, K. pneumoniae,
and P. aeruginosa; a blood agar plate (BAP) was used for S. pneumoniae; and a chocolate agar
plate (CAP) was used for H. influenzae. Using a spectrophotometer, the bacterial growth
was collected using 5 mL of sterile saline water, and the wavelength was tweaked at 580 nm
and diluted such that the turbidity value of the standard of 0.5 MFU (McFarland Units)
corresponded to a culture density of about 1.5 × 108 cells/mL.

2.5.3. Qualitative Antibacterial Activity by Disc Diffusion Assay

Antibacterial activity of the extract was performed using the disc diffusion method.
Dimethyl sulfoxide (DMSO) was used to reconstitute the extracts to reach a concentration
of 200 mg/mL (final DMSO concentration not more than 5% v/v). After that, 60 μL of these
test samples were loaded over preformed wells (8 mm in diameter) on top of the agar
medium suitable for each strain. Then, 20 μg/disc of amoxicillin (Sigma) or cefotaxime
(Sigma) were used as positive controls, and were loaded into filter paper discs (6 mm in
diameter). For negative control, DMSO was used at a final concentration. The plates were
incubated at 37 ◦C for 24 h. The inhibition zone surrounding the disc was measured by a
ruler and was considered to be an indication of antibacterial activity: the larger the zone of
inhibition, the more potent the bioactivity.

2.5.4. Quantitative Antibacterial Activity by Minimum Inhibitory Concentration

The in vitro antibacterial activity of optimum extract of Hedera nepalensis was found
by determination of minimum inhibitory concentration (MIC). S. pneumoniae, S. pyogenes,
and H. influenzae were investigated. The MIC value of the extract was settled as the lowest
concentration that fully inhibited bacterial growth after 24 h of incubation at 37 ◦C. The
MIC value was determined by a two-fold serial dilution technique in suitable culture media.
The MIC was tested in the concentration range of 0.078–5 mg/mL. Then, 1 μL of bacterial
suspension was added and cultured for 24 h at 37 ◦C with a density of ~1 × 104 CFU/mL
to the surface of the agar plate. The agar plates were incubated at 37 ◦C and detected for
counts of colonies growing on agar plates after 24 h. The MIC is the lowest concentration
of antimicrobial agents, which stopped the visible growth of bacteria on the agar plate.
Antibiotics (amoxicillin) at 0.0312–32 μg/mL and DMSO, a dissolving solvent, were used
as positive controls and negative control, respectively.

3. Results and Discussion

3.1. Optimization of Extraction Using RSM

BBD designs were used in this study to explore the influence of independent factors,
such as extraction temperature (140–200 ◦C), extraction time (3–9 min), and volume of used
solvent (80–120 mL) of the Hedera nepalensis extracts by ASE technique. To analyze the
merged effects of these factors, experiments were executed for different patterns of the
parameters using statistically designed experiments (Table 2).
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Table 2. Experimental results for the response value.

Std Run Factor A: Volume (mL) Factor B: Temperature (◦C) Factor C: Time (min)
Response:

Yield of Saponin Contents (%)

4 1 120 200 6 0.836

5 2 80 170 3 1.244

14 3 100 170 6 1.420

11 4 100 140 9 1.423

3 5 80 200 6 0.458

2 6 120 140 6 1.466

1 7 80 140 6 1.638

8 8 120 170 9 1.437

12 9 100 200 9 0.448

10 10 100 200 3 0.672

15 11 100 170 6 1.702

13 12 100 170 6 1.621

9 13 100 140 3 1.865

6 14 120 170 3 1.860

7 15 80 170 9 1.757

16 16 100 170 6 1.757

17 17 100 170 6 1.679

Table 2 shows that saponin contents from extracts varied from 0.448% to 1.865%. By
applying multiple regression analysis methods, the predicted response for the extraction
yield of saponin for Hedera nepalensis extract can be obtained and given as the second-order
polynomial equation in Equation (1):

Y = +1.64 − 0.06 × A − 0.50 × B − 0.07 × C − 0.03 × A2 − 0.50 × B2 − 0.03 × C2 + 0.14 × A × B
− 0.23 × A × C + 0.05 × B × C

(1)

where Y is the predicted response and A, B, and C are the test variables: volume of used
solvent (mL), temperature (◦C), and time (min), respectively. The F-test was employed to
determine the statistical significance of Equation (1), and the analysis of variance (ANOVA)
for the response surface quadratic model is presented in Table 3.

Table 3. ANOVA for quadratic model results.

Response 1: Yield.

Source Sum of Squares df Mean Square F-Value p-Value

Model 3.46 9 0.3841 17.22 0.0006 significant

A-Volume 0.0316 1 0.0316 1.41 0.2731

B-Temperature 1.98 1 1.98 88.66 <0.0001

C-Time 0.0414 1 0.0414 1.86 0.2154

AB 0.0758 1 0.0758 3.40 0.1078

AC 0.2191 1 0.2191 9.82 0.0165

BC 0.0118 1 0.0118 0.5292 0.4906

A2 0.0043 1 0.0043 0.1916 0.6747

B2 1.07 1 1.07 48.03 0.0002

C2 0.0036 1 0.0036 0.1615 0.6997
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Table 3. Cont.

Response 1: Yield.

Source Sum of Squares df Mean Square F-Value p-Value

Residual 0.1561 7 0.0223

Lack of Fit 0.0884 3 0.0295 1.74 0.2969 Not significant

Pure Error 0.0677 4 0.0169

Cor Total 3.61 16

Fit Statistics

Std. Dev. 0.1493 R2 0.9568

Mean 1.37 Adjusted R2 0.9012

C.V.% 10.90 Predicted R2 0.5794

Adeq Precision 13.4584

The regression model’s analysis of variance (ANOVA) reveals that it is very significant,
as evidenced by the Fisher’s F-test with a very low probability value [(Pmodel > F) = 0.0006].
The determination coefficient R2 and the multiple correlation coefficients R can be used
to assess the model’s quality. The R2 of 0.9568 reasonably settled with the adjusted R2 of
0.9012 (both > 0.8), which showed that the model had a strong connection between the
experimental data and data anticipated by the model. The closer the R (multiple correlation
coefficient) values are to one, the stronger the correlation between the experimental and
projected values. The value of R2 (0.9568) suggests a good relationship between the
experimental and anticipated response levels. Table 3 also shows that the linear coefficients
(B) and quadratic coefficients (AC; B2) were statistically significant with p-values < 0.05.
Therefore, B, AC, and B2 were variables that affected saponin extraction efficiency. The
lack-of-fit test assesses the model’s inability to reflect data in the experimental domain at
locations not included in the regression. The non-significant result of lack-of-fit (>0.05)
indicates that the quadratic model is statistically significant for the response, and thus may
be employed in additional investigations.

The 3D response surface and 2D contour line were used to characterize the impacts of
independent variables and their synergy with the yield of the saponin-rich extract. In the
response surface and contour plots, extraction yield was obtained along with two continu-
ous variables while the other variable was fixed constant at its zero level (center value of
the testing ranges). It was clear that extraction yield was sensitive to minor alterations of
the test variables. These graphs were drawn by imposing two other variables at their zero
level, which are shown in Figure 1.

 
(a) 

Figure 1. Cont.
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(b) 

 
(c) 

Figure 1. Response surface and contour plots for factors influencing yields of saponin extraction
include: (a) temperature and volume; (b) volume and time; and (c) temperature and time.

The extraction yield of saponin compounds was better when the extraction temper-
ature increased from 140 to 170 ◦C, but noticeably decreased when the temperature was
prolonged. Because molecular mobility is accelerated with the rising temperature, these
higher temperatures resulted in greater extraction efficiency. Furthermore, at higher tem-
peratures, not only did the solvent’s dissolving capability improve, so did the decrease in
surface tension and solvent viscosity, which enhanced the mass transfer rate and, as a result,
the availability of bioactive chemicals for extraction [24]. Although higher temperatures
have a significant beneficial impact on extraction yield, they cannot be raised indefinitely.
When the temperature exceeds a certain point, saponin degradation may occur in the
thermal processes, reducing extraction effectiveness. This finding is consistent with earlier
research demonstrating that saponin is a thermolabile substance and that high temperatures
can reduce saponin extraction efficiency [25].

Figure 1b,c indicate a growing trend for saponin content when the extraction period
is raised to 3 min, and a minor reduction when the duration is increased to 9 min. In this
case, a longer extraction period resulted in a higher saponin percentage yield. This might
be because the solute and solvent interacted with each other for a longer time. A longer
contact duration enhanced mass transfer in the system. Excessive extraction time, on the
other hand, is unnecessary because the solvent and sample would be in full equilibrium
after a given time, based on Fick’s second diffusion law. By then, the efficiency of extraction
procedure would have slowed [26].

Figure 1a,b depict the interaction between extraction yield and solvent ratio. The
extraction yield was observed to improve when the solvent increases. However, statistical
analysis revealed that the solvent (80–120 mL) had little substantial influence on the overall
saponin concentration of the extracts (Table 2). The increased concentration gradients
obtained with higher solvent-to-sample ratios aid in the motion of saponins from the
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interior of the material to the surface and eventually into the solvent phase, allowing less
saponin to remain trapped inside the sample [27].

By examining the maximum created by the X and Y coordinates, the optimal values of
the variables may be determined. Responses were temperature range of 150 ◦C, extraction
time of 3 min, and a solvent level of 110 mL. After a batch of tripled experiments, the
efficiency of extraction was 1.879% ± 1.343%, which was close to the prediction of the
model (1.899%). These points were found within the experimental ranges, suggesting that
these analytical approaches might be utilized to find the best conditions.

It is common practice to validate the fitted model to ensure that it gives a sufficient
approximation of the real system. The residuals from least squares are critical for deter-
mining the appropriateness of a model. A normality assumption check was performed
by creating normal probability plots of the residuals (Figure 2a). As the residual plots
resembled a straight line, the normality conditions were met. The plots of residuals vs.
expected responses are shown in Figure 2b. In general, the residuals spread randomly over
the display, meaning that the variances of the original observations of these figures are
constant for all values of extract yield. Figure 2c depicts the relationship between the actual
and anticipated values of saponin yield, proving that the model was appropriate based on
the minimum residuals and the residuals’ close relationship to the diagonal line. As a result,
the empirical models may be used to describe the extraction yield and bioaccessibility of
total saponin by the response surface.

 
(a) (b) 

(c) 

Figure 2. (a) The normal probability plot of residuals, (b) plot of internally studentized residuals
versus experimental runs, and (c) plot of predicted and actual values.
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Extraction is the first part of the process of isolating the active components from
natural material and usually needs plenty of work to achieve significant success. For
example, research on Hedera nepalensis using convenient methods such as maceration or
percolation will take at least 24 h, or even days [5,28]. Thus, the process of study will
take more time simply for the extraction and preparation of the sample process. Recently,
with the help of modern technology such as ASE and RSM, the extraction method is
considerably more rapid and can be calculated to accomplish the desired target under
acceptable conditions. As in the experiments conducted above, the time needed to finish
the extraction method was below ten minutes for each sample, a significant decrease in
extraction times compared to conventional extraction methods reported in the literature.
The results of our experiments are in agreement with the outcome of previous studies, where
the production of bioactive compounds in medicinal herbs was carried out using similar
techniques: the pressurized liquid method achieved a reasonable extraction efficiency in
less time using less solvent [29–31]. Additionally, the natural products business is very
interested in optimizing the extraction of natural plants to develop higher-quality goods.
Response surface methodology (RSM) is a powerful tool for studying the interactions
between variables and improving processes or products in which several variables might
affect the outputs. The RSM model developed in this study enables the optimal parameters
to be applied not only to laboratory tests, but it also has the potential to be applied at an
industrial scale [32,33].

3.2. Antibacterial Activity

The antimicrobial activity of the extracts from H. nepalensis leaves was investigated
by the disk diffusion method to determine the antibacterial ability of the extracts against
some bacterial strains associated with respiratory diseases (Table 4). The results show that
the extract of H. nepalensis leaves inhibited the growth of 3/6 types of bacteria, such as S.
pyogenes, S. pneumonia, and H. influenza. Moreover, the extract inhibited the growth of three
bacterial strains at a moderate to strong level with inhibition zone diameter values ranging
from 12.63 to 19.50 mm.

Table 4. Antibacterial activity of the extracts from H. nepalensis leaves on several strains of bacteria
related to respiratory diseases.

Microorganism
Zone of Inhibition (mm)

Control Hedera nepalensis Extract Amoxicillin Cefotaxime

Gram (+)

S. aureus - - 29.23 ± 0.03 ND

S. pneumoniae - 19.33 ± 0.09 45.60 ± 0.06 ND

S. pyogenes - 18.60 ± 0.06 32.10 ± 0.06 ND

Gram (−)

H. influenzae - 12.63 ± 0.19 15.83 ± 0.09 ND

K. pneumoniae - - - 24.10 ± 0.10

P. aeruginosa - - - 10.60 ± 0.10

Note: “-” has no antimicrobial activity; the inhibition zone diameter, including the diameter of the paper discs, is
6 mm for the antibiotics, and the agar well is 8 mm for the test samples. ND: not determined, n = 3, Mean ± SEM.

Furthermore, the MIC values provided evidence for the inhibitory ability at low
concentrations of the extract (Table 5). The lower the MIC, the more sensitivity of bacteria
react to tested extract. The MIC value of the extract was 5 mg/mL for S. pneumoniae, while it
was greater than 5 mg/mL for the remaining strains. Overall, among the bacteria tested, the
Gram (−) group was less sensitive than the Gram (+) group to the extract from H. nepalensis
leaves. This might be related to changes in bacterial characteristics, such as cell walls, the
proportion of peptidoglycan, and the type of cross-linking effect of bacterial activity [34].
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Table 5. MIC values of the extracts from H. nepalensis leaves for several strains of bacteria related to
respiratory diseases.

Microorganism
MIC

Hedera nepalensis Extract (mg/mL) Amoxicillin (μg/mL)

Gram (+)
S. pneumoniae 5 0.0312

S. pyogenes >5 <0.0312

Gram (−) H. influenzae >5 2

Antibiotic resistance continues to be a concern in a number of developing and indus-
trialized nations, presenting a substantial threat to the global health sector [35]. Due to the
ineffectiveness of currently available antimicrobials for treating infectious disorders, many
researchers have turned their attention to natural products as potential sources of novel
bioactive chemicals [36].

In this study, the pharmacological activity of the Hedera nepalensis plant was confirmed
by the antimicrobial activity of the extract sample that showed activity against S. pyogenes,
S. pneumonia, and H. influenza. These results are in agreement with previous reports [1,3,37].
The antibacterial activity of the plant could be due to the presence of saponins [38,39], with
active compounds such as hederacoside C in particular [40,41]. While the extract showed
a significant antibacterial activity against a variety of tested bacteria, this sample only
had a negligible amount of antibacterial activity against the test bacteria, as determined
by their MIC values. The reason for the different performance of antibacterial activity
for the sample may be related to the use of crude extracts. However, further research is
necessary to determine their efficiency in suppressing the development of parasites, viruses,
and/or fungus.

4. Conclusions

Accelerated solvent extraction is a sustainable and effective technique for extracting
Hedera nepalensis leaves. The ASE followed by the RSM model is a practical method for
enriching and observing saponin concentrations in Hedera nepalensis leaves. In the natural
product extraction process, mathematical tools and models that can explain and estimate
experimental data from the extraction process would be very valuable. Additionally, the
current work reveals that crude extracts of Hedera nepalensis leaves exhibit a potential
antimicrobial activity, hence providing a scientific validation of traditional techniques and
supporting scientific data in favor of in vitro research.
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Analysis of variance ANOVA
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Box–Behnken design BBD
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Colony forming unit CFU
Dimethyl sulfoxide DMSO
Haemophilus influenza H. influenza
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High-performance liquid chromatography HPLC
Klebsiella pneumoniae K. pneumoniae
McFarland units MFU
Minimum inhibitory concentration MIC
Pseudomonas aeruginosa P. aeruginosa
Response surface methodology RSM
Standard error of mean SEM
Staphylococcus aureus S. aureus
Streptococcus pneumoniae S. pneumoniae
Streptococcus pyogenes S. pyogenes
Subcritical water extraction SWE
Tryptic soy agar TSA
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Abstract: Mauritia flexuosa L.f. is a palm from the Amazon. Pulp and oil are extracted from its fruits,
with a high content of bioactive compounds. This study presents the economic evaluation of two
extraction processes: (a) Conventional solvent extraction (CSE) with 80% ethanol for the recovery of
phenolic-rich extracts; and (b) Supercritical fluid extraction (SFE) followed by CSE to obtain oil and
phenolic-rich extracts. The objective of this study was to compare the feasibility of both extraction
processes. The economic evaluation and the sensitivity study were evaluated using the SuperPro
Designer 9.0® software at an extraction volume of 2000 L. Similar global extraction yields were
obtained for both processes; however, 8.4 and 2.4 times more total polyphenol and flavonoid content
were extracted, respectively, using SFE+CSE. Cost of manufacturing (COM) was higher in SFE+CSE
compared to CSE, USD 193.38/kg and USD 126.47/kg, respectively; however, in the first process,
two by-products were obtained. The sensitivity study showed that the cost of the raw material
was the factor that had the highest impact on COM in both extraction processes. SFE+CSE was the
most economically viable process for obtaining bioactive compounds on an industrial scale from M.
flexuosa L.f.

Keywords: Mauritia flexuosa L.f.; conventional solvent extraction; supercritical fluid extraction;
phenolic compounds; economic analysis

1. Introduction

Mauritia flexuosa L.f. is a palm from the South American Amazon and it is distributed
in Peru, Bolivia, Brazil, Colombia, Ecuador, Venezuela and Guyana [1]. The fruit of M.
flexuosa is considered a functional food due to its high content of phenolic compounds,
carotenoids, essential fatty acids, vitamin E (tocopherols) and dietary fiber [2–4]. Moreover,
from the pulp, 20–30% (wt.) of oil can be extracted [5], which contains 89.81% and 10.19% of
unsaturated and saturated fatty acids, respectively, as well as a high content of β-carotene
(911.4 mg/kg) and tocopherol (800 mg/kg) [6,7]. Oleic acid, a monounsaturated fatty acid,
is the most abundant (89.81%) compound in the oil, followed by palmitic acid and linoleic
acid [7,8].

The phenolic compounds extracted from M. flexuosa have anti-inflammatory, antiox-
idant, and antimicrobial properties [1–4,9], important for the prevention of chronic or
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non-chronic diseases, which have great potential in the food, pharmaceutical and cos-
metic industries for the development of new products as colorants, flavorings, additives,
antimicrobials and antioxidants [10]. On the other hand, M. flexuosa oil could be used
in the cosmetic industry for the treatment of skin and hair due to its high content of
carotenoids and vitamin C, which are related to its high antioxidant activity [11]. Interest-
ingly, M. flexuosa oil also has antimicrobial activity [8,12] with potential application in the
food industry.

Currently, the COVID-19 pandemic has increased the size of the global nutraceutical
market, corresponding to $ 417.66 billion in 2020, which is projected to grow at a compound
annual growth rate (CAGR) of 8.9% from 2020 to 2028. Within this market, the segments
that have shown the highest growth are dietary supplements and functional foods [13]. M.
flexuosa oil and its bioactive compounds also have a high nutraceutical value. It is estimated
that there are approximately 4000 vegetable species from which oil can be extracted [14].
There is not much information regarding the market value of oil extracted from tropical
fruits such as M. flexuosa. However, omega-6 and omega-9 fatty acids obtained from the
hydrolysis of M. flexuosa oil represent important products with high added value in the
cosmetic, food and pharmaceutical industries [7].

For the recovery of phenolic-rich extracts from the pulp of M. flexuosa and fat-soluble
compounds from the oil of this fruit, solid–liquid extraction [2–4] and supercritical ad-
sorption in columns packed with γ-alumina [5] were used, respectively. In some of these
processes, large volumes of petroleum-derived solvents are required, as well as a long
extraction time, which could reduce the quality of the bioactive compounds obtained [15].
One strategy for reducing costs without affecting the quality of these products is the in-
tensification of processes that allow efficient use of energy and capital, improving the
techno-economic parameters [16].

Using the concept of biorefinery and through the sequential integration of green ex-
traction processes, the yield and recovery of bioactive compounds can be increased on an
industrial scale, to be used as functional foods, as well as in the food, pharmaceutical and
cosmetic industry [17]. However, before starting up an industrial-scale biorefinery, it is im-
portant to know all the production costs that would be associated with its implementation.

A previous study based on the fruits of M. flexuosa shows that the sequential use of
a supercritical and a conventional solvent extraction, compared to conventional solvent
extraction alone, makes it possible to obtain two by-products with high nutraceutical and
commercial value: oil and phenolic-rich extracts [18]. Therefore, the objective of this study
was to carry out an economic evaluation and sensitivity study of the by-products generated
through the two extraction processes: a single-stage process with conventional solvent
extraction and a two-stage sequential process using supercritical and conventional solvent
extraction, at an extraction volume of 2000 L.

2. Materials and Methods

2.1. Sample Preparation

Fruits of M. flexuosa of the “Shambo” morphotype, acquired in October 2018 in
the “Veinte de Enero” Community of the Marañon River, Iquitos Region, Peru (latitude:
4◦39′19.5” S, longitude: 73◦49′27.9” W), were used in this study. The fruits were selected
from their sanity and ripening stage, and washed in water containing 25 ppm of sodium
hypochlorite. Then, the pulp was obtained, which was lyophilized for subsequent assays
as previously described [3].

2.2. Single-Stage Process and Two-Stage Sequential Process

A supercritical CO2 extraction equipment (Top Industrie, Vaux-le-Pénil, France) was
used to obtain oil from M. flexuosa on a laboratory scale. The optimized conditions using
SFE to maximize oil extraction were: pressure, 2 × 107 Pa; extraction temperature, 42 ◦C
and CO2 flow rate, 42 g CO2/min. For each extraction, the 50 mL extraction vessel was
filled with approximately 50 g of lyophilized M. flexuosa pulp.
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Phenol-rich extracts under previously optimized conditions were obtained from SFE
defatted pulp or freeze-dried pulp of M. flexuosa on a laboratory scale, as previously
described [3]. During this study, two extraction processes were evaluated: (a) Single-stage
process by conventional solvent extraction (CSE) for obtaining phenolic-rich extracts and
(b) Two-stage sequential process using supercritical and conventional solvent extraction
(SFE+CSE) for the recovery of oil and phenolic-rich extracts.

The global extraction yields (GEY) for both extraction processes were calculated as the
ratio between the total mass of extract and the mass of raw material loaded in the extractor
on a dry weight (dw) basis [19].

2.3. Total Phenolic and Flavonoid Content

Total phenolics were extracted using a modified Folin–Ciocalteau method as described
in Best et al. [3]. Briefly, 750 μL of 0.2 N Folin–Ciocalteau reagent was added to 100 μL of
extract and allowed to react for 5 min. Then, 750 μL of a 7.5% sodium carbonate solution
was added to the mixture and it was incubated in a water bath at 40 ◦C for 30 min. After
this time, the absorbance at 725 nm was recorded. Total phenolics were expressed in μg of
gallic acid equivalents per g of sample (μg GAE/g).

Total flavonoids were measured using the aluminum chloride colorimetric method
as previously described [3]. First, 75 μL of a 5% NaNO2 solution was added to 100 μL of
extract and kept for 5 min at 25 ◦C. Then, 150 μL of a 10% AlCl3.6H2O solution was added to
the mixture and it was incubated for 5 min. Subsequently, 500 μL of 1 M NaOH was added
and it was left to react for 15 min at room temperature. After this time, the absorbance at
510 nm was read. Total flavonoids were expressed as μg of catechin equivalents per g of
sample (μg CE/g).

2.4. Process Simulation Model

SuperPro Designer 9.0® software was used to perform the simulations of the CSE
and SFE+CSE. Direct costs (buildings, yard improvement, electrical facilities, insulation,
instrumentation, installation, etc.) and indirect costs (administration rates, engineering,
and construction, insurance, human resources for administration, cleaning services, etc.)
were also estimated by the simulator, and both are considered in the economic evaluation.

The input parameters and simulation conditions for the single-stage process (CSE)
and sequential two-stage process (SFE+CSE) are shown in Tables 1 and 2.

Table 1. Experimental data used to simulate the single-stage process by conventional solvent extrac-
tion (CSE).

Parameter Value

Lyophilized pulp—1st step
Lyophilized yield 36.17 g/100 g whole fruit

Lyophilization temperature −50 ◦C
Time 3–4 h

Pressure ≥50 Pa
Conventional solvent extraction

(80% ethanol)—2nd step
Extraction yield 87.3 g ground and lyophilized pulp/100 g lyophilized pulp

Temperature 30 ◦C
Time 1 h
S/F 10 m ethanol/1 g lyophilized pulp

Lyophilized extract—3rd step
Lyophilized yield 85.44 g lyophilized extract/100 g lyophilized pulp

Lyophilization temperature −50 ◦C
Time 3–4 h

Pressure ≥50 Pa
S/F: mass ratio of solvent to feed.

178



Processes 2022, 10, 459

Table 2. Experimental data used to simulate the sequential two-stage process using supercritical and
conventional solvent extraction (SFE+CSE).

Parameter Value

Lyophilized pulp—1st step
Lyophilized yield 36.17 g/100 g whole fruit

Lyophilization temperature −50 ◦C
Time 3–4 h

Pressure ≥50 Pa
Oil extract—2nd step

Extraction yield 38.85 g oil/100 g lyophilized pulp
Temperature 80 ◦C

Extraction time 1 h
Pressure 2 × 107 Pa

CO2 flow rate 42 g CO2/min
Lyophilized extract–3rd step

Lyophilized yield 47.418 g lyophilized extract/100 g lyophilized pulp
Lyophilization temperature −50 ◦C

Extraction time 3–4 h
Pressure ≥50 Pa

In Figure 1, the flowsheets of the CSE and SFE+CSE are shown. During the scale-up
process, it was observed that the yield obtained on an industrial scale can increase the
extraction yield compared to the laboratory scale, under the same processing conditions for
each technology (pressure, temperature, extraction time, density) [20].

Both extraction processes include a wash tank (P-0/WSH-101), a disinfection tank
(P-02/WSH-103), a rinse tank (P-03/WSH-104), a maturing kettle (P-04/V-104), a bleaching
kettle (P-05/V-105), a pulping machine (P-06/SR-101), a packaging machine (P-07/SL-
101), a freezer (P-08/FT-101), a lyophilizer (P-09/V-103), a plate filter (P-10/GR-101),
and a sieving machine (P-11/VSCR-101). In the CSE, the lyophilizate was placed in an
extraction tank (P-12/MSX-101), then it was centrifuged (P-13/DS-101, filtered by plates
(P-14/NFD-10), evaporated (P-15/EV-101), packed (P-16/SL-102), frozen (P-17/FT-102),
and lyophilized (P-18/V-101) until obtaining phenolic-rich extracts.

On the other hand, in the SFE+CSE, the lyophilizate was placed in the supercritical
CO2 equipment (P-12/V-102, P-13/V-106, P-14/G-101, P-15/MX-101, P-16/EC-101) for oil
separation, then the aqueous phase was pumped (P-17/PM-101) into the extraction tank
(P-18/MSX-101), then it was centrifuged (P-19/DS-101), plate filtered (P-20/NFD-101),
evaporated (P-21/EV-101), packed (P-22/SL-102), frozen (P-23/FT-102), and lyophilized
(P-24/V-101) to obtain the second by-product of this process: phenolic-rich extracts.
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Figure 1. Flowsheets of the (a) single-stage process by conventional solvent extraction (CSE) and
(b) sequential two-stage process using supercritical and conventional solvent extraction (SFE+CSE),
designed using SuperPro Designer 9.0® software. Source: Ref. [18], reproduced with permission
from Best et al., The 2nd International Electronic Conference on Foods 2021-Future Foods and Food
Technologies for a Sustainable World, sciforum-048831; published by MDPI, 2021.

2.5. Economic Evaluation

The cost of the extraction plants for the CSE and SFE+CSE was calculated using past
quotes from vendors and previous reports [21]. In some cases, the quotes and detailed spec-
ifications of the equipment were of different capacities than those required [22]. Equation
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(1) was used to obtain the cost of each large-scale equipment based on the quote obtained
for small-scale equipment.

C1 = C2

(
Q1
Q2

)n
(1)

where C1 is the cost of the equipment with capacity Q1, C2 is the known base cost for
equipment with capacity Q2, and n is a constant depending on the equipment type. The
values of n were collected from the literature [23–26]. The cost of the supercritical fluid
equipment was calculated according to [27]. Unit base cost and n values used for the
extraction plants for the CSE and SFE+CSE are shown in Table 3.

Table 3. Base costs for each equipment composing the extraction plants.

Equipment N a Unit Base
Cost (USD)

CSE Plant SFE+CSE Plant

Number of
Equipment

Total Base
Cost (USD)

Number of
Equipment

Total Base
Cost (USD)

Sorting machine b 0.89 3900.00 1 1,824,167.05 1 1,824,167.05
Immersion washer (washed) b 0.53 3937.74 2 306,391.73 2 306,391.73
Immersion washer (rinsed) b 0.53 3937.74 2 306,391.73 2 306,391.73

Rinse tank b 0.53 4000.00 4 622,472.23 4 622,472.23
Water boiler (maturation) b 0.59 2500.00 4 588,843.66 4 588,843.66

Water boiler (bleached) b 0.59 2500.00 4 588,843.66 4 588,843.66
Automatic pulper b 0.60 1895.73 5 598,062.38 5 598,062.38

Automatic packaging machine b 0.60 1650.00 1 104,107.96 1 104,107.96
Freezing tunnel b 0.63 2500.00 1 194,061.78 1 194,061.78

Lyophilizer b 0.65 20,000.00 1 1,782,501,88 1 1,782,501,88
Roller mill b 0.91 5700.00 1 3,061,081.24 1 3,061,081.24

Industrial sieve b 0.91 1700.00 1 912,954.05 1 912,954.05

Extraction tank b 0.82
2000.00 1 576,806.30
1500.00 1 432,604.73

Supercritical CO2 equipment c 0.60 2,520,106.41 - - 1 159,007,964.56
Centrifuge b 0.71 7000.00 7 5,665,644.11 4 3,237,510.92

Plate filter b 0.66
1500.00 1 143,248.89 - -
700.00 - - 1 66,849.48

Evaporator b 0.59 10,000.00 6 706,612.39 3 353,306.19

Lyophilizer b 0.65
15,000.00 1 1,336,876.41 - -
10,000.00 - - 1 891,250.94

Conveyor belts b 0.89 769.00 24 8,632,519.77 24 8,632,519.77
Centrifugal pump b 0.55 900.00 5 201,007.62 5 201,007.62

Total - - 28,152,594.81 - 183,712,893.54
a n constant depending on equipment type based on references [23–26]. b Direct quotation. c Calculated based
on [27].

For both extraction processes, the scale-up was carried out for a vessel with a volume
of 2000 L. To perform the simulations, process operation of three daily shifts for 330 days
per year was considered, corresponding an annual operation for 7920 h. For each batch,
two tons of M. flexuosa were processed in both CSE and SFE+CSE.

The cost of raw material (M. flexuosa) was quoted as USD 15.63/kg (direct quotation
of wholesale market, Lima, Peru in 2021). The commercialization of phenolic-rich extracts
obtained by the CSE and SFE+CSE was estimated at USD 100.00/kg and USD 180.00/kg,
respectively. The commercialization of oil was estimated at USD 314.47/L. The other input
information is shown in Table 4.
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Table 4. Input economic parameters used in SuperPro Designer 9.0® software.

Pameter Value

Fixed Capital Investment (FCI)
CSE plant a USD 28,152,594.00

SFE+CSE plant a USD 183,712,894,00
Depreciation rate b 10%/year
Maintenance rate b 6%/year

Project lifetime 25 years
Inflation 4%/year

Low NPV interest 7%
Depreciation period 25 years

Loan period for equipment 12 years
Loan interest for equipment 7%/year

Loan 100%
Cost of operational labor (COL)

Wage (with administration and benefits) c USD 4.91/h
Number of workers per shift 8

Operational time 7920 h/year
Cost of Raw Material (CRM)

Mauritia flexuosa L.f. a 15.63 USD/kg
Industrial CO2

a 0.033 USD/kg
Ethanol 80% a 0.53 USD/kg

Cost of utilities (COU)
Electricity 0.1183 USD/kW.h

Steam 12 USD/ton
Water 1.63 USD/ton

a Based on local quotations. b Calculated based on reference [23]. c Based on reference [28].

Experimental data obtained at fixed operating conditions were used as input for the
model. The cost of manufacturing (COM) for the production of phenolic-rich extracts
by the CSE, as well as the production of oil and phenolic-rich extracts by SFE+CSE, was
determined as the sum of three main components: direct costs, fixed costs, and general
expenses. COM was estimated according to a methodology proposed elsewhere [26], in
which the three main components are estimated in terms of four major costs: fixed capital
investment (FCI), cost of raw material (CRM), cost of operational labor (COL), and cost
of utilities (CUT). The FCI is related to expenses involved in the implementation of the
production plant. CRM considers the cost of the raw material, including the costs of the
extraction solvents. COL is related to the number of operators required to perform all
stages of extraction. CUT considers electricity requirements, steam, and treated water for
the process.

2.6. Sensitivity Study

The simulation was carried out considering an industrial scale at an extraction volume
of 2000 L. The value of COM was simulated in CSE and SFE+CSE, considering six different
scenarios: (1) Normal or real value of COM; (2) Plant at 50% the cost; (3) M. flexuosa at
50% the cost; (4) Ethanol 50% recycled; (5) Extract lyophilized 50% more expensive; and (6)
Merging scenarios 2–5.

In addition to COM, to carry out the sensitivity study, the gross margin (GM), return
over the investment (ROI), payback time (PBT), internal rate of return (IRR), and net present
value (NPV) at 7% interest were also simulated considering the above-mentioned selling
prices of oil and phenolic-rich extracts.

2.7. Statistical Analysis

The results were expressed as mean ± standard deviation (SD), and analyzed using
Statistical Package for the Social Sciences (SPSS v26.0, IBM, Chicago, IL, USA). Differences
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between groups were evaluated using the Mann–Whitney U test, at a significance level of
p < 0.05.

3. Results and Discussion

3.1. Experimental Results

As shown in Table 5, in the CSE, the global extraction yield was 13.84 g extract/100 g
M. flexuosa pulp (dry basis), while in the SFE+CSE, the global extraction yield was 44.5 g
oil/100 g M. flexuosa pulp (dry basis) and 13.84 g extract/100 g M. flexuosa pulp (dry basis).
These results are in agreement with previous studies showing an extraction yield of 8.04%
for phenolic-rich extracts obtained from the pulp of M. flexuosa defatted by Sohxlet [29]
and an oil extraction yield between 23.5 to 41.1 g oil/100 g M. flexuosa using SFE-CO2 [30].
A study carried out in Brazil showed that the annual productivity of pulp and oil from
M. flexuosa was 0.79 ± 0.23 t/ha and 57.5 ± 17.0 kg/ha, respectively [31]. Currently, the
average cost of M. flexuosa oil in Peru is USD 314.47 L; however, to increase its productivity,
due to its high antioxidant potential, it is necessary to extract it on an industrial scale.

Table 5. Global extraction yields, total phenolics, and total flavonoids in the extracts obtained by the
single-stage process by conventional solvent extraction (CSE) and the sequential two-stage process
using supercritical and conventional solvent extraction (SFE+CSE).

CSE SFE+CSE Reference

Global extraction yield (%) 13.84% (extract) 44.85% (oil)
13.8% (extract) -

Total phenolics
(μg GAE/g extract) 3423.94 ± 24.93 28800.95 ± 1180.37 * Best et al. [3]

Total flavonoids
(μg CE/g extract) 165.34 ± 4.11 390.82 ± 21.11 * Best et al. [3]

CSE: Conventional solvent extraction; SFE: Supercritical fluid extraction; GAE: Gallic acid equivalents; CE:
Catechin equivalent. * Mann–Whitney’s U test, p < 0.05.

In the SFE+CSE, the total content of polyphenols and flavonoids were 8.4- and 2.4-
fold higher, respectively, compared to the CSE (p < 0.01). The levels of total polyphenols
obtained by the CSE were similar to those reported by previous studies in methanol extracts
from M. flexuosa pulp [9,32]. However, these levels were significantly lower compared to
those found from the pulp defatted by the SFE+CSE. This last method allows to concentrate
the content of phenolic compounds, and therefore to increase the activity and the market
value of this phenolic-rich extracts from M. flexuosa. Regarding the total flavonoid levels,
the content obtained by both extraction methods in the present study was lower than that
reported by previous studies [9,32].

3.2. Economic Evaluation of the Extraction Processes

The total investment for CSE and SFE+CSE was USD 28,152,594.00 and USD 183,712,
894.00, respectively (Table 4). These differences in the cost of the total investment are due
to the use of a supercritical fluid equipment in the SFE+CSE, which makes it possible to
obtain two by-products: oil and phenolic-rich extracts. For the CSE, the productivity was
731.1 tons extract/year, while for the SFE+CSE, the productivity was 335.9 tons oil/year
and 405.8 tons extract/year (Figures 2 and 3).

In the sensitivity study, for both extraction processes, no variation was observed in the
productivity of oil and/or phenolic-rich extracts among all the evaluated scenarios. The
differences on the COM and productivities of the by-products obtained by both extraction
processes were related to the input data for the simulation, extraction yields, and total
investment cost of each process.
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Figure 2. COM, productivity, and total capital investment to produce phenolic-rich extracts by the
single-stage process using conventional solvent extraction (CSE).

Figure 3. COM, productivity, and total capital investment to produce oil and phenolic-rich extracts by
the sequential two-stage process using supercritical and conventional solvent extraction (SFE+CSE).

Figure 4 shows the contribution of the main cost factors (CRM, COL, FCI and CUT)
on COM for each extraction process. For CSE and SFE+CSE, the CRM and FCI were
the components that presented the highest contribution to COM. CRM corresponded to
89.22% and 57.02% of the COM in the CSE and SFE+CSE, respectively; while the FCI
represented 10.10% and 42.48% of the COM in the CSE and SFE+CSE, respectively. Other
costs such as CUT and COL had a lesser influence on the COM, together representing 0.69%
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and 0.51% in the CSE and SFE+CSE, respectively. As the production capacity of a plant
increases, the CUT and COL increase and decrease, respectively [33]. In the present study,
the CUT and COL values were not very significant, since different production capacities
were not evaluated.

Figure 4. Contribution of each component (CRM, CUT, COL, and FCI) on the COM for bioactive
compounds of M. flexuosa obtained by (a) Conventional solvent extraction (CSE) and (b) Supercritical
fluid and conventional solvent extraction (SFE+CSE).

These results suggest that the acquisition cost of the raw material in both extraction
processes exerted a strong influence on the COM. The cost of fresh M. flexuosa corresponded
to 96.52% of the CRM, while the cost of supercritical CO2 and ethanol represented only
3.48%, and fresh M. flexuosa obtained at a more affordable cost could notably decrease
the COM [34]. Moreover, the FCI was the cost that had the second highest impact on the
COM; however, an increase in the extraction time from 930 min to 1145 min in the CSE and
SFE+CSE, respectively, decreased the contribution of the CRM and increased the impact of
the FCI on the COM due to an increase in the operation time and use of supercritical CO2
equipment, as described by Rosa et al. [35] for the extraction of clove bud oil and ginger
oleoresin using supercritical fluid technology.

3.3. Sensitivity Study and Comparison between Extraction Methods

As shown in Table 6, when the CSE was used considering six different scenarios, the
COM of one kg of phenolic-rich extracts ranged between USD 63.63 and USD 126.47. The
main influence on the COM was the CRM, which has an impact of approximately 80–90%.
This occurs because M. flexuosa is a biomass of great importance in the Peruvian market, as
well as in the rest of South America. When it is possible to purchase this raw material at
half cost, the parameters of return indicate the feasibility of the process. For example, the
GM, ROI, and IRR were 26.94%, 33.46% and 42.42%, respectively. The PBT was 2.99 years
with an NPV of USD 123,274,000.00. The best scenario for processing M. flexuosa by the CSE
was achieved when merging scenarios 2–5, decreasing the value of COM by approximately
two times.
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Table 6. Project indices of the single-stage process by conventional solvent extraction (CSE).

Scenario Condition
COM

(USD/kg)
GM (%) ROI (%) PBT (Year) IRR (%)

NPV (USD)
(at 7% Interest)

1 Normal 126.47 NA NA NA NA NA
2 Plant—half cost 120.09 NA NA NA NA NA
3 M. flexuosa—half cost 73.06 26.94 33.46 2.99 42.42 123,274,000.00

4 Ethanol—50%
recycled 123.44 NA NA NA NA NA

5
Lyophilized

extract—50% more
expensive

126.47 15.68 27.97 3.57 34.30 103,938,000.00

6 Merging scenarios 2–5 63.63 57.58 161.53 0.62 324.14 417,069,000.00

NA: Not applicable; COM: Cost of manufacturing; GM: Gross margin; ROI: Return on investment; PBT: Payback
time; IRR: Internal rate of return after taxes; NPV: Net present value at 7%. Source: Ref. [18], reproduced with
permission from Best et al., The 2nd International Electronic Conference on Foods 2021-Future Foods and Food
Technologies for a Sustainable World, sciforum-048831; published by MDPI, 2021.

In the same trend, when the SFE+CSE was carried out, two by-products were obtained
in each batch. COM of one kg of oil + phenolic-rich extracts ranged from USD 96.31 to
USD 193.38. Overall, the values of COM were a bit higher in SFE+CSE than CSE because
the SFE equipment increased the FCI cost significantly. This itemized cost contributed
to approximately 50% of the total cost of these by-products. In this process, both CRM
and FCI had a significant impact on the COM. Despite the values of COM being high, all
scenarios for SFE+CSE presented positive returns on the initial capital and operational
investment. The best scenario for processing M. flexuosa by SFE+CSE was achieved by
merging scenarios 2–5, which decreased the COM by two times. In this scenario, the GM,
ROI and IRR were 73.34%, 92.91% and 152.58%, respectively. The PBT was 1.08 years, with
an NPV of USD 1,294,690,000.00 (Table 7).

Table 7. Project indices of the sequential two-stage process using supercritical and conventional
solvent extraction (SFE+CSE).

Scenario Condition
COM

(USD/kg)
GM (%)

ROI
(%)

PBT (Year)
IRR
(%)

NPV (USD)
(at 7% Interest)

1 Normal 193.38 19.73 15.54 6.43 16.48 193,979,000.00
2 Plant—half cost 152.30 36.78 35.38 2.83 45.55 416,182,000.00
3 M. flexuosa—half cost 140.75 41.57 24.29 4.12 28.83 457,940,000.00

4 Ethanol—50%
recycled 190.01 21.13 16.10 6.21 17.27 210,877,000.00

5
Lyophilized

extract—50% more
expensive

193.38 46.94 35.13 2.85 45.08 800,105,000.00

6 Merging scenarios 2–5 96.31 73.34 92.91 1.08 152.58 1,294,690,000.00

COM: Cost of manufacturing; GM: Gross margin; ROI: Return on investment; PBT: Payback time; IRR: Internal
rate of return after taxes; NPV: Net present value at 7%. Source: Ref. [18], reproduced with permission from
Best et al., The 2nd International Electronic Conference on Foods 2021-Future Foods and Food Technologies for a
Sustainable World, sciforum-048831; published by MDPI, 2021.

As shown in Tables 6 and 7, the COM calculated for the by-products of both extraction
processes was lower than the sale price when scenarios 2 to 5 were merged, which suggests
that both extraction processes are profitable under those conditions.

In 2021, the global market for plant extracts was USD 30.8 billion, forecast to reach
USD 55.3 billion by 2026, with a CAGR of 6.0%. Within this market, phytomedicines, herbal
extracts, essential oils and flavors are in greater demand. In the current scenario, due
to the COVID-19 pandemic, the food and pharmaceutical industries have increased the
consumption of plant extracts that enhance human immunity. However, the confinement
and the increase in infections due to the emergence of new variants of SARS-CoV-2, has
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limited the supply and transportation of raw materials from extracts of natural products,
which, added to its high demand, will increase the cost of extracts from natural products
during the global spread of this virus [36].

It is estimated that the COM of natural extracts ranges from USD 3.00/kg to USD
5000.00/kg [16]. In the present study, in both extraction processes, the calculated COM
value was within the range for commercial extracts. Interestingly, in both cases, the COM
value was lower than the commercial value of the extracts obtained by CSE and SFE+CSE
(wholesale market, Lima, Peru in 2021). Raw materials can represent up to 80% of COM
when supercritical fluid extraction is used [16]. According to Osorio-Tobón et al. [37], raw
materials, despite their high variability in cost, are generally the components with the
highest contribution to COM. In the present study, when scenarios 2 to 5 were merged,
the COM was 1.5 higher in the SFE+CSE compared to the CSE; however, using the former
process, two by-products were recovered. In the latter scenario, our COM for SFE+CSE
was similar to the COM obtained for the extraction of essential oil and curcuminoid-rich
extracts from Curcuma longa L using the supercritical fluid extraction, pressurized liquid
extraction, and supercritical antisolvent processes [37]. Moreover, in the present study, the
COM for phenolic-rich extracts using CSE was similar or even lower than the COM for
extraction of phenolic compounds from the pulp of Euterpe edulis [38].

GM evaluates the short-term benefits of the extraction process [21], with a higher GM
indicating that the project is more feasible, because this indicator represents the percentage
of every dollar of a product sold that the company will retain as gross profit [21,39]. In
general, for both extraction processes, the GM decreased as the COM increased, with a
higher GM being observed when scenarios 2 to 5 were merged. For CSE, the GM was
positive for a COM of USD 73.06. Similar results were found by Galviz-Quezada et al. [33],
who obtained positive GM values for the extraction of phenolic compounds from iraca
at selling prices higher than USD 100/kg. On the other hand, for SFE+CSE, positive GM
values were obtained under all of the evaluated scenarios. However, in the most favorable
scenario, the GM was significantly higher than that reported for the production of essential
oil and curcuminoid-rich extracts from C. longa L. at a raw material cost of USD 7.27/kg
and USD 1.59/kg [37].

Another important parameter for evaluating the performance of extraction processes
is the ROI, where the higher the value, the more attractive the project [40]. However, for
a project to be feasible, a minimum value of ROI between 10% to 15% is acceptable [21].
Similar to GM, in both extraction processes, ROI decreased as COM increased, reaching
its highest value in both extraction processes when scenarios 2 to 5 were merged. When
comparing both processes, it was observed that in the case of the CSE, the ROI was more
significantly influenced by the costs of the raw materials and the extract, while for SFE+CSE,
the costs of the plant and the extract had a higher impact on ROI, due to the higher level of
investment in equipment necessary to carry out this process. For SFE+CSE, an ROI > 10%
was achieved for a COM of USD 193.38, indicating that the maximum sale price for the
production of oil and phenolic-rich extracts could be achieved using this process.

PBT is also an important parameter in the sensitivity study, making it possible to
evaluate the time until the initial investment has been paid back. It is estimated that the
shorter the PBT, the faster the initial investment will be recovered; however, this depends
on the type of company and the investors [33]. For small and large plants, the PBT should
be between 2 to 3 years and 7 to 10 years, respectively [21]. In the case of SFE+CSE, a time
between 1.08 to 6.43 years was obtained when the COM was in the range from USD 96.31
to USD 193.38, indicating the feasibility of the process under all of the evaluated scenarios.
When scenarios 2 to 5 were merged, SFE+CSE had a value of PBT that was 1.74 times
higher than that of CSE, due to the higher level investment in equipment in SFE+CSE. A
similar behavior was observed previously [36], with a PBT value in the range from 3.25
to 4.71 years in order to obtain two by-products. Similarly, PBT values ranging from 0.60
to 3.02 years were reported for obtaining oil from Sucupira Branca (Pterodon emarginatus)
seeds by SFE with an extractor capacity of 30 L [41].

187



Processes 2022, 10, 459

The IRR is another parameter used to evaluate the profitability of a project; similar
to the ROI, the higher the IRR, the more desirable the project [33]. Internal rate of return
(IRR) is an important parameter for assessing the profitability of a process, as it accounts for
factors such as plant income, capital investment, and time value of money [42]. In general,
for both extraction processes, the IRR increased when the COM decreased, reaching its
highest value when scenarios 2 through 5 were merged. Similar to the ROI, in the CSE, it
was observed that the costs of the raw materials and the extract had the highest impact
on the COM, while in the SFE+CSE, the costs of the plant and the extract had a greater
influence on the value of the COM. Therefore, in the most favorable scenario, the SFE+CSE
showed an IRR 2.12 times lower than that of CSE. However, the IRR value in the SFE+CSE
was similar to or even higher than that reported in other studies [37,43].

Finally, NPV assesses the present value of all future cash flows generated by a project,
including the initial capital investment, making it possible to establish which projects are
able to generate the most profit [33]. A project can be considered feasible if the NPV is
positive after generally assuming an interest rate of 7% [37]. In the CSE, only scenarios 3,
5 and 6 present a positive NPV value, which would depend on the 50% reduction in the
cost of raw material and the sale of the extract at prices that were 50% more expensive. For
SFE+CSE, all of the evaluated scenarios presented a positive NPV value, which indicates
that all of them are feasible. Similar to IRR, for both extraction processes, when scenarios
2 to 5 were merged, the NPV reached its highest value. In the latter scenario, SFE+CSE
had an NPV value 3.10 times than that of CSE. However, to perform a more adequate
economic evaluation of the cost of production of oil and phenolic-rich extracts of M. flexuosa
using the extraction methods evaluated in the current study, as previously described [34],
other factors such as raw material characteristics and seasonality, market size, product
demand, and costs related to product quality control, packaging, and distribution must
also be considered.

4. Conclusions

In the sensitivity study, the scenario with the greatest individual impact on the eco-
nomic parameters was the reduction in the cost of raw materials by 50%. In this scenario,
in the CSE and SFE+CSE, the COM decreased by 1.7 and 1.4 times, respectively. However,
in both extraction processes, the COM reached its lowest value when scenarios 2 to 5 were
merged, decreasing the COM value approximately two times in both extraction processes.
Comparing both extraction processes, SFE+CSE was the most profitable economic process,
because it made it possible to obtain two value-added by-products, oil and phenolic-rich
extracts, with high nutraceutical value and desirable profit potential.
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Nomenclature

CAGR Compound annual growth rate
CE Catechin equivalents
COL Cost of operational labor
COM Cost of manufacturing
COU Cost of utilities
CRM Cost of raw material
CSE Conventional solvent extraction
CUT Cost of utilities
FCI Fixed capital investment
FSE Fluid supercritical extraction
GAE Gallic acid equivalents
GEY Global extraction yield
GM Gross margin
IRR Internal rate of return after taxes
NPV Net present value at 7%
PBT Payback time
ROI Return on investment
S/F Mass ratio of solvent to feed
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Abstract: Date palm fruits (Phoenix dactylifera) contain high levels of fructose and glucose sugars.
These natural sugar forms are healthy, nutritional and easily assimilate into human metabolism. The
successful production of soluble date sugar powder from nutritious date fruits would result in a
new food product that could replace the commercial refined sugar. In this work, a novel process
technology based on the supercritical extraction of sugar components from date pulp was modeled
and simulated using Aspen Plus software. The process model consisted of three main steps that were
individually simulated for their optimal working conditions as follows: (a) freeze-drying of the date
pulp at −42 ◦C and 0.0001 bar; (b) supercritical extraction of the sugar components using a 6.77 wt.%
water mixed CO2 solvent system at a pressure of 308 bar, temperature of 65 ◦C, and CO2 flow rate of
31,000 kg/h; and (c) spray-drying of the extract using 40 wt.% Gum Arabic as the carrier agent and
air as drying medium at 150 ◦C. The overall production yield of the process showed an extraction
efficiency of 99.1% for the recovery of total reducing sugars from the date fruit. The solubility of the
as-produced date sugar powder was improved by the process selectivity, elimination of insoluble
fiber contents, and the addition of Gum Arabic. The solubility of the final date sugar product was
estimated as 0.89 g/g water.

Keywords: date sugar production; freeze-drying; supercritical extraction; spray-drying; process
simulation; aspen plus

1. Introduction

Recently, the increasing awareness of the health effects of refined sugar has shifted
consumers’ focus towards natural and organic sugars. This has provided a tremendous
scope for the global organic sugar market, which is expected to grow by 14% between 2019
and 2027 for a net worth of USD 4500 million by 2027 [1]. To meet the growing demands
for organic sugar, a wide variety of plant sources and their products are being analyzed
for the development of natural fruit-sugar products that benefit human health. Among
them, date palm (Phoenix dactylifera) is a promising plant widely cultivated in the arid
regions of the Persian Gulf and North Africa [2]. Date palm fruits contain high amounts
of fructose and glucose sugars with very little sucrose content [3]. These natural sugar
forms are simple, healthy, and assimilate easily into human metabolism. The fruit contains
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numerous health benefits, including nutritional, functional, and therapeutic values [4].
Date sugar is commercially produced in syrup form through a hot water extraction method.
However, there are various drawbacks associated with this method, such as low extraction
performance, high energy input, and degradation of thermolabile compounds [5].

Recovery of sugar components from the date fruit biomatrix is mainly hindered by the
tough skin and gummy consistency of the fruit pulp. Moreover, the rigid cell membrane
layers of the biomatrix retard the movement of solvent in and out of the plant cells. As a re-
sult, most of the valuable sugar components are lost with spent biomass in the conventional
hot water extraction process, decreasing the extraction efficiency [6]. Thus, an innovative
process technology is required to overcome these limitations and efficiently recover the
sugar components from date fruits. Non-conventional techniques such as microwave-,
ultrasonic-, supercritical-, enzymatic-, and magnetic-/electrical- assisted extraction are
widely explored for the effective extraction of various bioactive compounds from different
plants and their parts [7]. These advanced approaches are advantageous because they are
less costly to operate, require a shorter treatment time, consume low amounts of energy,
and do not produce any toxic byproducts.

Compared to other non-conventional extraction techniques, supercritical CO2 (Sc-CO2)
extraction has gained increased popularity due to its sustainability, versatility, and absence
of solvent contamination [8]. Due to the properties that can be readily modified with
changes in pressure and temperature, supercritical fluids have a wide range of applications.
Indeed, the properties of both liquid and gaseous matter are combined in the supercritical
phase [9]. One of the notable benefits of supercritical solvent-based extraction is that the
solvent can be fully separated from the desired solutes, thus ensuring product purity.
Various studies have investigated the extraction of high-value components from fruits and
vegetable tissues using supercritical fluids, specifically Sc-CO2 [9–12]. However, usage of
Sc-CO2 for plant carbohydrates extraction is partly hampered by its low polarity, which
limits the solubilization of the targeted compounds into Sc-CO2. To overcome this problem,
high-density polar solvents are used as a co-solvent to enhance the solubility of polar
sugars in Sc-CO2. Studies on carbohydrate solubility in Sc-CO2 have shown that using
polar co-solvents such as water significantly improves the solubility and separation of
carbohydrates from mixtures at an optimal concentration of the co-solvent [13].

Further, a pre-drying step of the date pulp (prior to supercritical extraction) is essential
for the maximum recovery of sugars and other nutritive analytes from the fruit matrix.
Among the different pre-drying methods that could be applied to produce dehydrated
food, freeze-drying is recognized as one of the best drying techniques to preserve food
quality [14–16]. Freeze-drying, also known as lyophilization, is the process of removing
water from the food by an initial freezing phase followed by a sublimation phase to
remove the ice as vapor. The removal of water from food by sublimation protects the food
product against the loss of essential components and damage caused by chemical reactions
associated with the withdrawal or vaporization of liquid water [17].

A post-drying stage of the extract (obtained from the Sc-CO2 extraction) to a solid
powder form ensures product stability and longevity of the sugar. The surface area of the
final date sugar product plays a vital role in determining its dissolution rate. Spray-drying
is one of the most widely used solvent evaporation techniques in the food industry to
obtain products with a large surface area [18,19]. However, the rubbery nature of the low
molecular weight sugars in the extract (owing to their lower transition temperature) causes
product instability and particle agglomeration during the drying process. Hence, a carrier
agent is highly required in the post-drying step to overcome these limitations. Gum Arabic
(GA) is a widely studied carrier agent due to its low viscosity and high solubility [18]. It is a
natural prebiotic and is considered natural, edible, and a safe source of dietary fiber [20]. GA
is a complex polysaccharide that benefits gut health, digestion, and cardiovascular health.

A careful evaluation of the scientific literature shows that freeze-drying and spray-
drying are the best drying techniques for the pre- and post-drying stages of the main
extraction [14,21]. Hence, the same methods were adopted in this study to develop a
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novel process technology based on Sc-CO2 extraction for the enhanced recovery and
production of soluble date sugar powder from the date fruit. Based on these literature
findings, an Integrated Date Sugar Production Process (IDSPP) involving three main stages
is conceptualized as follows: (i) Freeze-drying of date pulp, (ii) Sc-CO2-assisted extraction
of date syrup with water as a co-solvent [8], and (iii) spray-drying of the extract for the
production of soluble powder date sugar.

This study focuses on the modeling and simulation of the IDSPP process using Aspen
Steady-State Modeler software to establish the feasibility of the process and determine the
optimum working conditions for the process to maximize the sugar yield of date fruits.
The simulation results would provide the necessary process data for the new technology
and the recommended values for various critical process parameters for the experimental
development and realization of the IDSPP process. Continuous-model simulation was
performed for each stage of the process as a discrete block to determine the optimal values
of the critical operating parameters for the respective stage of the IDSPP plant.

2. Materials and Methods

2.1. IDSPP Flowsheet

The process flowsheet for the as-proposed IDSPP technology is shown in Figure 1.
Freeze-drying, supercritical extraction, and spray-drying are the major unit operations
in the process. Operating pressure, freezing temperature, and drying temperature are
the main parameters examined for the freeze-drying (FD) stage to minimize the moisture
content in the fruit. Regarding the supercritical extraction (SCE) stage, variables such as
operating pressure, temperature, and solvent:co-solvent ratio were considered to optimize
the extraction efficiency. For the final spray-drying (SD) stage, the mass flow rate and
temperature of air (drying medium), and feed flow rate were studied to understand their
effects on the size and solubility of the final date sugar product.

Figure 1. Integrated Date Sugar Production Process (IDSPP) flow diagram.

2.2. Materials

The lack of experimental data for the IDSPP at its design stage creates greater reliability
on numerical simulation to provide useful information for the process. Commercial process
simulation software, Aspen Plus V10 (2019), was used to solve the flowsheets encountered
in this work. The software was used to understand the compositions of various phases and
streams involved in each stage of the IDSPP. The simulations were run on a standalone
personal computer (PC) using a Microsoft Windows 10 (2020) operating system.

2.3. Data

The essential properties and data for the Barhe variant of the date palm fruits were
obtained from a study conducted by Rambabu et al., [2]. The properties (Table S1,
Supplementary Materials) and structure of the GA (Figure S1, Supplementary Materials)
were included in the Aspen database through the user interface [22]. The necessary user-
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defined functions (UDFs) pertaining to the solubility behavior of the analytes into the
Sc-CO2/water system (for the extraction stage) were developed using Phyton (V 3.9.9)
scripting and patched to Aspen software.

2.4. Method

The simulation was performed through a model-based representation of chemical,
physical, biological, and technical processes and unit operations in the software. The
simulation prerequisites involved a detailed understanding of the chemical and physical
properties of pure components and mixtures of various streams, as well as mathematical
models that allowed stoichiometry-based process calculations. The simulator described
processes in flow diagrams where the unit operations are positioned and connected by
streams. The solver computed the necessary mass and energy balances for each node to
find a stable operating point. The thermodynamic model suitable to present the behavior
of each participating phase was selected after careful analysis of a wide range of scientific
literature.

For the modeling, a basis of 100 kg/h of date fruit pulp, including the moisture content,
was selected. All necessary components were found and defined in the Aspen database
except for the date fruit, that was specified as a non-conventional solid. The date fruit
was specified using the HCOALGEN enthalpy model and the DCHARIGT density model.
Electrolyte Wizard was selected for the ice formation and drying of water, and the ice
formation reaction was chosen and added to the chemistry profile to be used as an input
to the units involving water phase change [23]. The Particle Size Distribution (PSD) was
defined to describe the appearance of the non-conventional substream. A log-normal
distribution function was used to describe the PSD with a geometric mean deviation of
27.5 mm, and a mass median diameter (D50) value of 27.5 mm. The IDEAL property method
was selected that accommodates both Raoult’s law and Henry’s law and is recommended
for vaccum systems where gas is assumed to behave ideally.

The FD process was modeled using a Gibbs reactor which uses Gibbs free energy
minimization with phase splitting to calculate the chemical equilibrium between any
number of solid components and the fluid phases. The amount of sublimated water was
calculated using a UDF that was developed using the results of İzli [14]. Accordingly, the
Two Term model (as shown in Equation (1)) that best described the FD behavior was used
for the freeze-dryer simulation.

MR = aFDexp(−k0t) + bFD exp(−k1t) (1)

where MR is the moisture ratio (Mt/M0), Mt represents the moisture at a specific time, t
(g water/g dry solid); M0 represents the initial moisture content (g water/g dry solid); k0
and k1 are the drying constants with values 0.002291 min−1 and 0.4768 min−1, respectively;
aFD and bFD are FD coefficients with values 0.835 and 0.4768, respectively. These values
were experimentally estimated using various thin-layer drying models for the freeze-drying
of dates [14].

For SCE stage modeling, the frozen dates were demonstrated as a mixture of specific
components to simulate the extraction process and evaluate the exact yield of these compo-
nents from the overall fruit matrix. Among the various represented components, glucose
and fructose were highlighted as the targeted entities for the extraction by Sc-CO2. The
non-polar portion of the date fruit matrix was represented by fatty acids such as linoleic,
palmitic, and oleic acids. The non-extractable material of the biomatrix was represented as
cellulose due to its negligible solubility in Sc-CO2 [12]. The phase equilibrium behavior
of the glucose–fructose, Sc-CO2, and water mixture was thermodynamically developed.
The process simulation was based on the concept of stages in the extraction. Each stage
was assumed as a component separator module at fixed temperature and pressure. The
Soave-Redlich-Kwong (SRK) equation of state was used to calculate the thermodynamic
properties. The SRK model is suitable for high-temperature and high-pressure extractions,
such as supercritical conditioning [24]. Separation unit modules were used to manipulate
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the separation process of CO2–water–glucose–fructose based on the solubility values at
a given temperature and pressure. The separation was based on an empirical solubility
equation (Equation (2)) proposed by Stahl and Schilz that was fed to manipulator block
modules [25].

logygf = A + BP + CP2 (2)

where ygf is the solubility of the glucose/fructose in the Sc-CO2 (mol solute/mol CO2); P is
the total pressure of the system (bar); and A, B, C, are the empirical constants with values
−4.3855, −6.2459 × 10−3, and 2.0307 × 10−5 for glucose, and 4.5455, −1.2617 × 10−3, and
1.1561 × 10−5 for fructose, respectively [25]. The solubilities of glucose and fructose in
water were calculated according to the work of Saldaña et al., [26]. Additionally, Chrastil’s
equation [27] was used to model the solubility of the palmitic, oleic, and linoleic acids into
Sc-CO2. Equation (3) presents this model, which is based on the formation of acid–complex
upon association of the solute and solvent molecules.

lnS = k × ln ρs +
a
T
+ b (3)

where S is the solubility of the solute in the supercritical solvent (g/L); ρs is the density of
the pure solvent (g/L); and k, a, and b are empirical constants. Further, the solubility of
water in CO2 was obtained through regression of experimental literature data [28] and is
represented by Equation (4).

Sw =
(

1.66 × 10−9
)
+

(
7.36 × 10−8 × T

)
+

(
4.54 × 10−8P

)
+

(
1.22 × 10−6 × P × T

)
(4)

where Sw is the solubility of water in CO2 (kg H2O/kg CO2), and T is the temperature (◦C).
Modeling and simulation of the SD stage were performed through the built-in spray-

dryer unit block model available in Aspen Plus. The necessary parameters for the spray-
dryer model were specified for the drying process based on the IDEAL property method [29].
The properties for water, air, glucose, and fructose were defined with the conventional
values available in the Aspen database. The properties of GA were explicitly included
in the software. A rotary atomizer was chosen and modeled with a wheel diameter of
10 cm, four droplet intervals, four 30 mm blades, and a wheel speed of 18,000 rpm [19]. The
characteristic droplet size distribution and nozzle exit velocity were calculated based on
the geometry of the nozzle. The median droplet size (d50, in μm) was calculated according
to the model (Equation (5)) described by Masters [30].

d50 =
K × .

mp
liq

Nq × Dr
R × (nh)s × 104 (5)

where n is the number of blades; mliq is the mass flow rate of the feed (kg/h); N is the
rotational speed (rpm); DR is the diameter of the atomizer (m); and h is the height of the
vanes (m). The constant K and exponents p, q, r, s were determined from the correlations
for the vane liquid loading [30]. Subsequently, the mass flow ratio/vane (Ms) to the height
of the vanes was determined as 3587.1 kg/h m. The validity limits were expressed in terms
of the speed of the circumference of the disc (U) using Equation (6).

U = π × N
60

× DR (6)

Thus, the speed of the circumference of the disc was evaluated as 94.25 m/s. As the
values of the Ms and U values were in the same category, the design was considerably
adequate according to the validity table [30]. The values of the constants and exponents
were obtained from the same category. Based on these calculations and validations, the
median droplet size (d50) was estimated as 50.3 μm. Additionally, the critical moisture
content for the drying process was evaluated as 2.67 kg water/kg dry solid (Equation (1)).
The equilibrium moisture content was taken as 0.03 kg water/kg dry solid.
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Table 1 summarizes the values for various parameters used for the simulation of each
stage. The sensitivity analysis tool of the software was used to study the effect of different
critical parameters on the final extracted amount of glucose and fructose.

Table 1. Temperature and pressure of each unit block used in the simulation model.

Unit Temperature (◦C) Pressure (bar)

FREEZER −42.0 1.01325
VACUUM −42.0 0.00048

FRDRY 20.0 0.0001
SEP 20.0 0.0001

FINAL 20.0 1.01325
COMP1 783.9 308
HEAT1 90.0 308
PUMP 40.5 308
HEAT2 82.0 308
MIX1 65.0 308

EXTRACTO 65.0 308
CO2OUTEX 65.0 308
V1 VALVE 31.3 72

HEAT3 32.0 1
CO2DENS 32.0 1

MIX2 18.2 1
SEPARAT 18.2 1
FINALSEP 18.2 1

MIX 20.0 1
AIRHEAT 150.0 1

DRYER 150.0 1

3. Results and Discussions

Steady-state modeling and simulation of the IDSPP were conducted successfully
using Aspen-Plus Software. Each sub-process was modeled and simulated separately.
In addition, sensitivity analysis was performed for each block to identify the optimum
operating conditions of the critical parameters for the respective stage.

3.1. Freeze-Drying

In the FD method, the biological qualities of the components, flavors, and colors of
the food are usually preserved well [31]. For the analysis of IDSPP, vacuum-based FD
was considered for the effective removal of moisture at a minimal drying time. The FD
model accounted for the phase changes and water vapor diffusion within the date pulp.
Modeling for the non-condensable species was accounted through the species transport
model [32]. Technically, the feed sample was categorized into four layers, namely frozen
front, vapor–ice interface, dry zone, and gas phase. A source term was used to adjust the
distribution of gas-phase species due to water vapor generation [33].

Figure 2 depicts the process flow diagram of the FD process. Based on the simulation
results, it was observed that the moisture content of the date pulp was reduced from 19.62%
to 0.26%, calculated on a dry weight basis. The mass density of the freeze-dried dates was
estimated as 1,639.05 kg/m3. This relatively low-density value of the freeze-dried date pulp
signified higher porosity and thus a potential for improved cell rupture in the SCE stage [32].
Further, sensitivity analysis was performed by varying the temperature and pressure for
the FD to examine the effect on the moisture content and duty consumption. The results
for the optimization studies of FD are displayed in Figure S2 (Supplementary Materials).
A minimum heat duty of 13.23 kW at a temperature of −42 ◦C and pressure of 0.0001 bar
was computed for the FD required for maximum moisture removal.
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Figure 2. Freeze-drying process flow diagram.

3.2. Supercritical Extraction

An Aspen flowsheet for the SCE process is illustrated in Figure 3. For the proper
design of the SCE stage, it was essential to employ appropriate mathematical representa-
tions. The SCE stage involved extraction from various solid natural matrices that were
thermodynamically represented through solubility control, external mass transfer control,
and/or internal mass transfer conventional models. Notably, three manipulators were used
in the modeling of the SCE stage. The first one, “EXTRCALC” was used to estimate the
quantity of the analytes to be extracted by the Sc-CO2/water solvent system based on the
UDF patched to the software. The UDF contained the necessary data and equations for the
solubility behavior of glucose, fructose, and other essential components of date fruit into
the solvent mixture. The second one, “CO2OUTCA” calculated the amount of CO2 lost due
to the opening of the extraction cell to fix the overall mass balance of the system. The third
manipulator, “SEPARATO” was used to estimate the extracted mass lost with the exhaust
stream of CO2 gas.

Figure 3. Aspen Plus Supercritical Extraction process flow diagram.

3.2.1. Operating Pressure

The extraction pressure of the SCE process is an important parameter that impacts
the overall extraction efficiency [34]. Figure 4 shows the pressure effects on the extraction
of reducing sugars from the freeze-dried date pulp. Simulation studies revealed that the
extraction pressure had varying effects on the recovery of glucose and fructose sugars. For
fructose sugar, the recovery efficiency decreased with incremental values in the operating
pressure (Figure 4a). On the contrary, the extraction yield increased for glucose sugar with
an increase in the operating pressure (Figure 4b). This opposing behavior can be ascribed
to the different signs of the empirical coefficients in Equation (2) for glucose and fructose
solubility in Sc-CO2. Consequently, the trade-off optimization tool of Aspen software was
utilized to estimate the optimum pressure required for the maximum extraction of the
total reducing sugars. Results showed a maximum product flow (glucose + fructose) of
73.70 kg/h was achieved at an operating pressure of 308 bar.
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Figure 4. Effect of operating pressure on recovery of fruit sugars—(a) Fructose and (b) Glucose.

3.2.2. Extraction Temperature

Similar to pressure, the operating temperature of the SCE process is an imperative
parameter that influences the efficiency of the separation process. Simulation studies
showed that an increase in the extraction temperature had no significant effects on the
recovery of reducing sugars from the fruit pulp. This insignificant temperature effect
was anticipated as the solubility equation (Equation (2)) for the monosaccharide sugar
molecules into Sc-CO2 did not involve any temperature effects. However, the extraction of
non-polar analytes such as linoleic acid, palmitic acid, and oleic acid by the solvent showed
a significant increase with temperature for T > 70 ◦C (Figure S3, Supplementary Materials).
The increase in the temperature enhanced the kinetic energy of the Sc-CO2 fluid, which
in turn improved the solvent diffusion and bioactive compound recovery [35]. However,
it is worthy of specifying that higher extraction temperatures would cause the thermal
degradation of the recovered sugar molecules, reducing the overall yield [36]. Based on the
simulation results, an extraction temperature of 65 ◦C was recommended for the SCE stage.

3.2.3. Solvent Flow Rate and Composition

Results on the sensitivity analysis for the solvent:co-solvent ratio showed that a co-
solvent concentration of 6.77 wt.% produced the maximum recovery of reducing sugars
from the date pulp biomatrix. The simulation run resulted in an overall extraction yield of
99.1% for the reducing sugars with flow rates of 34.14 kg/h and 39.13 kg/h for glucose and
fructose, respectively. Moreover, the sensitivity analysis showed that the total extracted
quantity of glucose and fructose increased with the flow rate of Sc-CO2, as shown in
Figure 5. Almost all of the reducing sugars were extracted into the solvent system for
an Sc-CO2 flow rate of 31,000 kg/h. Further increases in the Sc-CO2 flow rate had no
significant effects on the sugar extraction. This quantity of Sc-CO2 defines the solvent
limit required for the maximum removal of targeted sugar components from the date palm
fruit. Based on the optimization studies for the solvent:co-solvent ratio and the Sc-CO2
flow rate, the optimum flow rate of water was estimated as 2100 kg/h for the maximum
recovery of glucose and fructose components. Figure 6 shows the effect of the water flow
rate on the extraction of reducing sugars from the fruit biomatrix. Similar to Sc-CO2, the
extraction yield increased with incremental levels of water flow rate. The improvement in
the extraction of monosaccharides was due to the enhanced permeability and polarity of
water molecules at the extraction conditions.

In general, the mass transfer mechanism for the recovery of plant bioactive compounds
using supercritical technology involves four major steps [37]. Firstly, the analytes are
desorbed from the biomatrix into the solvent film. Second, the analytes diffuse into the
solvent, while in the third, the analytes dissolve into the solvent. The final step involves
the bulk mass transfer of the solvent from the biomatrix to the external. Based on this
mechanism, the increase in the extract yield with the flow rate of the solvent system
signified that the external film transfer diffusion (second step) quantified by a diffusion
coefficient, and the dissolution potential of sugars into the Sc-CO2/water system (third
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step) quantified by a partitioning coefficient, played the limiting roles for the recovery of
the targeted analytes [38].

Figure 5. Effect of Sc-CO2 flow rate on glucose and fructose recovery from date pulp.

Figure 6. Effect of water flow rate on glucose and fructose recovery from date pulp.

3.3. Spray-Drying

In general, beneficial features such as high drying rate, shorter drying time, and
broad working temperature make SD an ideal choice for drying of food products to powder
form [32]. The complicated three-dimensional nature of spray-dryers often makes it difficult
to describe their exact behavior using empirical models. In this work, Aspen’s built-
in simulator was used to characterize the SD process of the SCE extract (glucose and
fructose solution) mixed with GA as the carrying agent. The model employed an Eulerian–
Lagrangian approach to compute the particle motion paths, and heat and mass transfer
phenomena occurring between the drying medium and the feed particles [32]. The choice
of GA was to overcome the stickiness effect and increase the glass transition temperature of
the mixture. Based on the previously reported experimental studies of SD for date fruit
powder, the mass ratio of GA to SCE extract was fixed as 0.4 [18]. Figure 7 represents the
process flow diagram for the SD stage of the IDSPP technology.
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Figure 7. Aspen Plus Spray Drying process flow diagram.

Sensitivity analysis of the SD stage involved the study of the effect of different pa-
rameters on the final moisture content of the sugar powder. Results showed that the final
moisture content of the powdered product decreased with an increase in the mass flow
rate of the drying air (Figure S4, Supplementary Materials). Complete removal of excess
moisture was observed at an airflow rate of 8000 kg/h resulting in powdered sugar with
the equilibrium moisture content. High flow rates of the drying air reduced the droplet size
due to their improved atomizing effect. This resulted in a finer particle size of the product
with a larger surface area that facilitated the rapid and higher drying rate of the product
with complete removal of moisture [30]. It is worth specifying that the blank simulation
without GA addition resulted in low drying efficiency. This can be attributed to the possible
stickiness of the feed extract, as reported in several other related experimental works [39].

Figure 8a shows the effect of the inlet air temperature on the moisture removal from
the feed solution for the powdered product formation. It was observed that an increase
in the air temperature resulted in improved moisture elimination. This was clearly due to
the improved heat and mass transfer processes between the air and feed particles owing
to the greater driving force for moisture evaporation [40]. Moreover, higher operating
temperatures would eliminate insufficient drying of the particles, thereby reducing the
probability of semi-wet/sticky solids formation that would typically stick to the wall and
thus result in higher yield [39]. Simulation results showed the attainment of equilibrium
moisture content at a minimum air inlet temperature of 150 ◦C for the formation of dry
powdered products of date sugar. Further, the results for the dependency of product
moisture content on the feed flow rate are shown in Figure 8b. It was evident that lower
feed flow rates resulted in a relatively drier product than higher flow rates. In the SD stage,
a higher feed rate may result in slower heat and mass transfer processes. An increase in feed
flow rate reduces the contact time between the drying medium and the atomized particles
leading to low heat transfer rates resulting in low moisture removal. In general, feed flow
rate not only affects the moisture content and yield of the product but also significantly
influences the product solubility and water activity [41]. Based on the simulation results, a
feed flow rate of 435 kg/h was recommended for the SD stage of the IDSPP.

3.4. Product Solubility

Product solubility is a critical benchmark for food products, especially food-grade
sugars, to be used as an additive in food and beverages. In general, several parameters
of the product, such as composition, water activity, morphology, equilibrium moisture
content, etc., affect the product solubility [42]. The solubility of the product (glucose and
fructose mixture) in an aqueous medium was simulated over a temperature range from
0 to 100 ◦C and at a pressure of 1 bar based on the UNIQUAC (universal quasichemical)
thermodynamic model. The solid–liquid phase equilibrium of the powdered date sugar
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in pure water was simulated using activity coefficients [43]. The solubility of the sugar
product at a temperature of 25 ◦C and 1 bar was estimated as 0.89 g/g water. Comparing
this value with the solubility of the table sugar (2.1 g/g water), it was observed that
sucrose (in table sugar) had a higher solubility than the extracted date sugar. However,
it is expected that experimental validation would result in higher solubility of the date
sugar powder due to the good emulsification properties and high solubility of GA in
aqueous solutions [22]. Figure 9 depicts the PSD for the final powder product obtained
for the optimal operating conditions of the SD step. The mean particle size and density
were estimated as 504 μm and 0.0023 kg/m3, respectively, demonstrating the presence
of significant levels of bioactive compounds in the product [42]. In addition, powders
obtained using lower drying temperatures tend to possess a high percentage of smaller
particles in the micro-range.

Figure 8. Effect of (a) inlet air temperature and (b) feed flow rate on the moisture content of the date
sugar powder product.

Figure 9. Particle size distribution of the spray-dried date sugar powder.

Experimental validation of IDSPP technology, with extensive analysis of extracts
(including other vital analytes such as fibers, minerals, amino acids, etc.), determination
of the extraction equilibrium and kinetics [44–47], and establishment of the necessary
economics for production along with regulatory waste management approaches [48–50]
would potentially realize effective production of date sugar that could ideally replace
refined sugar.

4. Conclusions

In summary, this work conceptualized a novel IDSPP technology comprising of three
main stages, namely freeze-drying, supercritical extraction, and spray-drying to process
100 kg/h of date fruit pulp to produce a soluble date sugar product. Stage-wise modeling
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and simulation studies were performed using Aspen Plus software with the sensitivity
analysis to identify the optimum values of critical parameters for each stage. Freeze-drying
studies revealed a minimum duty requirement of 13.23 kW at a temperature of −42 ◦C
and pressure of 0.0001 bar to reduce the moisture content of the fruit pulp from 19.62%
to 0.26%. The Sc-CO2 assisted extraction resulted in a total sugar recovery of 99.1% with
flow rates of 34.14 kg/h and 39.13 kg/h for glucose and fructose sugars, respectively.
Optimization studies showed that a pressure of 308 bar, temperature of 65 ◦C, Sc-CO2 flow
rate of 31,000 kg/h, and Sc-CO2: water ratio of 0.07 resulted in the maximum extraction
efficiency. Further, spray-drying simulation of the date extract into a powdered product
using Gum Arabic as the carrier agent showed a mean particle size of 50.4 μm for the
date sugar powder with a solubility of 0.89 g/g water (at 25 and 1 bar) and density of
0.0023 kg/m3. Sensitivity analysis revealed that the extraction pressure and solvent flow
rates were the significant parameters for the extraction step while operating temperature
had no salient effects on the recovery of the sugar. For the spray-drying process, drying
air flow rate and its inlet temperature had positive effects, while feed flow rate negatively
impacted moisture removal. Results showed that a mass flow rate of 8000 kg/h and an
inlet temperature of 150 ◦C for the drying air was optimal to dry a feed stream mixture
of date extract and Gum Arabic flowing at 435 kg/h containing 40 wt.% of Gum Arabic.
Thus, this work confirmed the technical feasibility of IDSPP for the production of soluble
date sugar powder and provided the necessary data with optimum operating conditions
required for the process. Experimental validations and detailed characterizations of the
product are further required to realize the outcomes of this study.
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product, Table S1: Properties of Gum Arabic used for the ASPEN simulation.
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Nomenclature

a Empirical constant
A Empirical constant
aFD Freeze Drying experimental coefficient
B Empirical constant
b Empirical constant
bFD Freeze Drying experimental coefficient
C Empirical constant
D5 Mass Median Diameter, mm
d50 Median droplet size (μm)
DR Diameter of the atomizer (m)
FD Freeze Drying
GA Gum Arabic
h Height of the vanes (m)
IDSPP Integrated Date Sugar Production Process
k Empirical constant; k0–Drying constant (min−1);
k0 Drying constant (min−1)
k1 Drying constant (min−1)
M0 Initial moisture content (g water/g dry solid)
mliq Mass flow rate of the feed (kg/h)
MR Moisture ratio
Ms Mass flow ratio/vane (kg/h)
Mt Moisture at a specific time (g water/g dry solid)
n Number of blades
N Rotational speed (rpm)
P Total pressure of the system (bar)
p Vane liquid loading correlation
PSD Particle Size Distribution
q Vane liquid loading correlation
r Vane liquid loading correlation
S Solubility of the solute in the supercritical solvent (g/L)
s Vane liquid loading correlation
Sc CO2–Supercritical Carbon dioxide
SCE Supercritical Extraction
SD Spray Drying
SRK Soave-Redlich-Kwong
Sw Solubility of the water in CO2 (kg H2O/kg CO2)
T Temperature (◦C)
U Speed of the circumference of the disc (m/s)
UDF User Defined Function
ygf Solubility of the glucose/fructose in the supercritical carbon dioxide (mol solute/mol CO2)
ρs Density of the pure solvent (g/L)
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Abstract: The optimization of the supercritical fluid extraction (SFE) of cannabinoids, using supercrit-
ical carbon dioxide (scCO2), was investigated in a fractional factorial design study. It is hypothesized
that four main parameters (temperature, pressure, dry flower weight, and extraction time) play an
important role. Therefore, these parameters were screened at predetermined low, medium, and
high relative levels. The density of scCO2 was used as a factor for the extraction of cannabinoids
by changing the pressure and temperature. The robustness of the mathematical model was also
evaluated by regression analysis. The quantification of major (cannabidiol (CBD), cannabidiolic acid
(CBDA), delta 9-tetrahydrocannabinol (Δ9-THC), delta 8-tetrahydrocannabinol (Δ8-THC), and delta
9-tetrahydrocannabinol acid (THCA-A)) and minor (cannabidivann (CBDV), tetrahydrocannabivann
(THCV), cannabigerolic acid (CBG), cannabigerol (CBGA), cannabinol (CBN), and cannabichomere
(CBC)) cannabinoids in the scCO2 extract was performed by RP-HPLC analysis. From the model
response, it was identified that long extraction time is a significant parameter to obtain a high yield
of cannabinoids in the scCO2 extract. Higher relative concentrations of CBD(A) (0.78 and 2.41%
w/w, respectively) and THC(A) (0.084 and 0.048% w/w, respectively) were found when extraction
was performed at high relative pressures and temperatures (250 bar and 45 ◦C). The higher yield of
CBD(A) compared to THC(A) can be attributed to the extract being a CBD-dominant cannabis strain.
The study revealed that conventional organic solvent extraction, e.g., ethanol gives a marginally
higher yield of cannabinoids from the extract compared to scCO2 extraction. However, scCO2 ex-
traction generates a cleaner (chlorophyll-free) and organic solvent-free extract, which requires less
downstream processing, such as purification from waxes and chlorophyll.

Keywords: cannabis flowers; neutral cannabinoids (sp. sativa); supercritical extraction; supercritical
carbon dioxide (scCO2); SFE Nottingham unit; SFE Helix unit

1. Introduction

The extraction of cannabinoids from cannabis flowers is becoming increasingly popu-
lar, due to their potential therapeutic effects, medicinal benefits, and potential for utilization
in patients’ pain management [1–4]. Recently, the supercritical fluid extraction (SFE) tech-
nique has gained interest and has been used for various extraction applications [5–9]. In
addition, SFE is also used to extract the bioactive components and essential oils on a pilot
scale [10,11]. Due to the tunable properties of CO2, it is used as the main solvent to extract
these components. The density of CO2 can be altered by making very minor changes
to temperature and pressure [12]. SFE is considered a greener technique because of its
low impact on the environment, and it does not require the use of hazardous organic sol-
vents [13]. SFE has already been commercialized for the extraction of cannabis and related
products. However, because of the lack of knowledge of how SFE affects the parameters,
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the interactions of the testing materials, and in-depth fluid dynamics, it is considered a
black box design [14].

The factorial design is frequently used for the screening of different processing pa-
rameters in experiments, especially for the improvement of extraction efficiency and chro-
matographic separations; the most effective procedure is to evaluate the main contributing
factors [15] because, theoretically, the number of experimental factors contributes to system-
atically resolving the issue. Additionally, a factorial design study significantly reduces the
resources, time and effort needed to solve problems [16]. Therefore, factorial design studies
are considered an efficient and information-rich technique for the analysis of analytical
data and to obtain valid results [17,18].

In the reported literature studies, the extraction conditions were focused on high
pressure and temperature [19–21]. In addition, these studies consider the density of CO2 as
a resulting parameter, with a change in pressure and temperature to extract the cannabi-
noids. However, a single factor cannot produce sufficient data to address all problems. By
optimizing the main contributing parameters in SFE, the extractability and sensitivity of the
process can be modified. Therefore, a careful study of SFE’s tunable properties is needed
to understand the effects of all participating parameters. Additionally, by optimizing
the SCF extraction ability, a higher degree of freedom can be acquired, compared to the
conventional techniques.

The SFE design of experimentation in any study depends on the various objectives,
such as time consumption, cost-effectiveness, the feasibility of the experiment, and investi-
gators’ intention. There are three common screening stages to achieve the best results from
any experimental design, including interpretation and data analysis, experimental trials,
and the proper design of the software. For the screening of important SFE factors that affect
the experiment, the most commonly used designs for experiments are the Plackett–Burman
design, fractional factorial design, and the full factorial design [14]. This study aims to de-
sign a half-fractional factorial study to determine the best factors for the selective extraction
of cannabinoids from cannabis.

2. Materials and Methods

2.1. Chemical and Reagents

The solvent (methanol, ethanol, and phosphoric acid) and cannabinoid reference
standards, named as delta 9-tetrahydrocannabinol acid (THCA-A; Lot: FE12121601; with
99.18% purity), cannabichomere (CBC; lot: FE10011502; with 97.60% purity), delta 8-
tetrahydrocannabinol (Δ8-THC), delta 9-tetrahydrocannabinol (Δ9-THC) with 97.66% pu-
rity (lot: FE1041701), cannabinol (CBN; lot: FE06131701; with 99.37% purity), cannabigerol
(CBGA), cannabidiolic acid (CBDA; lot: FE12011601; with 98.3% purity), cannabigerolic
acid (CBG; lot: FE06241604; with 98.98% purity), cannabidiol (CBD; lot FE08071702; with
99.66% purity), tetrahydrocannabivann (THCV), and cannabidivann (CBDV), were pur-
chased from Sigma Aldrich Ltd. and Novachem Pty. Ltd., Victoria, Australia. Liquid-vapor
CO2 was supplied by BOC (Sydney, Australia). The dried cannabis flowers were a generous
gift from PreveCeutical Medical Inc., Vancouver, BC, Canada.

2.2. Sample Preparation

The cannabis strain, “tower” (cannabidiol-dominant), with the sativa genotype was
planted on 4 May 2017 under ideal growing conditions (12–18 h light exposure at 23 ◦C).
The flowers of the cannabis sample were collected at the fluorescence stsgeand dried for 5 to
8 days at 20 ◦C. According to the certificate of analysis, the flower material had around 15%
w/w of CBD and CBDA, whereas THC and THCA levels were around 0.517% w/w. After
drying (with total moisture < 10%), samples were crushed to obtain a particle size < 2.7 mm.
The samples were then pulverized in short pulses (to avoid warming) for two min (Breville
coffee grinder, model BCG200), to further reduce particle size and increase the surface area,
as well as for the efficiency of cannabinoid extraction.
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2.3. SFE Equipment and Setup

The supercritical carbon dioxide (scCO2) extraction of cannabis was performed using
a Helix supercritical fluid extraction (SFE) unit (Applied Separations, Allentown, PA, USA)
of the cannabis sample. The maximum sample-holding capacity of the reactor was 100 mL.
The backpressure was directly regulated by a preconditioning chamber from the liquid-
vapor CO2 (liquid-vapor equilibrium) cylinder, as shown in Figure 1. The desired internal
temperature was controlled through a heating jacket on the sample-holding chamber. The
pulverized cannabis sample was placed in the bottom of the chamber. The CO2 stream
entered from the bottom inlet of the chamber and extraction was carried out according to the
conditions listed in coming sections. The liquid-vapor CO2 dissolved the matrix from the
sample according to its density. After extraction, the CO2 with the dissolved matrix entered
the separation chamber, where the pressure was around 50 bar to avoid the throttling effect
of dry ice. The extract was collected in the sample-collecting vessel, attached to the bottom
of the separating chamber. The sample was washed with a continuous flow of CO2 for
10 min, and dry ice was collected in the sample-collecting vessel. After the collection of 1st
extract, the reactor was refilled again with fresh CO2, and extraction was performed for
10 min to avoid the supersaturation of CO2.

Figure 1. Schematic representation of the supercritical extraction Helix unit.

2.4. Parameters for the Factorial Design

The experimental domain factors of the fractional factorial study are shown in Table 1,
including temperature (F1), pressure (F2), processing time (F3), and the amount of plant
material (F4) at lower, central, and higher levels. To attain the various supercritical regions
of CO2 (scCO2), the pressure and temperature ranges were employed from 150 to 250 bar
and 35 to 45 ◦C, respectively. The processing time for the design of the experiment ranged
from 30 to 180 min, and the quantity of plant material used was 0.5 to 1 g.
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Table 1. Factors for the experimental factorial design study.

Factor Low (−) Centre (0) High (+)

F1 Temperature (◦C) 35 39 45

F2 Pressure (bar) 150 200 250

F3 Processing time (h) 30 120 180

F4 Material (g) 0.5 0.6 1.0

2.5. Experimental Matrix

The factorial design of 24−1 was employed to give an 8-run experimental plan with
two center points, positioned at a medium level between the sets of low and high levels.
Center points were used as a reference point to determine the factor–response linearity and
experimental error. The experimental matrix is given in Table 2, together with the factors
for F1, F2, F3 and F4. The relationship between pressure, temperature and density are also
described in [12] and provided in Table 2.

Table 2. Experimental matrix for the 24−1 design for the extraction.

Std.
Order

Run.
Order

Center. Pt. Blocks
Temperature (◦C)

F1
Pressure (bar)

F2
Time (Hour)

F3
Sample Amount (g)

F4 F1 × F2 × F3
Density of
CO2 Kg/m3

10 5 0 1 39 200 2.0 0.6 843

3 1 1 1 35 250 0.5 1.0 903

7 4 1 1 35 250 3.0 0.5 903

4 10 1 1 45 250 0.5 0.5 845

9 6 0 1 39 200 2.0 0.6 843

6 7 1 1 45 150 3.0 0.5 746

5 8 1 1 35 150 3.0 1.0 819

2 3 1 1 45 150 0.5 1.0 746

8 2 1 1 45 250 3.0 1.0 845

1 9 1 1 35 150 0.5 0.5 819

The central points are at rows 1 and 5.

2.6. Resolution

In this study, the resolution level of the half-fractional factorial design study plot for the
cannabis sample was generated as 4. This demonstrates that the experimental matrix from
F1 to F3 was considered a full factorial design. By using generators or statistical modeling,
factor F4 was assessed. This was formed by multiplying the previous three-factor value;
that is, F4 = F1 × F2 × F3

2.7. Regression Modeling

The multiple regression analysis for the selected independent factors, and between
the responses of these factors, can be represented by Equation (1), as follows.

Yj = β0 + β1χ1 + β2χ2+ β3χ3+ β4 χ1 χ2 χ3 + β5 χ1 χ2 + β6 χ1 χ3 + β7 χ1 χ4 + β8 χ2 χ3 + β9 χ2 χ4 + β10 χ3 χ4 + β11 χ1 χ2 χ4 + β12 χ1 χ3 χ4 + (1)

where

• = Experimental error term
• X1 to X4 = Variable effect
• β0 = Coefficient constant of the average experimental response
• β1 to β3 = Variable main effects estimation
• β4 to β12 = Variable interaction effects estimation
• Y = Experiment j response estimation.
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2.8. Statistical Analysis of the Experimental Design

The cannabis experimental design (DOE) for data analysis and factorial runs was
obtained with Minitab 17. The confidence levels of 90% (p < 0.01) and 95% (p < 0.05) were
considered statistically significant.

2.9. Conventional Extraction

Organic solvent extraction was also performed to compare the results and the efficiency
of scCO2 extraction. The ethanolic extract of the cannabis ground material was obtained at
a ratio of 1:10 (w/w). This mixture was sonicated for 15 min and stirred (with a magnetic
stirrer) for 24 h in a dark, cold room at 4 ◦C to avoid any kind of degradation. This
mixture was filtered using a Whatman filter paper and the obtained extract was dried
using a nitrogen evaporator. After that, the extract was dissolved in 2 mL methanol and
centrifuged at 10,000 rpm for 15 min. Further dilutions were performed to quantify the
number of cannabinoids in the extract, using HPLC.

2.10. HPLC Quantification: Mobile Phase Elution Program

The reverse-phase HPLC quantification and separation of 11 cannabinoids was per-
formed using a C18 chromatographic column (Shim-pack XR-ODSII, spherical silica parti-
cles, 2.2 μm particle size (Shimadzu Scientific) and Lab Solutions software or a Cannabis
Analyzer (Shimadzu Scientific Instruments, NSW, Australia) were used to standardize
the method.

The mobile phase A and B was a mixture of MilliQ water and methanol, with phos-
phoric acid (99.93/0.07% v/v). Both mobile phases were sonicated for 15 min and, after
that, the pH of the mobile phases was monitored (the pH of mobile phase A was around
2.22 to 2.26, and B was around 2.43 to 2.48). The column oven temperature was attuned
to 50 ◦C and the flow rate was 1.0 mL/min, to maintain the column pressure (~5400 to
5600 psi). The volume of injection was 10 μL and the total runtime was 45 min. Initially,
mobile phase B (v/v) was at 65% for 1 min. Then, it gradually increased to 72% over 25 min;
after that, it increased to 95% for 5 min. After maintaining these conditions for 2 min, the
initial ratio of mobile phases was adjusted and the column was re-equilibrated for 12 min.

2.11. Standard Solution Preparation

The cannabinoid standard solution, with a concentration of 1000 μg/mL, was diluted
in methanol to make 250 μg/mL as a stock solution. The calibration curve of mixed standards
with 11 cannabinoids was prepared at a concentration range from 1.0 to 25.0 μg/mL in methanol,
using the cannabinoids stock solution. All standards solutions were stored at −80 ◦C.

2.12. Sample Preparation for Cannabinoid Quantification

The obtained solvent-free scCO2 extract was dissolved in 2 mL methanol, sonicated
for 15 min, and centrifuged at 10,000 rpm for 10 min to prepare the primary extract. Then,
50 μL of this supernatant was transferred into a new centrifuged tube and made up to
1000 μL by adding 950 μL of methanol (20-times dilution, as a secondary extract). This
extract was vortex-mixed at 1000 rpm for 1 min to dissolve the cannabinoids properly into
the methanol. Then, 100 μL of this secondary extract was transferred into HPLC vials
directly for HPLC quantification or diluted again to establish the area under the curve,
respectively. All extract solutions were stored at −80 ◦C, until ready for testing.

3. Result and Discussion

In this study, a high yield and the selective extraction of 11 cannabinoids were achieved
via the SFE method. The association between the SFE main parameters (pressure and
temperature) and the experimental domain of cannabis (processing time and amount) were
screened to obtain an effective extraction of cannabinoids. The mathematical modeling was
performed via a 24−1 factorial design study. This factorial design revealed the efficiency
of the selected main parameters and their simultaneous effect on the scCO2 extract. The
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selection of scCO2 as an extraction solvent was due to its intrinsically non-polar behavior,
because the chemical nature of cannabinoids is oily, and they easily dissolve in a non-polar
medium [22].

3.1. Model Response for Extract Yield and Total Cannabinoids

The results of the half-fraction factorial design, with a resolution of 4 for the total ex-
tract yield from the original pulverized cannabis material, are represented in Tables 3 and 4.
The percentage yield of the scCO2 extract was studied using 0.5 to 1.0 g of the cannabis sam-
ple; because of sample sensitivity (having a high amount of CBA + CBDA), a low amount
of cannabis was used to avoid the super-saturation of scCO2 under experimentation.

Table 3. HPLC quantification for supercritical carbon dioxide extract yield, cannabidiol (CBD),
cannabidiolic acid (CBDA), and total cannabinoids.

Std.
Order

F1 F2 F3 F4
R1 Yield
(mg/g)

% Yield with
Respect to

Sample
Amount

R2 CBD
(μg/mL)

*

R2 %
CBD
(w/w)

R3 CBDA
(μg/mL) *

R3 %
CBDA
(w/w)

R4 Total
Cannabi-

noids
(μg/mL) *

R4 Total
Cannabinoids in

scCO2 Extract
(w/w)

10 0 0 0 0 72.7 12.12 102.50 ±
0.02 0.41 220.95 ±

0.08 0.88 353.190 ±
0.08 1.413

3 −1 1 −1 1 98.0 9.80 60.88 ±
0.41 0.24 187.30 ±

0.11 0.75 268.53 ± 0.30 1.074

7 −1 1 1 −1 148.4 29.68 82.51 ±
0.06 0.33 171.00 ±

0.12 0.68 277.98 ± 0.18 1.112

4 1 1 −1 −1 132.0 26.40 63.19 ±
0.11 0.25 113.73 ±

0.46 0.45 188.65 ± 0.43 0.755

9 0 0 0 0 69.3 11.55 138.57 ±
0.23 0.55 225.7 ±

0.24 0.90 397.14 ± 0.36 1.588

6 1 −1 1 −1 90.7 18.14 166.50 ±
0.86 0.66 342.87 ±

1.66 1.37 556.91 ± 2.79 2.228

5 −1 −1 1 1 38.3 3.83 91.04 ±
0.09 0.36 121.12 ±

0.13 0.48 232.43 ± 0.22 0.930

2 1 −1 −1 1 47.3 4.73 73.18 ±
0.41 0.29 80.16 ±

0.36 0.32 171.18 ± 0.82 0.685

8 1 1 1 1 152 15.20 195.26 ±
0.52 0.78 603.37 ±

0.85 2.41 853.12 ± 1.42 3.412

1 −1 −1 −1 −1 38.8 7.76 52.55 ±
0.06 0.21 79.74 ±

0.04 0.64 145.19 ± 0.61 0.581

F1 = Temperature, F2 = pressure, F3 = processing time, F4 = material. The central points are at rows 1 and 5,
* 20 times diluted extract.

Table 4. Estimated coefficient and effects for the processing of supercritical carbon dioxide (scCO2)
extract yield and total cannabinoids.

Yield of scCO2 Extract Total Cannabinoids

Term Effect Coefficient SS T Value p Value Effect Coefficient SS T-Value p-Value

Constant 93.19 18249 11.65 0.055 351.6 420,638 18.70 0.034

F1 24.63 12.31 1212 1.54 0.367 181.6 90.8 65,988 4.83 0.130

F2 78.83 39.41 12426 4.93 0.127 150.4 75.2 45,260 4.00 0.156

F3 28.33 14.16 1604 1.77 0.327 316.5 158.3 200,362 8.42 0.075

F4 −18.58 −9.29 690 −1.16 0.453 59.3 29.7 7042 1.58 0.360

F1F2 −5.82 −2.91 67 −0.36 0.778 6.4 3.2 82 0.17 0.893

F1F3 3.38 1.69 22 0.21 0.868 208.6 104.3 87,016 5.55 0.114

F1F4 6.88 3.44 94 0.43 0.742 80.0 40.0 12,808 4.53 0.280

Center points - −36.5 - −2.04 0.290 - −36.1

Curvature - - 2130 0.290 - 2081 0.74 0.549

R2 (%) 97.27 99.33

R2 adjusted (%) 75.44 93.99

F1 = Temperature, F2 = pressure, F3 = processing time, F4 = material.
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The effect of pressure and temperature during scCO2 extraction on the yield of extract
was also investigated because, previously, Span and Wagner [12] found that minor changes
in pressure and temperature have a great influence on the density of scCO2. The variation
in the density of CO2 on selected experimental conditions is shown in Table 2. The minor
changes in the density of CO2 also change its diffusivity, as a result of the solvation power
of the CO2 effects. Therefore, in this study, small variations in temperature and pressure
were implemented to monitor the effect of scCO2 density on experimentation.

From the results, it was found that the maximum yield of the scCO2 extraction of
cannabis was obtained from run 7 (around 148.4 mg/g, when the processing temperature
was 35 ◦C, the pressure was 250 bar, processing time was 3 h, and sample amount was
500 mg), showing that low temperature and high pressure provided a higher amount of
scCO2 extract, whereas the lowest yield (38.3 mg/g) of scCO2 extract was obtained at a low
temperature and pressure (at runs 1 and 5) when the processing time and sample amount
were higher. This shows that high pressure is a key parameter for obtaining a good yield
of extract.

From the Pareto chart (Figure 2a), it can be seen that, at a 90% confidence level, all
independent parameters and their interactions did not show any significant effect (p > 0.09)
on the extract yield. A full regression model equation with respect to the extract yield
(Equations (2) and (3)) and statistical analysis (Table 4) also represented that no independent
and interaction parameters showed any profound effect. It is suggested that these findings
were observed due to the selected low amount of cannabis loading material.

The results of the HPLC analysis of total cannabinoids in the scCO2 extract show that
standard order 8 provided a higher number of cannabinoids in the extract (853.12 μg/mL).
From the Pareto charts (Figure 2d) and the estimated regression model (Equations (4) and (5)),
it was revealed that high temperature, pressure, amount, and long processing time are the
main contributing factors for ensuring the high quantity of cannabinoids in the extract. The
regression model for total yield and cannabinoids are provided in Equations (2) and (3):

YTotal yield = 93.19 + 12.31F1 + 39.41F2 + 14.16F3 − 9.29F4 − 2.91F1 × F2 + 1.69F1 × F3 + 3.44F1 × F4 − 36.5 Ct Pt (2)

YTotal cannabinoids = 351.6 + 90.8F1 + 75.2F2 + 158.3F3 + 29.7F4 + 3.2F1 × F2 + 104.3F1 × F3 + 40.0F1 × F4 − 36.1 Ct Pt (3)

A simplified model for total yield and cannabinoids is presented in Equations (4) and (5):

YTotal yield = 93.19 (4)

YTotal cannabinoids in 50μL = 351.6 + 158.3F3 (5)

3.2. Model Response for CBD and CBDA

The relationship between selected experimental parameters and the extraction of CBD
and CBDA was also determined by a half-fractional factorial design study. The goal of the
study was to selectively extract the major cannabinoids CBD and CBDA from cannabis.
The HPLC data for CBD and CBDA (presented in Table 3) showed that the standard order
8 yields a higher amount of these cannabinoids (195.26 and 603.37 μg/mL). As the original
cannabis flower material was extracted without decarboxylation (the conversion of acidic
cannabinoids into their neutral form), this resulted in a comparatively higher quantity of
CBDA, compared to CBD. From the Pareto chart of CBD and CBDA (Figure 2b,c), it was
found that a long processing time (F3) had a strong influence on the solubility of CBD
and CBDA in scCO2. Similarly, statistical analysis (p ≤ 0.09) also showed that processing
time strongly affected the extraction of CBD and CBDA, as shown in Table 5. Additionally,
the two-way interaction between high pressure (250 bar) and a long processing time (3 h)
demonstrated a profound effect on the extraction of CBDA. Previously, Perrotin-Brunel and
van Roosmalen [23] also reported that high pressure (200 bar) increases the molar solubility
of cannabinoids (CBD and THC) during scCO2 extraction modeling.
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Figure 2. (a) Pareto chart of supercritical carbon dioxide (scCO2) extract yield. (b) Pareto chart for
the amount of cannabidiol (CBD) in supercritical carbon dioxide (scCO2) extract. (c) Pareto chart for
cannabidiolic acid (CBDA) in supercritical carbon dioxide (scCO2) extract. (d) Pareto chart for the
number of total cannabinoids in the supercritical carbon dioxide (scCO2) extract yield. (e) Pareto
chart for the amount of delta 9-tetrahydrocannabinol (D9 THC) in the supercritical carbon dioxide
(scCO2) extract yield. (f) Pareto chart for the amount of delta 9-tetrahydrocannabinolic acid (D9
THCA) in the supercritical carbon dioxide (scCO2) extract yield.

The regression model for CBD and CBDA is presented in Equations (6) and (7):

YCBD = 105.15 + 19.39F1 + 9.33F2 + 42.70F3 − 0.06F4 − 4.64F1 × F2 + 13.65F1 × F3 + 9.74F1 × F4 − 12.6 Ct Pt (6)

YCBDA = 219.2 + 65.8F1 + 63.3F2 + 104.0F3 + 28.7F4 + 10.2F1 × F2 + 84.1F1 × F3 + 28.0F1 × F4 − 23.3 Ct Pt (7)
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A simplified model for CBD and CBDA is provided in Equations (8) and (9):

YCBD = 105.15 + 42.70F3 (8)

YCBDA = 219.2 + 104.0F3 + 84.1F1 × F3 (9)

Table 5. FFD statistical analysis: estimated coefficient and effects for cannabidiol (CBD) and cannabid-
iolic acid (CBDA).

CBD CBDA

Term Effect Coefficient SS T-Value p-Value Effect Coefficient SS T-Value p-Value

Constant - 105.15 20,966 21.04 0.030 219.2 224,333 17.56 0.036

F1 38.77 19.39 3006 3.88 0.161 131.6 65.8 34,620 5.27 0.119

F2 18.66 9.33 696 1.87 0.313 126.6 63.3 32,032 5.07 0.124

F3 85.40 42.70 14,584 8.55 0.074 208.0 104.0 86,554 8.33 0.076

F4 −0.11 −0.06 0 −0.01 0.993 57.5 28.7 6607 2.30 0.261

F1F2 −9.27 −4.64 172 −0.93 0.524 20.5 10.2 839 0.82 0.563

F1F3 27.31 13.65 1491 2.73 0.223 168.1 84.1 56,545 6.73 0.094

F1F4 19.49 9.74 759 1.95 0.302 56.0 28.0 6270 2.24 0.267

Center
points - −12.6 - −1.13 0.461 - −23.3 −0.83 0.558

Curvature - - 2557 1.28 0.461 - - 867 - 0.558

R2 (%) 99.06 99.45

R2

adjusted
(%)

91.51 95.02

F1 = Temperature, F2 = pressure, F3 = processing time, F4 = material.

3.3. Model Response for THC and THCA

The effect of scCO2 extraction at selected parameters on the solubility or extraction
ability of Δ9-THC, Δ8-THC, and THCA was also investigated; THC is considered to be a
major and psychoactive cannabinoid in cannabis.

From the obtained scCO2 extraction data, it was found that the high temperature
(45 ◦C) and pressure (250 bar) with 845 Kg/m3 density of scCO2 dissolved a higher amount
of Δ9-THC and THCA (Table 6). Previously, Rovetto and Aieta [20] identified that high
pressure and temperature increased the percentage of THC and THCA in the scCO2 extract.
Similarly, in another study, it was also found that high pressure (200 bar) and temperature
(52 ◦C) increased the solubility of THC (above 1 × 10−4) in scCO2 [24]. This study also
suggested that at a low pressure of around 150 bar, the solubility of THC in scCO2 decreases.
These findings correlated with our study and confirmed that low temperature (35 ◦C) and
pressure (150 bar) decreased the yield of Δ9-THC in the extract. Conversely, in the case of
THCA, it was suggested that the combination of low temperature and high pressure (run 2)
produced the lowest amount. The low quantity of THC and THCA, compared to CBD and
CBDA, in the extract was due to the nature of the plant material. However, no Δ8-THC was
found in the obtained extracts. This might be due to the absence of Δ8-THC in the original
plant material.
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Table 6. HPLC quantification for delta 9-tetrahydrocannabinol (D9-THC), delta 9-
tetrahydrocannabinol acid (D9-THCA), delta 8-tetrahydrocannabinol (D8-THC), cannabidivann
(CBDV), and tetrahydrocannabivann (THCV) in the supercritical carbon dioxide extract.

Std.
Order

F1 F2 F3 F4
R5 D9-THC
(μg/mL) *

R5 %
D9-THC

(w/w)

R7
D9-THCA
(μg/mL) *

R7 %
D9-THCA

(w/w)

R8
D8-THC

(μg/mL) *

R9 CBDV
(μg/mL) *

R9 %
CBDV
(w/w)

R10
THCV

(μg/mL) *
^

R10 %
THCV
(w/w)

10 0 0 0 0 8.98 ± 0.01 0.036 3.59 ±
0.00 0.014 - - - 0.68± 0.003

3 −1 1 −1 1 6.04 ± 0.02 0.024 3.46 ±
0.00 0.014 - - - 0.53± 0.002

7 −1 1 1 −1 7.07 ± 0.01 0.028 2.46 ±
0.00 0.010 - - - 0.59± 0.002

4 1 1 −1 −1 4.31 ± 0.02 0.017 4.64 ±
0.01 0.019 - - - 0.40± 0.002

9 0 0 0 0 9.08 ± 0.02 0.036 3.65 ±
0.21 0.015 - 0.13 ±

0.00 0.001 0.69± 0.003

6 1 −1 1 −1 14.68 ± 0.09 0.059 6.08 ±
0.02 0.024 - 0.30 ±

0.00 0.001 0.85± 0.003

5 −1 −1 1 1 6.34 ± 0.02 0.025 1.31 ±
0.00 0.005 - - - 0.47± 0.002

2 1 −1 −1 1 4.78 ± 0.03 0.019 0.91 ±
0.00 0.004 - - - 0.50± 0.002

8 1 1 1 1 21.06 ± 0.02 0.084 11.92 ±
0.02 0.048 - 1.13 ±

0.00 0.004 0.76± 0.003

1 −1 −1 −1 −1 3.92 ± 0.01 0.016 1.17 ±
0.00 0.005 - - - 0.41± 0.002

F1 = Temperature, F2 = pressure, F3 = processing time, F4 = material. The central points are at rows 1 and 5,
* 20 times diluted extract. ^: standard error mean is less than 0.00.

The statistical analysis of the module (shown in Table 7), Pareto chart (Figure 2e,f),
and regression equation for the THC showed that only a long processing time was the main
factor regarding obtaining a high yield from the extract. Conversely, in the case of THCA, it
was suggested that all main parameters and their two-way interactions were contributing
to producing a good yield in terms of extract (shown in Table 7). Currently, due to the lack
of mathematical modeling study on the percentage yield, or the solubility of THC in the
scCO2, the findings of this work do not correlate with the literature.

Table 7. Estimated coefficient and effects for delta 9-tetrahydrocannabinol (D9-THC) and delta
9-tetrahydrocannabinol acid (D9-THCA).

D9-THC D9-THCA

Term Effect Coefficient SS T-Value p-Value Effect Coefficient SS T-Value p-Value

Constant 8.776 259.66 18.46 0.034 3.9935 95.2478 231.51 0.003

F1 4.865 2.432 47.33 5.12 0.123 3.7885 1.8943 28.7055 109.81 0.006

F2 2.694 1.347 14.513 2.83 0.216 3.2565 1.6282 21.2096 94.39 0.007

F3 8.027 4.013 128.86 8.44 0.075 2.9005 1.4503 16.8258 84.07 0.008

F4 1.555 0.777 4.83 1.63 0.349 0.8105 0.4053 1.3138 23.49 0.027

F1F2 0.262 0.131 0.14 0.28 0.829 1.5310 0.7655 4.6879 44.38 0.014

F1F3 5.295 2.647 56.07 5.57 0.113 3.3290 1.6645 22.1645 96.49 0.007

F1F4 1.873 0.936 7.014 1.97 0.299 0.2430 0.1215 0.1181 7.04 0.090

Center
points - −0.75 - −0.71 0.608 -

Curvature - - 0.903 - 0.608 - −0.3730 0.2226 −9.67 0.066

R2 (%) 99.31 100

R2

adjusted
(%)

93.77 99.98

F1 = Temperature, F2 = pressure, F3 = processing time, F4 = material.
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The full regression model for THC and THCA are shown in the following equations
(Equations (10)–(13)), showing the influence of statistical parameters. The factorial design
study generated from SFE-processing conditions also revealed that processing time is one
of the most significant parameters for THC, whereas, in the case of THCA, all main factors
contributed effectively.

3.4. Regression Model for THC and THCA

Regression eqution for THC and THCA of FFD model are provided in Equations (10)
and (11).

YD9-THC = 8.776 + 2.432F1 + 1.347F2 + 4.013F3 + 0.777F4 + 0.131F1 × F2 + 2.647F1 × F3 + 0.936F1 × F4 − 0.75 Ct Pt (10)

YD9-THCA = 3.994 + 1.894F1 + 1.628F2 + 1.450F3 + 0.405F4 + 0.766F1 × F2 + 1.665F1 × F3 + 0.122F1 × F4 − 0.373 Ct Pt (11)

3.5. A Simplified Model of THC and THCA

Regression equations for THC and THCA of simplified FFD model are provided in
Equations (12) and (13).

YD9-THC = 8.776 + 4.013F3 (12)

YD9-THCA = 3.994 + 1.894F1 + 1.628F2 + 1.450F3 + 0.405F4 + 0.766F1 × F2 + 1.665F1 × F3 + 0.122F1 × F4 (13)

3.6. Model Response for Other Selected Minor Cannabinoids

From the composition of other cannabinoids (presented in Table 8) in the extract, it
can be seen that CBD, CBDA, THC and THCA were the main cannabinoids in the selected
cannabis strain. Other micro-cannabinoids, such as CBDV, THCV, CBG, CBGA, CBN and
CBC were found in trace amounts. The results have shown that the extracts obtained
from runs 6 and 8 showed a considerable quantity of these micro-cannabinoids. However,
another experimental run did not show a significant extraction rate. Similarly, conventional
organic solvent extraction mirrored the findings regarding micro-cannabinoids.

Table 8. HPLC quantification for cannabigerol (CBGA), cannabigerolic acid (CBG), cannabinol (CBN),
and cannabichomere (CBC) in the supercritical carbon dioxide extract.

Std.
Order

F1 F2 F3 F4
R11 CBG
(μg/mL) *

R11 %
CBG (w/w)

R12 CBGA
(μg/mL) *

R12 %
CBGA
(w/w)

R13 CBN
(μg/mL) *

R13 %
CBN (w/w)

R14
CBC

(mg/mL)

R14 %
CBC (w/w)

10 0 0 0 0 0.02 ± 0.00 0.000 0.99 ± 0.00 0.004 0.51 ± 0.00 0.002 5.96 ±
0.01 0.024

3 −1 1 −1 1 - - 0.75 ± 0.00 0.003 0.33 ± 0.00 0.001 4.47 ±
0.00 0.018

7 −1 1 1 −1 - - 0.68 ± 0.00 0.003 0.44 ± 0.00 0.002 7.59 ±
0.00 0.030

4 1 1 −1 −1 - - 1.52 ± 0.00 0.006 0.99 ± 0.00 0.004 3.74 ±
0.01 0.015

9 0 0 0 0 0.02 ± 0.00 0.000 0.96 ± 0.00 0.004 0.74 ± 0.00 0.003 4.87 ±
0.00 0.019

6 1 −1 1 −1 3.58 ± 0.01 0.014 1.41 ± 0.00 0.006 0.78 ± 0.00 0.003 11.38 ±
0.00 0.045

5 −1 −1 1 1 - - 0.41 ± 0.00 0.002 0.45 ± 0.00 0.002 4.87 ±
0.00 0.019

2 1 −1 −1 1 - - 0.24 ± 0.00 0.001 0.28 ± 0.00 0.001 3.04 ±
0.00 0.012

8 1 1 1 1 1.20 ± 0.00 0.005 2.75 ± 0.00 0.011 0.59 ± 0.00 0.002 6.11 ±
0.00 0.024

1 −1 −1 −1 −1 - - 0.41 ± 0.00 0.001 0.28 ± 0.00 0.001 2.28 ±
0.00 0.009

F1 = Temperature, F2 = pressure, F3 = processing time, F4 = material. The central points are at rows 1 and 5,
* 20 times diluted extract.
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3.7. Model Validation

After plotting the factorial design, it was identified that processing time was the main
contributing factor that influences the extraction of cannabinoids. The prediction of the
module for validation is represented in Table 9. The two center points were also used to
determine module curvature response and repeatability. Additionally, a statistical module
summary, such as the residual standard deviation (S.D.res), the coefficient of determination
(R2), and the adjusted coefficient of determination (R2

adj) of each cannabinoid were also
verified, to determine the response of the module. However, due to the short supply of
cannabis material, and the consideration of processing time only as a statistically significant
influencing parameter, extraction at both low and high levels was not performed.

Table 9. Prediction for model validation.

Factor Best Level Minimized Level

Pressure 250 bar 100 bar

Temperature 45 ◦C 35 ◦C

Processing time 180 min 30 min

Raw material 1 g 0.5 g

Estimated total yield 93.19 93.19

Estimated yield of CBD 147.85 62.45

Estimated yield of CBDA 407.30 199.30

Estimated yield of D9-THC 12.79 4.76

Estimated yield of all 11 cannabinoids 509.90 193.30

3.8. Conventional Extraction

Cannabinoids from cannabis material are freely soluble in organic solvents. They
can be easily extracted using alcohols with a 90% yield [25]. However, due to their toxic
behavior and flammable properties, a promising alternative extraction technique is required.
The results for the conventional extraction of cannabis are shown in Table 10.

Table 10. Conventional extraction of cannabinoids from cannabis plant material.

CBD %
(w/w)

CBG %
(w/w)

CBDA %
(w/w)

CBN %
(w/w)

D9-THC %
(w/w)

CBC %
(w/w)

D9-THCA
% (w/w)

2.47 ± 0.064 0.07 ± 0.001 10.92 ± 0.282 0.17 ± 0.003 0.09 ± 0.002 0.14 ± 0.003 0.43 ± 0.01

The organic solvent extraction of cannabis material was performed to determine the
efficiency of scCO2 extraction. From the comparative study, it was observed that the extract
obtained from organic solvent extraction had a relatively higher percentage of the main
cannabinoid than with scCO2 extraction. Previously, Omar et al. [26] also reported that
the organic solvent extraction process of cannabinoids is more efficient than the scCO2
extraction method. However, scCO2 extraction provides a solvent-free extract with the
advantage of selective extraction (it does not dissolve pigments, including chlorophyll). In
terms of purity, scCO2 also had a relatively high percentage of cannabinoids, compared to
the conventional extract, and the process does not need an additional purification step.

The organic solvent extraction of cannabis leftover material (obtained after the factorial
design experiment) was also performed (represented in Table 11), to determine the retained
number of cannabinoids after scCO2 extraction. It was found that samples obtained from
the standard order run 8 demonstrated a very low quantity of cannabinoids, compared
to other runs. Only a trace amount of CBDA was left after scCO2 extraction, whereas a
high number of cannabinoids were found in extracts obtained from run 1. The scCO2
extraction for the standard order run 1 was performed at a low temperature (35 ◦C),

218



Processes 2022, 10, 93

pressure (150 bar), processing time (30 min), and amount (0.5 g). This run gives a very low
number of cannabinoids with scCO2 extraction.

Table 11. Conventional extraction of cannabinoids from the leftover cannabis sample (obtained after
factorial design study) for cannabidiol (CBD) and cannabidiolic acid (CBDA), delta 9-tetrahydrocannabinol
(D9-THC), delta 9-tetrahydrocannabinol acid (D9-THCA), and total cannabinoids.

Std.
Order

F1 F2 F3 F4
CBD

(μg/mL) *
CBD %
(w/w)

CBDA
(μg/mL) *

CBDA %
(w/w)

D9-THC
(μg/mL) *

D9-THCA
(μg/mL) *

D9-THCA
% (w/w)

Total
Cannabinoids

(μg/mL) *

Total
Cannabinoids

% (w/w)

10 0 0 0 0 - 6.43 ±
0.04 0.086 - 0.09 0.001 6.81 ± 0.05 0.091

3 −1 1 −1 1 1.51 ± 0.00 0.020 19.47 ±
0.12 0.260 - 0.54 0.007 22.40 ± 0.10 0.299

7 −1 1 1 −1 0.16 ± 0.00 0.002 7.87 ±
0.05 0.105 - 0.11 0.001 8.37 ± 0.01 0.112

4 1 1 −1 −1 0.973 ± 0.00 0.013 15.03 ±
0.04 0.200 - 0.42 0.006 16.96 ± 0.02 0.226

9 0 0 0 0 - 5.48 ±
0.02 0.073 - 0.02 0.000 5.79 ± 0.00 0.077

6 1 −1 1 −1 - 4.70 ±
0.00 0.063 - 0.05 0.001 5.01 ± 0.00 0.067

5 −1 −1 1 1 0.05 ± 0.00 0.001 9.78 ±
0.10 0.130 - 0.25 0.003 10.48 ± 0.05 0.140

2 1 −1 −1 1 - 7.95 ±
0.02 0.106 - 0.17 0.002 8.50 ± 0.03 0.113

8 1 1 1 1 - 0.67 ±
0.00 0.009 - - 0 0.67 ± 0.00 0.009

1 −1 −1 −1 −1 3.05 ± 0.01 0.041 34.71 ±
0.14 0.463 - 0.94 0.013 40.03 ± 0.10 0.534

F1 = Temperature, F2 = pressure, F3 = processing time, F4 = material. The central points are at rows 1 and 5,
* 20 times diluted extract.

Therefore, it was suggested that the collection of the low number of cannabinoids
with scCO2, compared to organic solvent extraction, might be due to the limitations of the
instrument. It might be the case that during the separation of the extract from the Helix
extraction chamber, a pressure effect (throttling effect) occurred that affected the yield of
cannabinoids. Additionally, scCO2 extract was collected in a glass chamber; as a result,
volatile components from the extract evaporated, which may also have decreased the yield
of cannabinoids.

4. Conclusions

The supercritical fluid extraction technique is growing in popularity as a solvent to
selectively dissolve and extract non-polar components from raw materials. By applying
the half-fractional factorial design study, the effectiveness of four main factors on the
extraction of cannabinoids using scCO2 was determined. The key finding identified from
this study was that high pressure and temperature together generate the highest yield of
cannabinoids, when using scCO2 as the extraction solvent. In addition, a longer processing
time was the most dominant factor aiding the dissolution of cannabinoids in scCO2. From
the mathematical model prediction, it was determined that the dry flower weight was a key
factor to determine any associations between parameters. It was identified that the optimal
temperature, pressure, and processing time were 250 bar, 45 ◦C, and 180 min, respectively.
Due to the selection of a lesser amount of cannabis material for the factorial design study
(low, medium, and high levels), the model response did not show a significant variation.
Another possible reason for this was the density of CO2, as the variation that was trialed
was not adequate to produce appreciable interaction effects across the selected parameters.
The quality of the model was also verified by regression analysis and selected central
points. In addition, the study further identified that scCO2 extraction at high pressure and
temperature provided the highest yield of cannabinoids.
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Abstract: Ultrasound-assisted extraction (UAE) of semi-defatted unripe genipap (SDG) using su-
percritical CO2 was performed to enhance the recovery of natural colorant iridoids genipin and
geniposide. There are currently few natural sources of iridoids, and their application as colorants is
scarce. The UAE resulted in extracts with blue and green colors using water and ethanol, respectively.
The highest global yield and genipin content was recovered with water, and the geniposide was
significantly recovered with ethanol. With water at 450 W, the UAE raised the maximum global yield
(25.50 g/100 g raw material). At 150 W and 7 min, the maximum content of genipin (121.7 mg/g
extract) and geniposide (312 mg/g extract) was recovered. The total phenolic content (TPC) and
antioxidant capacity with the oxygen reactive antioxidant capacity (ORAC) assay were also high in
aqueous extracts. Ethanolic extracts showed high ferric-reducing ability antioxidant potential (FRAP)
values. UAE showed an efficient and fast method to obtain different extracts’ fractions from SDG,
which have a wide spectrum of applications, especially as natural food colorants.

Keywords: ultrasound-assisted extraction; iridoids; genipin; geniposide; antioxidants

1. Introduction

Genipap (Genipa americana L.) is commonly used to produce jams, ice cream, soft
drinks, liquor, and wine, consumed by the populations in the Brazilian Amazon. Unripe
genipap contains genipin and geniposide (which are not present in the ripe fruits). These
compounds have been recently associated with health benefits, such as antiviral [1] and
anti-allergic [2] activities, as well as neuroprotection [3,4] and antidiabetics [5]. Genipin is
responsible for the violet to the blue-dark complex coloring, and geniposide is attributed
to the yellow-green complex [6].

Genipin can quickly react with amino acids in the presence of oxygen to produce a
blue color complex [7]. Geniposide represents more than 70% of the iridoid content in the
unripe genipap [8]. To obtain the blue-color complex, geniposide requires hydrolysis, often
mediated by enzymes [8–10].

There is a need for natural colorants to replace the synthetic ones in food products such
as beverages, desserts, gels, and confectionery. The color of food is often associated with
the flavor, safety, and nutritional value of the product [11]. Therefore, these compounds’
obtention from natural sources represents an important alternative to provide additives
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to the food industry. Indeed, the extraction of iridoids from genipap is common with
organic solvents such as ethyl acetate and n-butanol or enzymatic hydrolysis with β-
glucosidase [12].

Moreover, the low stability of natural colorants and other antioxidants in environmen-
tal conditions induces the need for rapid extraction processes of these target compounds,
as well as the use of Generally Recognized as Safe (GRAS) solvents (water and ethanol).
Recent studies recovered genipin and geniposide from crude unripe genipap using pres-
surized liquid extraction with ethanol [13] and enzyme-assisted extraction combined with
high-pressure processing [14].

The use of supercritical fluid extraction (SFE) as a type of pre-treatment (by the recover-
ing of oil from a plant matrix) carried out on the raw material before the extraction process of
polar compounds has already been reported in the literature. SFE, for instance, has already
been combined with other techniques such as pressurized liquid extraction, pressurized
hot water extraction, low-pressure solvent extraction, and ultrasound-assisted extraction to
obtain polyphenols, iridoids, flavonoids, and polar pigments [15–17]. Ultrasound-assisted
extraction (UAE) has been shown as an efficient technique to recover bioactive compounds
from plant matrices because of induced acoustic cavitation that disrupts cell walls and
enhances the diffusion of target compounds into the solvent [18]. Considering extractions
from by-product fractions, UAE was effective in recovering lycopene [19] and pectin [20]
from tomato and phenolic compounds from lime peels [21].

Ramos-de-la-Peña et al. [22] used UAE of crude genipap coupled with enzyme-assisted
extraction to enhance the obtaining of genipin. Strieder et al. [18] used UAE of crude
genipap with the use of milk as a solvent to provide a blue-colored carrier system.

In the current work, we used, for the first time, UAE as an alternative process to
recover iridoids from semi-defatted unripe genipap fruits (SDG), a genipap by-product
derived from lipid extraction using supercritical carbon dioxide (SC-CO2). The results
obtained from this work are expected to support further development of processes to
intensify the extraction and stability of natural colorants from genipap until the complete
valorization of this plant for food and non-food applications.

2. Material and Methods

2.1. Sample Preparation

Crude unripe genipap fruits (Genipa americana L.) were provided by the company Sítio
do Bello (Paraibuna, São Paulo, Brazil), transported and stored under freezing conditions
(−18 ◦C) until drying in a freeze-dryer (LP1010, Liobrás, São Carlos, SP, Brazil) at 300 μm Hg
for 96 h. The dried fruits (whole fruit with peel) were ground in a knife mill (Marconi, model
MA-340, Piracicaba, Brazil), and the particle size distribution was determined in a vibratory
system (Bertel, model 1868, Caieiras, Brazil) using sieves from 16 to 80 mesh (Tyler series,
Wheeling, IL, USA). The mean particle diameter (dp) was 0.23 ± 0.03 mm, determined
according to the method proposed by ASAE [23]. The ground genipap was semi-defatted
(the nonpolar fraction of the raw material was reduced from 8 to 0.9 wt.%) by SFE using
CO2 as the solvent. The SFE process was performed according to the method described by
Nathia-Neves et al. [15], which consists of continuous solvent flow through a fixed solid
bed of sample particles placed inside the extraction column. The SFE conditions were at
the temperature of 60 ◦C, the pressure of 300 bar, and the solvent to raw material ratio of
16 (w/w). The SDG was stored at −18 ◦C in the absence of light before further experiments.

The SDG was characterized according to moisture (method 920.151 from AOAC [24]):
13.9 ± 0.1 wt.% dry basis (d.b.), ash (method 923.03 from AOAC [24]): 4.4 ± 0.3 wt.% d.b.,
protein (method 970.22 from AOAC [24]): 10 ± 1 wt.% d.b., lipids (method 963.15 from
AOAC [24]): 0.9 ± 0.3 wt.% d.b., and carbohydrates (calculated by difference): 84.7 wt.% d.b.

2.2. Reagents

Ethanol (99.0%, Dinâmica, Diadema, Brazil) and distilled water (Millipore, Bedford,
USA) were used as solvents. The iridoids standards (genipin > 98% and geniposide > 98%)
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were obtained from Sigma-Aldrich (Sao Paulo, Brazil). Acetonitrile (HPLC grade, J. T. Baker,
Phillipsburg, NJ, USA), ultrapure water (Millipore, Bedford, MA, USA), and formic acid
(Dinâmica, Diadema, Brazil) were used in the high-performance liquid chromatography
(HPLC). The Folin–Ciocalteu reagent and gallic acid (Sigma-Aldrich, Sao Paulo, Brazil)
were used for the total phenolic content analysis. The reagents used in the assays to
measure antioxidant capacity were 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox), ferric chloride (FeCl3) 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), 2,2′-azobis(2-
methylpropionamidine) dihydrochloride (APPH), and fluorescein, which were purchased
from Sigma-Aldrich (Sao Paulo, Brazil).

2.3. Experimental

The UAE was performed with a 19 kHz ultrasonic probe (Unique, 800 W, Indaiatuba,
Brazil). The effects of nominal power (150, 300, and 450 W), extraction time (1, 3, 5, and
7 min), and solvent (ethanol and water) were evaluated. Approximately 1.5 g of raw
material was inserted in a 50 mL falcon tube containing 25 mL of solvent. The probe contact
height with the medium was standardized to 25 mm. An ice bath was used to prevent the
overheating of the extraction medium. The extracts were separated from the solid fraction
using 0.22 mm Whatman paper filters and subsequently stored at −18 ◦C in the absence of
light until further analyses.

2.4. Extract Evaluation
2.4.1. Global Yield

The global yield (X0) of SDG extracts was determined by removing the solvent from
the extract by evaporating a 5 mL aliquot in an oven (TE-395, Tecnal, Piracicaba, Brazil)
at 100 ◦C for 24 h. The global yield for each UAE condition was calculated according to
Equation (1):

X0 =

(
mEXT

F0

)
× 100 (1)

where X0 (% (g extract/100 g SDG), dry basis) is the global extraction yield, mEXT (g) is the
mass of dried extract, and F0 (g) is the mass of raw material used in UAE.

2.4.2. Total Phenolic Content (TPC)

The extracts’ total phenolic content (TPC) was quantified using the Folin–Ciocalteu
reagent [25]. Each extract was diluted in distilled water. Triplicates of the sample (20 μL)
and Folin–Ciocalteu (20 μL) reagent were mixed and incubated at room temperature for
3 min. Afterwards, 20 μL of sodium carbonate solution and 140 μL of distilled water were
added and the mixture was kept in the dark for 2 h at room temperature. The absorbance
was read at 725 nm with the aid of a microplate reader (FLUOstar Omega, BMG LABTECH
GmbH, Ortenberg, Germany). The gallic acid standard (0.02 to 0.16 mg/mL) was used,
and the results were expressed as mg gallic acid equivalent (GAE) per g of SDG extract.

2.4.3. Iridoids Quantification by HPLC Analysis

The iridoids (genipin and geniposide) were quantified by HPLC coupled with a diode-
array detector (HPLC-DAD, Waters, Alliance model E2695, Milford, CT, USA) system and a
C18 column (Kinetex, 100 × 4.6 mm i.d.; 2.6 μm; Phenomenex, Torrance, CA, USA) at 35 ◦C.
The iridoids were detected according to the method described by Náthia-Neves et al. [26].
The mobile phases consisted of water (A) and acetonitrile (B), both acidified with 0.1%
formic acid (v/v). The elution gradient at 1.5 mL/min was performed as follows: 0 min:
99% (A), 9 min: 75% (A), 10 min: 99% (A), and 13 min: 99% (A). The calibration curves of
the iridoids were obtained in the range of 0.1–1000 μg/mL for geniposide (R2 = 0.9998)
and 0.1–625 μg/mL for genipin (R2 = 0.9998). Figure 1 shows the chromatograms of the
standards and the extracts obtained from SDG. Each sample was injected in duplicate, and
the results were expressed in mg of genipin or mg of geniposide per g of dried SDG extract.
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Figure 1. Representative HPLC/DAD chromatograms for genipin and geniposide recovered at 240 nm: (a) standard
solution of genipin and geniposide, (b) ethanolic extract from SDG obtained at 150 W and 7 min, and (c) aqueous extract
from SDG obtained at 150 W and 7 min. The retention times of geniposide and genipin were 5.73 and 6.65 min, respectively.

2.4.4. Antioxidant Capacity

The ferric-reducing ability of extracts was determined by the FRAP method [27]. The
FRAP solution was prepared using 0.3 M acetate buffer (pH 3.6), 10 mM TPTZ in 40 mM
HCl solution, and 20 mM FeCl3 (10:1:1, v/v/v). Triplicates of the extract diluted in water
(25 μL) were added to 175 μL of FRAP solution and kept in the dark for 30 min at 37 ◦C. The
absorbance was measured at 595 nm using a microplate reader (a FLUOstar Omega BMG
LABTECH GmbH, Ortenberg, Germany). The Trolox standard curve was obtained (0.01 to
0.06 mg/mL). Results were expressed in mg Trolox equivalent (TE) per g of SDG extract.

The oxygen radical absorbance capacity (ORAC) was measured by diluting the extracts
and Trolox (5–25 μg/mL) in a 75 mM potassium phosphate buffer at pH 7.4 [28]. Pure
potassium 75 mM phosphate buffer was used as a blank. Triplicates of the diluted sample,
standard or blank (25μL), followed by 150μL of fluorescein working solution, were inserted
into a black 96-well microplate. Afterward, the microplate was incubated at 37 ◦C for 15 min,
and subsequently, 25μL of AAPH solution was added to each well. The fluorescence
decrease (excitation at 485 nm; emission at 510 nm) was measured for 100 min at 37 ◦C in
the microplate reader. The results were expressed in mg of TE per g of SDG extract.

2.4.5. Color Analysis

The coloration of extracts was evaluated using a colorimeter (Hunter Associates
Laboratory, Inc., Reston, VA, USA) equipped with a D65 light source and an angle of
observation of 2◦ for all samples. The color was characterized with a CIELAB system
to calculate the coordinates L*, a* and b*, which were used to calculate the chroma (C*)
and hue angle (H), according to the Equations (2) and (3), respectively. The a* represents
differences in red (positive) and green (negative) colors. Positive and negative values of
b* represent yellow and blue colors, respectively. The C* values denote the saturation or
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purity of color. The Hue angle (H*) value denotes 0 for redness, 90 for yellowness, 180 for
greenness, and 270 for blueness.

C∗ =
√

a ∗2 +b∗2 (2)

H∗ = arctan
(

b∗

a∗

)
(3)

2.5. Statistical Evaluation

The effects of parameters studied were evaluated using a randomized full factorial
design (2 × 3 × 4) for the solvent (water and ethanol), the nominal ultrasonic power
(150, 350, and 450 W), and the extraction time (1, 3, 5, and 7 min), in duplicate (Table 1).
Comparison of results within each column of Table 1 was carried out considering the
different solvents used (water and ethanol). The effects of the parameters on global yield,
genipin, geniposide, TPC, FRAP, and ORAC were evaluated by the analysis of variance
(ANOVA) using Minitab 16® software (Minitab Inc., State College, PA, USA). Tukey’s test’s
significant differences were evaluated with a 95% confidence level (p-value ≤ 0.05).

Table 1. Effect of the process parameters on extraction results.

Water Solvent

Power
(w)

Time
(min)

X0 (wt.%)
Genipin (mg/g

Extract)
Geniposide

(mg/g Extract)
TPC (mg

GAE/g Extract)
FRAP (mg

TE/g extract)
ORAC (mg

TE/g Extract)

150

1 14.9 ± 0.1 e 101 ± 1 g 52.30 ± 0.03 h 28.9 ± 0.1 a 5.5 ± 0.7 a 87 ± 6 cdefg

3 19 ± 1 d 113 ± 1 e 57 ± 1 h 27 ± 2 a 5 ± 1 a 106 ± 13 abcdef

5 19.8 ± 0.1 cd 120.8 ± 0.4 ab 23.1 ±0.2 ij 19.3 ±0.4 b 5.4 ± 0.2 a 89 ± 7 bcdefg

7 22.1 ± 0.3 bc 121.7 ± 0.5 a 19.6 ± 0.3 jk 21 ± 1 b 5.05 ± 0.04 a 121 ± 12 ab

300

1 24.52 ± 0.1 ab 120 ± 1 ab 22.2 ± 0.5 ijk 22 ± 1 b 6 ± 1 a 113 ± 16 abcd

3 25 ± 1 a 116 ± 1 cd 29 ± 1 ij 21.4 ± 0.4 b 4.4 ± 0.6 a 110 ± 9 abcde

5 24.1 ± 0.2 ab 116.0 ± 0.4 d 20.3 ± 0.4 ijk 20.9 ± 0.3 b 5.06 ± 0.04 a 100 ± 3 abcdefg

7 23.4 ± 0.2 ab 119 ± 1 bc 18.8 ± 0.4 jk 20 ± 2 b 6 ± 1 a 129 ± 8 a

450

1 25.5 ± 0.7 a 118.8 ± 0.5 bc 31.4 ± 0.6 i 21 ± 1 b 6 ± 1 a 110 ± 11 abcde

3 25 ± 1 a 114.6 ± 0.5 de 7.01 ± 0.5 l 18 ± 1 b 5.1 ± 0.1 a 112 ± 14 abcde

5 24.9 ± 0.2 a 110.3 ± 0.5 f 7.1 ± 0.1 l 17.9 ± 0.2 b 4.9 ± 0.1 a 119 ± 3 abc

7 23 ± 1 abc 108.58 ± 0.04 f 11 ± 3 kl 21 ± 1 b 5.2 ± 0.5 a 126 ± 7 a

Ethanol Solvent

Power
(w)

Time
(min)

X0 (%)
Genipin (mg/g

Extract)
Geniposide

(mg/g Extract)
TPC (mg

GAE/g Extract)
FRAP (mg

TE/g Extract)
ORAC (mg

TE/g Extract)

150

1 2.9 ± 0.7 i 71.1 ± 0.3 l 247 ± 5 c 8.7 ± 0.4 c 15 ± 5 b 73 ± 7 g

3 2.1 ± 0.2 i 86.3 ± 0.2 ij 198 ± 5 g 10 ± 1 c 15 ± 3 b 72 ± 2 g

5 3.1 ± 0.7 i 92 ± 1 h 242 ± 5 c 9 ± 1 c 17 ± 2 b 86 ± 13 cdefg

7 3.4 ± 0.7 i 103.04 ± 0.05 g 312 ± 10 a 8 ± 1 c 12 ± 3 b 70 ± 19 g

300

1 6.9 ± 0.6 h 78.5 ± 0.7 k 225 ± 0.3 ef 9 ± 2 c 16 ± 2 b 89 ± 7 bcdefg

3 8.3 ± 0.1 gh 80 ± 1 k 235 ± 2 cde 8.4 ± 0.3 c 16 ± 2 b 77 ± 8 fg

5 9.1 ± 0.2 fgh 83 ± 1 j 243 ± 5 c 8 ± 1 c 16 ± 1 b 82 ± 7 defg

7 9.7 ± 0.6 fg 81 ± 1 k 228 ± 11 def 7.8 ± 0.4 c 14.8 ± 0.2 b 92 ± 2 bcdefg

450

1 7.02 ± 0.05 h 85 ± 1 ij 260 ± 6 b 10 ± 1 c 15 ± 1 b 89.67 ± 0.04
bcdefg

3 9 ± 1 fg 84 ± 1 ij 232 ± 12 cde 8.6 ± 0.3 c 16 ± 1 b 91 ± 3 bcdefg

5 11.3 ± 0.2 f 85 ± 1 ij 223 ± 12 ef 7.6 ± 0.2 c 16 ± 1 b 80 ± 5 efg

7 12 ± 1 f 87 ± 1 i 223 ± 5 f 7.5 ± 0.3 c 16.1 ± 0.1 b 87.2 ± 0.2 cdefg

X0: global yield; TPC: total phenolic content; FRAP: ferric-reducing ability; ORAC: oxygen radical absorbance capacity. Results expressed
on dry basis. Same superscript letters in the same column indicate no significant difference (p < 0.05).
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3. Results and Discussion

The use of the SFE technique as a pre-treatment of the raw material allows the extrac-
tion of nonpolar compounds. By extracting these compounds with SC-CO2, it is possible
to obtain a matrix concentrated in polar compounds, such as phenolic compounds, iri-
doids, flavonoids, and polar pigments. This practice has been employed frequently in
the literature to obtain a matrix more concentrated in polar compounds, making these
compounds more efficient in processes that use water or ethanol as a solvent [15–17,29]. In
addition to making polar compounds more accessible, the use of SFE combined with other
techniques allows applying the biorefinery concept (by the full use of the raw material). In
this work, the SFE removed 89% of the oil content from unripe genipap fruit, which was
composed of palmitic acid (34 mg/mg extract), stearic acid (14 mg/mg extract), linoleic
acid (276 mg/mg extract), and linolenic acid (48 mg/mg extract) [15].

3.1. Effect of the Process Parameters on Global Yield

The experimental X0 obtained in all UAE conditions are presented in Table 1, and they
range from 14.9 to 25.5 wt.% for aqueous extracts and from 2.1 to 12 wt.% for ethanolic
extracts. It is worth highlighting that the raw material used in this work had already been
subjected to another extraction process with SC-CO2. An extract was obtained with a yield
of 4.6% (composed mainly of linoleic acid) [15]. These results imply that after the extraction
of the non-polar fraction, there are still many polar compounds to be extracted from the
unripe genipap fruit.

Analysis of variance (ANOVA, α = 0.05) showed that the interactions between time
and power (p-value = 0.001), power and solvent (p-value = 0.005), and time and solvent
(p-value = 0.008) significantly influenced the X0. The plots of such interactions, showing
each extraction variable’s effect, are presented in Figure 2. It is important to mention that
the dotted lines do not represent trends for non-numeric variables.

Figure 2. Effect of the process parameters on global yield: (a) time and power, (b) power and solvent, and (c) extraction
time and solvent. Results expressed on a dry basis. Standard deviation by ANOVA = 0.6.

The efficiency of the extraction process depends on the nature of the compounds
present in the raw material. The use of water, a solvent with higher polarity, allowed
enhancing the X0 compared with ethanol, as represented in Figure 2b,c. In other words,
the use of water as the solvent increased X0 by 4- to 8-folds at 150 W and 1- to 3-folds
at 300 and 450 W (Table 1). Therefore, it can be concluded that water, especially for low
ultrasound power, could access and solubilize a great number of molecules in the SDG,
resulting in higher X0. It is known that during the UAE, two mechanisms of mass transfer
can occur: diffusion through the cell walls and washing out (rinsing) the cell contents once
the walls are broken [30]. As the used material was dry and milled, once it is rehydrated,
there is swelling during the steeping extraction stage, resulting in the fragmentation of the
vegetal material, which increases the transfer of compounds from the raw material into the
solvent [31].

The positive effect of ultrasonic power (Figure 2a,b) on the X0 can be mainly at-
tributed to the increase of energy density, which intensifies the phenomenon of acoustic
cavitation [32]. This phenomenon can promote the rupture of plant cell walls, favoring
the transport of the intracellular components present in the vegetable matrix into the
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bulk solvent, thus increasing the X0 [33]. Similarly, the positive effect of extraction time
(Figure 2a,c) on the X0 is attributed to the required time to desorb and solubilize the extract
molecules by the solvent. For extractions using water, the equilibrium time was reached
at 3 min. While for ethanol, the X0 increased until 7 min (Table 1). Therefore, once again
showing the extraction efficiency of water as the solvent to obtain higher X0 from SDG. On
the other hand, the performance over X0 is not always a relevant answer parameter for
evaluating the extracts, since the concentration of target compounds and biological activity
provide a potential application to the extract.

3.2. Effect of the Process Parameters on Iridoid Content

Among the evaluated UAE variables, the interactions between time and power
(p-value = 0.001) and time and solvent (p-value = 0.001) significantly influenced the genipin
recovery, as shown in Figure 3a,b, respectively. The extraction of geniposide was signif-
icantly influenced only by the interaction between solvent and power (p-value = 0.014,
Figure 3c). It is worth mentioning that the plots presented in Figure 3 show the effect
of UAE variables. Experimental results for the concentration of both target compounds
obtained from SDG are presented in Table 1.

Figure 3. Effect of the process parameters on genipin and geniposide content: (a) extraction time and power on genipin
content, (b) solvent and extraction time on genipin content, and (c) solvent and power on geniposide content. Results are
expressed on a dry basis. Standard deviation by ANOVA for genipin = 0.6 and for geniposide = 5.5.

The highest genipin content (121.7 mg/g extract or 26.9 mg/SDG) was recovered at
150 W in 7 min using water as the solvent. This result is comparable with that extracted in
our previous work from the whole unripe genipap without peel applying the low-pressure
solvent extraction (LPSE) method with water at 40 ◦C and 1 bar for 25 min (233 mg/g
extract) [34], and 81–196 mg/g unripe genipap obtained from crude genipap extracted
with enzymes for 150 min [10]. It is worth mentioning that the extraction times used by
these authors were much higher than the times used in this study. Considering that 7 min
is a short time to extract bioactive compounds from a by-product plant matrix, the UAE
was efficient in recovering such a target compound.

Regarding the ultrasonic power, different effects were observed. For instance, for
water used as a solvent, as the power increased from 300 to 450 W and the extraction time
increased, a reduction in the genipin content was observed. These findings are probably
due to excessive cavitation and time exposed, which contributed to its degradation. Addi-
tionally, the water showed higher genipin content than ethanol, corroborating the results of
X0. A recent patent emphasized the use of water or other polar solvents for the obtaining
of genipin-rich extracts. Indeed, non-polar organic solvents may be used as an alternative
to water since their solubility is less than about 30% of the water solubility. Their polarity
index varies from 0 to 5.0 [35]. However, the use of water as a solvent offers several benefits.
Water is an environmentally friendly solvent, abundant, cheaper, non-toxic, and especially
for extracts with food claim application, water is fully compatible.

On the other hand, the UAE with ethanol enhanced the geniposide content in ethanolic
extracts (198–312 mg/g of extract), which was comparable to that from the mesocarp of
crude unripe genipap (127 mg/g extract) obtained with pressurized ethanol [13]. Such
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finding indicates that the fruit water content may also impair the geniposide recovery in
addition to the ultrasound’s positive effect. The moisture content of the raw material used
in the mentioned work was 80%, which leads to the formation of a hydroalcoholic complex
inside the extraction system that probably decreased the geniposide recovery. The 14 wt.%
moisture content of SDG explains the high recoveries of target compounds due to the
reduced competition with the water bonded within the plant matrix. The enhancement of
geniposide with ethanol was attributed to the affinity in such a solvent. The sugar moiety
of the geniposide structure is another factor that explains its affinity to ethanol. The authors
of [22,36,37] used enzymes such as pectinesterases and β-glucosidases to hydrolyze such
sugar moiety to transform the glucose from geniposide to genipin. The cost of the process
increased because of the use of enzymes. Besides, studies on the application of geniposide
as a natural colorant should be supported.

From the findings presented in this work, it can be concluded that performing the
SC-CO2 extraction before the extraction of genipin and geniposides from unripe genipap
fruit by UAE does not promote the degradation of these compounds. Thus, it is important
to highlight that a sequential UAE could be applied to recover at least three extract fractions.
A non-polar extract was obtained by SFE, a genipin-rich extract employing water as the
solvent, and a second geniposide-rich extract obtained using ethanol as the solvent. Indeed,
the sequential extraction process has been applied by several authors [16,38,39] to promote
the best use of raw materials through their integral use.

3.3. Effect of the Process Parameters on Color

The color parameters of SDG extracts are presented in Table 2. The values of chroma
(C*) detected in the aqueous extracts (C* = 1.3–3.3) for most extraction conditions indi-
cated low saturation of colorant in the extracts, in comparison with the ethanolic ones
(C* = 0.9–6.8). For the extractions with ethanol, high ultrasonic powers (300 and 450 W)
during 7 min increased the values of C*, while the opposite effect was found in the remain-
ing conditions (Table 2). The values of C* found for the aqueous and ethanolic extracts
of SDG were higher than those of heartwood extracted with a 0.1 M sodium hydroxide
solution [40].

The lightness (L*) parameter of ethanolic extracts was higher than those observed
in the aqueous extracts. However, it was lower than those detected in the concentrated
extracts from roselle flowers [41]. The increasing of ultrasonic powers enhanced the values
of L*, resulting in extracts with a more transparent aspect (Table 2).

Regarding the extractions with water, most extraction conditions were associated
with color in the blue region (b* negative, Table 2), similarly to those detected in the
endocarp + seeds of genipap extracted with pressurized ethanol [13]. The hue angle (H)
for most aqueous extracts (300–360◦—blue region) was comparable with those detected in
the extracts of Spirulina platensis [42].

The color region of ethanolic extracts was between green (negative values for a*) and
yellow (positive values for b*). The increase in the power increased the values of b* and
decreased the hue angle (Table 2).

The blue color present in the aqueous extract is related to the presence of genipin,
whereas the green color of the extract obtained with ethanol is mainly due to the presence
of geniposide. The blue color of the aqueous extract (Table 2) shows that the genipin
present in the raw material reacted with the proteins solubilized in the extract to form the
blue pigment. However, HPLC analysis revealed that the extracts had a high content of
genipin (ranged from 101 to 121.7 mg/g of extract), which indicates that not all genipin
reacted with the proteins present in the extract to form the blue pigment. These results
are promising because they allow obtaining an extract with natural blue pigments rich
in genipin that could be used to manufacture food (candies, gums, dairy beverages) and
pharmaceutical products.
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Table 2. Color parameters for the SDG extracts.

Water

Power
(W)

Time
(min)

L* C* H a* b*

 

150

1 1.91 ± 0.03 1.4 ± 0.1 333.5 ± 1.3 1.3 ± 0.1 −0.64 ± 0.05
3 2.2 ± 0.4 1.5 ± 0.1 332.3± 1.7 1.4 ± 0.1 −0.72 ± 0.05
5 2.02 ± 0.03 1.45 ± 0.01 324 ± 2 1.18 ± 0.03 −0.85 ± 0.03
7 1.42 ± 0.14 1.3 ± 0.1 347 ± 12 1.25 ± 0.04 −0.3 ± 0.03

300

1 1.9 ± 0.1 1.7 ± 0.1 319 ± 6 1.3 ± 0.1 −1.1 ± 0.2
3 4.3 ± 0.1 3.8 ± 0.1 106 ± 2 1.03 ± 0.09 −1.6 ± 0.1
5 3.9 ± 0.9 3.2 ± 0.1 110 ± 2 1.01 ± 0.09 −1.5 ± 0.1
7 3.0 ± 0.8 2.3 ± 0.3 312 ± 8 1.5 ± 0.1 −1.3 ± 0.4

450

1 2.1 ± 0.1 1.6 ± 0.1 333 ± 4 1.4 ± 0.02 −1.7 ± 0.1
3 3.9 ± 0.2 2.7 ± 0.5 302 ± 2 1.4 ± 0.3 −2.3 ± 0.4
5 3.5 ± 0.3 3.3 ± 0.6 301 ± 6 1.7 ± 0.2 −2.8 ± 0.7
7 3.44 ± 0.04 2.6 ± 0.1 306 ± 1 1.51 ± 0.04 −2.1 ± 0.1

Ethanol

Power
(W)

Time
(min)

L* C* H a* b*

 

150

1 4.0 ± 0.2 1.2 ± 0.2 110 ± 4 −0.4 ± 0.2 1.2 ± 0.2
3 5.14 ± 0.02 1.0 ± 0.1 101 ± 3 −0.2 ± 0.1 1.0± 0.1
5 4.7 ± 0.3 1.7 ± 0.3 114 ± 4 −0.7 ± 0.1 1.6 ± 0.3
7 3.19 ± 0.01 0.9 ± 0.1 105 ± 3 −0.2 ± 0.1 1.9± 0.1

300

1 4.3 ± 0.2 3.2 ± 0.2 105 ± 2 −0.8 ± 0.1 3.1 ± 0.1
3 4.4 ± 0.2 3.8 ± 0.2 107 ± 2 −0.9 ± 0.2 3.6 ± 0.3
5 5.7 ± 0.3 4.1 ± 0.3 109 ± 3 −1.29 ± 0.07 3.9 ± 0.4
7 5.03 ± 0.03 4.79 ± 0.03 104.1 ± 0.1 −1.17 ± 0.02 4.65± 0.02

450

1 5.6 ± 0.9 3.8 ± 0.5 110 ± 1 −1.3 ± 0.2 3.5 ± 0.4
3 4.6 ± 1.1 2.6 ± 0.1 109 ± 5 −0.8 ± 0.2 2.4 ± 0.1
5 6.6 ± 1.3 4.6 ± 0.5 107 ± 5 −1.0 ± 0.2 5.4 ± 0.3
7 8.1 ± 0.9 6.8 ± 0.1 106.7 ± 0.4 −1.9 ± 0.1 6.5 ± 0.1

L*: luminosity: black (L* = 0) and white (L* = 100); a*: green color (−) and red color (+); b*: blue color (−) and yellow color (+); C*: croma;
H*: hue angle.

3.4. Effect of the Process Parameters on the Total Phenolic Content and Antioxidant Capacity

This work aimed to evaluate the extraction process conditions to obtain high amounts
of genipin and geniposide. However, in addition to these iridoids, extracts obtained from
unripe genipap fruit also present phenolic compounds and antioxidant capacity, measured
in this work by FRAP and ORAC.

The interactions between time and solvent (p-value = 0.002) and power and solvent
(p-value = 0.001) significantly influenced the TPC, as shown in Figure 4. The antioxidant
capacities measured by FRAP (p-value = 0.0001) and ORAC (p-value = 0.0001) were signifi-
cantly influenced only by the solvent, as shown in Figure 5. The TPC of extractions with
water (17.9–28.9 mg GAE/g extract, Table 1) were higher than those detected in extractions
with ethanol (7.5–10 mg GAE/g extract.). Similar effects of solvents were detected in the
X0, genipin content, and ORAC assay (87–129 mg TE/g extract for water 70–92 mg Trolox
TE/g extract for ethanol, Table 1). The opposite solvent effect was found in the geniposide
recovered (7–57 mg/g extract for water and 198–312 mg/g extract for ethanol) and the
FRAP assay (4.4–6 mg TE/g extract for water and 14.8–17 mg TE/g extract for ethanol).
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Figure 4. Effect of the process parameters on TPC: (a) solvent and extraction time and (b) solvent and power. Results
expressed on a dry basis. Standard deviation by ANOVA for TPC = 0.9.

Figure 5. Effect of the solvent on antioxidant capacity: (a) effect of the solvent on FRAP and (b) effect of the solvent on
ORAC. Results are expressed on a dry basis. Standard deviation by ANOVA for FRAP = 1 and for ORAC = 9.

The TPCs observed in the extracts were higher than those found in UAE extracts
(4 mg GAE/g) and pressurized ethanol extracts (7–17 mg GAE/g of extract) [13,43], both
from unripe crude genipap. For the FRAP, the antioxidant capacity of extracts was compa-
rable with those obtained from the UAE of blue butterfly pea flower [44].

Based on the results provided in this section, it is possible to state that in addition to
the color attributes, the SDG extracts have in their composition phenolic compounds, and
the whole crude extract presents antioxidant capacities through ORAC and FRAP assays.
These features reinforce the claim of the extract for food applications.

4. Conclusions

The UAE, up to 7 min, has shown as an efficient, fast, and environment-friendly
method to recover natural antioxidant pigments from semi-defatted unripe genipap by-
products, with results comparable to those obtained in the literature for crude unripe genipap.

Extractions with water preferentially extracted genipin, resulting in blue-colored
extracts, whereas extraction with ethanol produced green-colored extracts, attributed to
the enhancement in geniposide obtention. The TPC of the extracts was higher using water
as the solvent, and the ultrasonic power presented a negative effect on this response.

The antioxidant capacity of the aqueous extracts was higher than that of the ethanolic
extracts for the ORAC assay. In contrast, for the FRAP assay, the ethanolic extracts presented
higher antioxidant capacity. The UAE was shown to be an effective technique to obtain
extracts rich in iridoids. Our results are expected to valorize genipap by-products and
further research the application of UAE extracts in food products and biological systems.
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42. İlter, I.; Akyıl, S.; Demirel, Z.; Koç, M.; Conk-Dalay, M.; Kaymak-Ertekin, F. Optimization of phycocyanin extraction from Spirulina

platensis using different techniques. J. Food Compos. Anal. 2018, 70, 78–88. [CrossRef]
43. Porto, R.G.C.L.; Cardoso, B.V.S.; Barros, N.V.d.A.; Cunha, E.M.F.; Araújo, M.A.d.M.; Moreira-Araújo, R. Chemical Composition

and Antioxidant Activity of Genipa americana L. (Jenipapo) of the Brazilian Cerrado. J. Agric. Environ. Sci. 2014, 3, 4. [CrossRef]
44. Mehmood, A.; Ishaq, M.; Zhao, L.; Yaqoob, S.; Safdar, B.; Nadeem, M.; Munir, M.; Wang, C. Impact of ultrasound and conventional

extraction techniques on bioactive compounds and biological activities of blue butterfly pea flower (Clitoria ternatea L.). Ultrason.
Sonochem. 2019, 51, 12–19. [CrossRef] [PubMed]

233



Citation: Santana, Á.L.; Meireles,

M.A.A. Valorization of Cereal

Byproducts with Supercritical

Technology: The Case of Corn.

Processes 2023, 11, 289. https://

doi.org/10.3390/pr11010289

Academic Editor: Anet Režek

Jambrak

Received: 29 December 2022

Revised: 6 January 2023

Accepted: 12 January 2023

Published: 16 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Review

Valorization of Cereal Byproducts with Supercritical Technology:
The Case of Corn

Ádina L. Santana 1,2,* and Maria Angela A. Meireles 2,*

1 Grain Science and Industry Department, Kansas State University, 1301 N Mid Campus Drive,
Manhattan, KS 66506, USA

2 School of Food Engineering, University of Campinas (UNICAMP), R. Monteiro Lobato 80,
Campinas 13083-862, SP, Brazil

* Correspondence: adina.santana@gmail.com or adina@ksu.edu (Á.L.S.); maameireles@lasefi.com (M.A.A.M.)

Abstract: Ethanol and starch are the main products generated after the processing of corn via dry
grinding and wet milling, respectively. Milling generates byproducts including stover, condensed
distillers’ solubles, gluten meal, and the dried distillers’ grains with solubles (DDGS), which are
sources of valuable compounds for industry including lignin, oil, protein, carotenoids, and phenolic
compounds. This manuscript reviews the current research scenario on the valorization of corn milling
byproducts with supercritical technology, as well as the processing strategies and the challenges of
reaching economic feasibility. The main products recently studied were biodiesel, biogas, microcap-
sules, and extracts of enriched nutrients. The pretreatment of solid byproducts for further hydrolysis
to produce sugar oligomers and bioactive peptides is another recent strategy offered by supercritical
technology to process corn milling byproducts. The patents invented to transform corn milling
byproducts include oil fractionation, extraction of undesirable flavors, and synthesis of structured
lipids and fermentable sugars. Process intensification via the integration of milling with equipment
that operates with supercritical fluids was suggested to reduce processing costs and to generate
novel products.

Keywords: yellow corn; biowaste; supercritical CO2; biorefinery; process intensification; cost of
manufacture

1. Introduction

Corn (Zea mays L.), also known as yellow or sweet corn, is a multipurpose crop used
for many industrial applications including foods, fuels, cosmetics, and pharmaceuticals.

According to a recent report published by the United States Department of Agriculture,
the three main producers of corn worldwide are the United States (353.84 million ton/year),
China (274 million ton/year), and Brazil (126 million ton/year) [1].

Corn processing provides opportunities to generate multiple products including flour,
ethanol, starch, protein, and syrups. Before processing, the grains are separated from the
stover (leaves, stalks, cobs, and silk), which is an underutilized mixture of lignocellulosic
material. The stover is produced at an equal proportion of grains processed, i.e., 1 kg of
corn grain generates 1 kg of stover [2,3].

The mill is the main form of processing corn. The processes for milling corn include
(a) dry milling, (b) dry grinding, and (c) wet milling.

According to Stanford and Keener [4], the term dry milling is erroneously used
throughout the literature to describe both dry milling and dry grinding processes.

Dry milling consists of mechanical procedures to separate the germ, tip cap, and
pericarp from the endosperm to produce flour, oil, grits, and corn meal. These are products
commonly sold for human consumption and hominy feed, which is a byproduct sold for
animal feeding [4,5].
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Dry grinding is destined to produce ethanol via the fermentation of corn kernels. Wet
milling differs from dry grinding in the utilization of huge amounts of water to fractionate
corn kernels into starch, oil, protein, fiber, ethanol, and sweeteners [6,7].

The corn milling industry plays an important role in the corn supply chain. It starts
from crop production and ends with feed and food industrial channels including retail
markets, animal feed, food processors, cosmetics, and fuel, as well as the food supply for
emergency government food aids [5]. In the United States, some companies that mill corn
include Cargill [8], Bunge [9], Gavilon [10], and J-Six Enterprises [11].

The generation of underutilized fractions after crop processing is unavoidable. In addi-
tion, auto-oxidation of lipids, microbial growth in high moisture materials, and changes in
enzymatic activity accelerates the decomposition of discarded fractions, and such difficulty
in the reutilization of products turns into an environmental concern [12].

The undervalued fractions from dry grinding include the condensed distillers, and
the wet or dried distiller’s grains with solubles, whereas the byproducts derived from
wet milling include spent germ meal, gluten feed, oil, and steep water. The stover is
an undervalued fraction generated before corn grain processing. Even with the known
utilization of some byproducts in animal feed [7,13,14], dry grinding and wet milling face a
challenge in the valorization of byproducts.

Supercritical technology includes multiple separation methods that use solvents oper-
ating in the region of compressed liquid, and subcritical and supercritical state in which
carbon dioxide (CO2) is the most preferred solvent. Supercritical CO2 (SC-CO2) is a low-
cost, non-flammable, and non-toxic solvent that shows high efficiency in extracting and
fractionating low-polar products, including oils and waxes [15–17], to dry particles [18]
and assist in chemical reactions [19]. As reviewed by Fărcas, and coworkers [20], SC-CO2
provokes low oxidative and thermal impact in the products generated after the processing
of undervalued cereal products.

In this context, supercritical technology emerged as a green approach to improve the
processing of crops.

This review discusses the current opportunities offered by the application of super-
critical technology to transform byproducts derived from dry grinding and wet milling
into value-added products, including oil [21], wax [17], biofuels [22], biogas [23], and
microparticles [18]. The patents survey and our opinions on the processing strategies to
reduce costs and improve the quality of products were also included.

2. Dry Grinding

Corn is abundantly processed into ethanol via dry grinding because of the high
conversion rates of corn starch.

Approximately 450 million bushels of corn are used for both dry grinding and wet
milling to produce ethanol [24]. One bushel of corn is equivalent to 25.40 kg. Before grain
processing, there is a generation of stover, a fraction consisting of leaves, cob, straw, and
silk [25].

After harvesting corn, the stover is separated from the grains, and the grains are
cleaned, stored, and tempered. The tempering increases the moisture of corn kernels to
facilitate the degerming process, i.e., the separation of germ and bran coat [5].

The grains are ground to a fine powder, known as meal, which is mixed with water
and heated at 85 ◦C. Afterward, the enzyme alpha-amylase is added, followed by heating
at 110–150 ◦C for 1 h, to accelerate the conversion of starch into dextrose, resulting in a
liquefied slurry (Figure 1).
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Figure 1. The steps involved in corn dry grinding.

The slurry is cooled to room temperature. Afterward, glucoamylase is added to
saccharify the dextrose in the slurry into glucose. Glucose is the substrate for fermentation
by yeast strains (Saccharomyces cerevisiae). The glucose fermentation results in two streams,
one consisting of CO2, and the other consisting of beer which is a slurry composed of up to
16% ethanol by volume [26].

The beer is pumped into distillation columns resulting in wet ethanol and the stillage.
Wet ethanol is distilled up to 95.6% azeotropic point, and then transferred to the molecular
sieve system to produce anhydrous ethanol. The stillage is a viscous liquid composed of
6–16% solids.

The stillage is dried, resulting in wet distillers’ grains and thin stillage (TS). The storage
and handling of wet distillers’ grains (WDG) increase processing costs because they can
be stored for up to 5–7 days and require the use of chemicals to inhibit microbial growth.
In addition, the water in TS is evaporated resulting in the condensed distillers’ solubles
(CDS), a highly viscous syrup.

The drying of CDS demands high energy because of high syrup viscosity. Thus, to
reduce the quantity of streams, one proposed solution was to mix the CDS with WDG and,
subsequently, drying of the resulting mixture on the dried distillers’ grains with solubles
(DDGS), which has longer shelf life due to its low moisture (10–12%). Another possibility
is to use the TS or the CDS in animal diets [27]. By the end of dry grinding, one bushel of
corn can produce approximately 10.2 L ethanol and 8 kg DDGS [28,29].

DDGS is donated or sold to be used as an animal diet component or as fertilizer. The
disadvantage of using DDGS as fertilizer is the excess of organic matter leading to soil
pollution. In addition, there is a loss of nutrients from corn DDGS that could be reused. In
2019, dry grinding generated 22,591,477 tons of DDGS [30].
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3. Wet Milling

The wet milling process separates the corn kernels into starch, oil, protein, ethanol,
and fiber. Grains are received, separated from foreign materials, and stored. Afterward, the
grains are inserted into a stainless-steel tank of up to 600 metric tons for steeping, mixed
with an aqueous solution consisting of 0.12–0.20% sulfur dioxide at 50 ◦C for 24–48 h to
prevent microbial growth and to get the germ easily separated from the endosperm.

Lactic acid produced by Lactobacillus bacteria in the steeping water induces the kernel’s
softening and enhances sulfur dioxide’s sorption. Sulfur dioxide prevents putrefaction and
helps to separate the starch from the protein because it acts as a reducing agent in breaking
disulfide bonds within the protein, enhancing starch recovery [31].

The steeping process generates a stream consisting of steepwater which is a nutritive
media composed of 5–10% solids including sugars and protein [6,32].

The steeped corn is ground and subsequently transformed via multiple separation
steps. The oil is extracted from the germ via solvent extraction generating a byproduct
known as germ meal (Figure 2). The mixture consisting of fiber, starch, and protein is
inserted into hydrocyclones and washing screens to separate the fiber from the starch and
protein (millstarch). The fiber is dried and pressed resulting in the corn gluten feed.

 

Figure 2. The steps involved in corn wet milling.

The millstarch is centrifuged to separate the starch and gluten meal. The gluten meal
is dried, whereas the starch is washed several times to recover the granules by reducing
soluble impurities and then, subsequently dried. The starch can be sold as such or used as
a raw ingredient to produce ethanol via fermentation or to produce sweeteners via refining.

At the end of the wet milling process, one bushel of corn produces 6–9 L ethanol, 14 kg
starch, 0.5–0.9 kg oil, 5–6.4 kg corn gluten feed, and 0.9–1.4 kg corn gluten meal [4]. In
2019, wet milling produced approximately 765,620 tons of corn germ meal, 3,468,292 tons
of corn gluten feed, and 106,899 tons of gluten meal [30]. In addition, it is difficult in
wet milling to reduce the water used for processing. For instance, 1.5–1.78 L of water
processes 1 kg of corn. In addition, the amount of wastewater generated is equivalent to a
medium-large city.
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Furthermore, another concern faced by wet milling includes the environmental dam-
age provoked by air pollution. Air pollution may be provoked by acid rain via sulfur
dioxide emission from the steeping step, or particulate material and smoke from evapora-
tors during drying. Aside from obtaining different products, wet milling demands high
capital and operational costs. For instance, the cost of investment to construct a plant that
processes 2542 tons of grains daily was estimated at USD 200–300 million [6].

4. Dry Grinding and Wet Milling Byproducts

4.1. Condensed Distillers’ Solubles (CDS)

The condensed distillers’ solubles (CDS) consist of a blend of corn and yeast after the
fermentation step in dry grinding. Enzymatic hydrolysis transforms CDS protein into small
peptides and amino acids with antioxidant potential against free radicals [33], and the
potential to inhibit angiotensin I-converting enzyme (ACE) which is a protein that regulates
the volume of fluids in the body thereby allowing an increase in blood pressure [34].

4.2. Dried Distillers’ Grains with Solubles (DDGS)

The dried distiller’s grains with solubles (DDGS) are a low-cost source of nutrients,
including lipids, carotenoids, and protein. The nutrient composition supports studies on
DDGS use in poultry, swine, and beef cattle diets [35].

According to Heuzé and coworkers [36], 63% of distillers’ grains derived from corn
are sold as dried products. Recently, Langemeier [37] estimated the average price of corn
DDGS at USD 165/ton.

Xanthophylls are oxygenated carotenoids in corn DDGS that play a role in visual and
cognitive development. Shin and coworkers [14] observed that lutein was the predom-
inant xanthophyll found in corn DDGS, with a concentration of 4.4 to 9.3 times higher
than zeaxanthin. In addition, the same authors detected tocopherols and tocotrienol,
where gamma-tocopherol and gamma-tocotrienol were predominant in multiple corn
DDGS samples.

Lutein is commercially extracted from marigold petals, costing USD 34.33/lb [38]. In
this case, corn DDGS could be reused to decrease the costs of lutein.

Phenolic compounds were detected in corn DDGS, including vanillic, caffeic, p-
coumaric, ferulic, and sinapic acids. The ferulic acid concentration detected in the DDGS
was around three-fold higher than in crude corn [39]. Phenolic compounds have been
extensively studied for their health benefits against cancer [40] and other illnesses.

In addition, corn DDGS contains low-cost oil, also known as distillers corn oil, from
which antioxidants, tocopherols, and tocotrienols have been detected [14]. Based on this,
some ethanol producers took the opportunity to extract oil mechanically from the WDG
before drying and selling it as a secondary product. However, the semi-defatted corn DDGS
distributed to animal feeding provoked problems attributed to the reduced energy value in
the meal by 45 kcal/lb per % oil extracted [35,41].

4.3. Germ Meal

Germ meal is the low-fat solid fraction obtained after the hexane extraction of corn
in wet milling. Germ meal is a source of oleic- and linoleic-fatty acids [21], carotenoids,
and protein. Corn germ meal was studied mostly for animal feeding [7,13]. Zeaxanthin
(989 μg/kg) and lutein (72 μg/kg) were also found in corn germ [42]. Recently, germ meal
has been shown to be a source of protein with technological properties desirable for the
industry [43].
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4.4. Gluten Feed and Gluten Meal

Gluten feed is obtained after the separation of fiber from protein and starch. The
ingestion of PROMITOR®, a commercial soluble fiber derived from corn, was studied by
Whisner and coworkers [44], who observed the enhanced quality in the gut microbiome of
female adolescents, allowing the increase of calcium absorption. In addition, Costabile and
coworkers [45] showed that the ingestion of PROMITOR® with the probiotic Lactobacillus
rhamnosus resulted in a positive synergy by decreasing inflammation, and by inhibiting the
activity of interleukin 6 which is a proinflammatory cytokine [46].

Gluten meal is the protein byproduct obtained after separation from starch. Zein
and glutelin are proteins of high amino acid content obtained from gluten meals. Zein is
an alcohol-soluble product with 45–50% of protein which is not used directly for human
consumption due to its hydrophobicity. The hydrophobic nature of zein redirected its
application for the formulation of films and coatings [47]. Information on the utilization of
corn glutelin in foods is scarce.

Peptides converted from corn gluten meal could in vitro scavenge free reactive oxygen
species by increasing the levels of antioxidant enzymes [48,49].

4.5. Stover, Silk, and Steep Liquor

Corn stover, or straw, consists of plant parts left behind after grain harvesting including
leaves, stalks, cobs, and silk. Corn stover is a lignocellulosic feedstock for energy production
including polyol fuel via pyrolysis [50] and ethanol via enzymatic hydrolysis of pretreated
stover [51]. Corn cob found a recent application as an activated carbon adsorbent for
mercury removal [52].

Corn silk, also referred to as corn hair or Maydis stigma, is a byproduct of corn stigma
and style used in Chinese medicine to treat multiple diseases including inflammation in the
urinary tract [53]. The rich composition of phenolic compounds is strongly linked to corn
silk’s action against inflammation including maysin and caffeoylquinic acid derivatives [54].
Isolated maysin from corn silk showed in vitro effects against obesity by inhibiting the
functionality of adipocytes [55].

Steep liquor is the waste generated after steeping in the wet milling process. Rodriguez-
Lopez et al. [56] detected phenolic compounds and protein in corn steep liquor, which may
serve as food nutrients. In addition, steep liquor was studied as a nutrient feedstock for
fermentation [57].

Since it was administered at low dosages, corn’s nutrients may contribute to agricul-
ture as a growth stimulant and fertilizer [58].

The reviewed proximate composition and the bioactive compounds detected in corn
milling byproducts are shown in Tables 1 and 2, respectively.
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5. Supercritical Technology

Supercritical technology is a term that includes a wide range of separation methods
that operate at the phase regions of compressed liquid, and subcritical and supercritical
fluid. Biofuels, biopolymers, and extracts rich in antioxidants are among the value-added
products generated via supercritical technology as opportunities to valorize corn fractions,
reduce costs, and promote sustainability for the process.

The reusability, low cost, low toxicity, non-flammability, and moderate critical point
(31.2 ◦C and 7.38 MPa) allow the use of CO2 as the preferred supercritical fluid. In ad-
dition, SC-CO2 is a carrier solvent that does not react with the extract, thereby avoiding
contamination [15].

The components in the supercritical technology-based apparatus include a CO2 stor-
age tank, solvent reservoir, pump, heat and cooling devices, temperature and pressure
indicators, valve assembly, flowmeter and high-pressure vessel or chamber (Figure 3(A.1)).
Figure 3 shows a scheme of some apparatus for some techniques that use supercritical
fluids. The configurations are modified according to the research method and goals.

 

Figure 3. The schematic drawing of equipment designed for SFE with cosolvent (A.1), PLE (A.2), the
chemical reaction in a batch reactor (B) and particle formation (C).

Details on costs and procedures to construct supercritical technology-based equipment
are available elsewhere [74,75].

5.1. Processes
5.1.1. Supercritical Fluid Extraction (SFE) and Hydrolysis Assisted with SC-CO2

Supercritical fluid extraction (SFE) has been used mostly to extract non-polar products
including oils [21] and waxes [17] from corn milling byproducts.

Marinho and coworkers [21] observed that the SFE of oil from corn germ (45–85 ◦C,
15–25 MPa) was improved by including ethanol as a cosolvent in terms of the antioxidant
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potential detected in extracts. The fatty acids oleic and linoleic were predominant in
the extracts.

Burlini and coworkers used SC-CO2 to extract phytosterols from corn germ [71]. Previ-
ous studies used sequential extractions to obtain different products from crops which may
be useful for further studies with corn. For instance, studies with turmeric optimized the
extraction of essential oils with SC-CO2, followed by the extraction of phenolic compounds
and monosaccharides with pressurized solvents [76–78].

Espinosa-Pardo [43] and coworkers performed the extraction of corn germ by first
extracting oil with SC-CO2 (45 ◦C, 40 MPa, 5.6 g/min, without co-solvents) as a pretreat-
ment strategy to prepare the raw material for protein extraction. As the authors mentioned,
SFE provided a semi-defatted corn germ meal and an extract rich in phenolic compounds.
In addition, the protein extracts obtained from semi-defatted corn germ meal possessed
industry-interest technological properties, including foaming properties higher than 80%.

Even with proven applications in human health, there are no recent reports on the
processing of corn silk with supercritical technology. Liu and coworkers [79] studied the
SFE of flavonoids from corn silk using the Box-Behnken design combined with Response
Surface Methodology. The authors did a sequential extraction, using pure carbon dioxide
for 2 h, followed by extraction with ethanol [79].

Recently, Sun and coworkers [80] used SC-CO2-assisted hydrolysis of corn cob and
stalk as a pretreatment strategy to improve the release of oligosaccharides for further
enzymatic hydrolysis. The authors hypothesized that the pretreatment with SC-CO2
improved the utilization of lignocellulosic sugars. This behavior can be explained by the
generation of carbonic acid due to the interaction between CO2 and the water present in
the raw material causing temporary acidification of the system [80].

In another study, supercritical CO2 (120–170 ◦C) combined with ultrasound pretreated
corn cob and stalk improved the sugar yield by 75% after enzymatic hydrolysis of pretreated
raw material [81].

5.1.2. Subcritical Water-Assisted Hydrolysis

Water at subcritical conditions (100–374 ◦C, pressures up to 22.1 MPa) has been used as
a green solvent to valorize lignocellulosic materials via bioactive compounds extraction or
via the generation of fermentable sugars by hydrolysis [82]. The process using pressurized
water at temperatures lower than 100 ◦C is known as pressurized hot water extraction [15].
Subcritical water is recommended for extraction in pseudo-continuous mode, which is
performed via the collection of extracts after water flows across the extraction vessel
(Figure 3(A.2)).

For the pretreatment of lignocellulosic materials via hydrolysis, subcritical water is
injected in batch mode, i.e., the wet raw material is inserted in the vessel, followed by
water injection as performed by Zhang and coworkers [83]. These authors pretreated corn
zein with subcritical water in a batch reactor and observed positive improvements in the
protein’s solubility, thermal stability, and denaturation temperature.

According to Moraes and coworkers [84], extraction operated with supercritical tech-
nology at batch mode is not desirable in the industry because the pauses required between
batches to remove the spent raw material and inserting a new material for processing
increase operation times and reduce productivity.

5.1.3. Pressurized Liquid Extraction

Pressurized liquid extraction (PLE) is used to extract analytes from a solid or semi-solid
matrix using compressed liquids below the subcritical state. Solvent mixtures containing
water and ethanol were enough to intensify the extraction of bioactive compounds from
underutilized vegetable products including phenolic compounds, and carotenoids.

Ethanol, water, and mixtures are the preferable solvents in PLE because they are
generally considered as safe (GRAS). To the best of our knowledge, no recent studies on
the PLE applied to yellow corn milling byproducts exist.
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5.1.4. Chemical Reactions: Transesterification and Gasification

Transesterification or alcoholysis is the catalytic conversion of a mixture of triglycerides
into fatty acid alkyl esters (FAAE), i.e., biodiesel. Supercritical CO2 was shown to be a green
alternative to assist biological (lipases) and non-biological catalysts in the rapid conversion
of triglycerides in FAEE [85].

The supercritical state induces high diffusivity which accelerates the action of cata-
lysts. In transesterification, SC-CO2 is not consumed. After system depressurization, it is
separated immediately from the reaction products and may be recycled [19].

Yadav and coworkers [22] studied the transesterification of corn oil, and methanol
assisted with SC-CO2 catalyzed with Nafion NR50. The highest conversion of triglycerides
into fatty acid methyl esters was correlated with the highest oil-to-methanol molar ratio [22].

Gasification converts biomass into a mixture of gases. Supercritical water is used to
gasify high-moisture biomass, promoting high gas yields and low residual chars and tars.
Supercritical water gasification (SWG) includes multiple reactions, including oxidation,
methanation, hydrolysis, and water gas shift [86].

The SWG of corn straw catalyzed by K2CO3 produced a high amount of hydrogen
and zero carbon monoxide [23]. One reason hypothesized by the authors is the difficulty in
the formation of carbon monoxide after lignin decomposition.

5.1.5. Micronization and Encapsulation

Supercritical technology is also used to improve the delivery of many active ingredi-
ents via micronization, encapsulation, and impregnation.

Micronization reduces the particle size of materials and improves solubility and the
delivery of molecules. Encapsulation consists of incorporating the active ingredient with
an encapsulating agent to enhance the shelf life of products. Multiple methods with
supercritical fluids to precipitate particles via micronization and encapsulation include
supercritical antisolvent fractionation (SAF), supercritical antisolvent (SAS), the rapid
expansion of supercritical solutions, gas anti-solvent processes, and precipitation from
gas-saturated solutions [87,88].

Rosa and coworkers [18] used zein as an encapsulant polymer to incorporate vitamin
complexes after precipitation assisted with SC-CO2 as antisolvent, generating microparti-
cles with maximum incorporation of 13.74 mg riboflavin/g, 0.47 mg δ-tocopherol/g, and
14.57 mg β-carotene/g.

Palazzo and coworkers [89] used SC-CO2 as co-solute to encapsulate the phenolic
compound luteolin with zein incorporated with aqueous mixtures with ethanol and acetone,
thus generating microparticles with a maximum encapsulation efficiency of 82%.

5.1.6. Impregnation and Extrusion

Corn starch is extensively used in research. Corn milling byproducts, including germ
and the zein derived from gluten meal, are potential biopolymers for the formation of
aerogels or alcogels to be dried with supercritical technology. In addition, formulations
with such byproducts can be tested for printability in a 3D printer and subsequently
incorporated with a drug of interest.

Liu and coworkers [90] studied the products generated after SC-CO2-assisted im-
pregnation of zein-based nanocomposites with cinnamon essential oil and suggested the
products as long-term antibacterial delivery materials.

Dias and coworkers [91] incorporated beta-carotene in corn starch aerogels via SC-CO2
impregnation (maximum yield of 0.96 mg beta-carotene/g aerogel) to enhance compound
solubility in water. The poor solubility in water is related to the poor absorption of
carotenoids in the intestine after consumption.

Extrusion of flour is highly performed to produce foods with distinct shapes and
textures including snacks and pasta. Extrusion assisted with SC-CO2 was also reviewed as
a method to enhance the bioavailability of low-solubility drugs [92].
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High-moisture corn fiber was extruded in a twin-screw extruder assisted with SC-CO2.
The total phenolic content in the products obtained in the extrusion assisted with CO2 was
statistically similar to the extrusion not assisted with SC-CO2 for most of the conditions
used [93]. The recently reviewed supercritical technology-based processes discussed in this
review are summarized in Table 3.

Table 3. The supercritical-based processes used to valorize corn milling byproducts.

Process Byproduct Conditions Reference

SFE Germ Solvent: CO2 [21]
Cosolvent: acetone, ethanol, and hexane

Temperature: 45–85 ◦C
Pressure: 15–25 MPa
CO2 flow rate: 3 L/h

Cosolvent flow rate: 0.1 mL/min
SFE Germ Solvent: CO2 [71]

Temperature: 80 ◦C
Pressure: 30 MPa

CO2 flow rate: 2.5 L/min
Time: 10 min

SFE Germ Solvent: CO2 [43]
Temperature: 45 ◦C

Pressure: 40 MPa
CO2 flow rate: 5.6 g/min

SFE Silk Solvent: CO2 [79]
Temperature: 40–60 ◦C

Pressure: 25–45 MPa
CO2 flow rate: 20 L/h

Cosolvent flow rate: 1.3 mL/g
Time: 120 min

Hydrolysis assisted with
SC-CO2

Stover: cob and stalk Solvent: CO2 and water present in raw
material [80]

Temperature: 40–70 ◦C
Pressure: 35–45 MPa
Time: Non identified

Hydrolysis assisted with
SC-CO2

Stover: cob and stalk treated
with ultrasound

Solvent: CO2 and water present in raw
material [81]

Temperature: 170 ◦C
Pressure 20 MPa

Time: 30 min
Hydrolysis assisted with SW Zein Temperature:110–170 ◦C [83]

Pressure: 0.1–0.8 MPa
Time: 20–120 min

Transesterification Oil Solvent: SC-CO2 [22]
Temperature: 95 ◦C
Pressure: 9.65 MPa

Catalyst: Nafion NR50
Time: 240 min

SWG Straw Temperature: 450–550 ◦C [23]
Pressure: 41 MPa
Catalyst: K2CO3
Time: 10–50 min

Encapsulation Zein Antisolvent: SC-CO2 [18]
Solvent: Ethanol:water (94:6, v/v)

Temperature: 40 ◦C
Pressure: 7–16 MPa

Solution flow rate: 0.02 g/mL
CO2 flow rate: 20–60 g/min
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Table 3. Cont.

Process Byproduct Conditions Reference

Encapsulation Zein Antisolvent: CO2 [89]
Solvent: Aqueous mixtures with ethanol

and acetone
Temperature: 60 ◦C

Pressure: 8.2–10 MPa
Solution flow rate: non-identified

CO2 flow rate: non-identified
Impregnation Zein Temperature: 40 ◦C [90]

Pressure: 15 MPa
Time: 60 min

Impregnation Starch Temperature: 40–60 ◦C [91]
Pressure: 15–30 MPa

Number of cycles: 1–4
Depressurization rate: 0.25–2.61 MPa/min

Extrusion Fiber Temperature: 90–120 ◦C [93]
Pressure: non-identified

Moisture: 30%
CO2 flow rate: 200 mL/min

Screw speed: 100 g/min

5.2. Economic Evaluation

To understand the feasibility of plant-based biorefinery, it is necessary (a) to know the
composition of the feedstock, (b) to understand how the present compounds interconnect
together for process design and optimization, and (c) to understand the costs involved in
processes that are reflected in the economic value of products and (d) the environmental
impacts provoked.

The cost of manufacturing (COM) is used to evaluate the economic feasibility of a
process [94]. The COM consists of three major types of costs: (a) general expenses (GE):
costs which cover business maintenance and include the costs involved in management,
sales administration, and research and development; (b) fixed costs (FC): costs that do not
depend on the production, i.e., land cost, insurance, territorial taxes, and depreciation;
(c) operating costs (OC): costs that are dependent on the production and consist of raw
material, operational labor, waste treatment, and utility costs.

The three components of COM are calculated in terms of five types of costs, i.e., the
cost of raw material (CRM), the fixed capital investment (FCI), the cost of utilities (CUT),
the cost of operational labor (COL), and the cost of waste treatment (CWT).

The major challenge in the scale-up of processes conducted with supercritical tech-
nology is the economic profitability of the process that is determined by the return on
investment and the payback period which is the time to recover the cost of investment
applied in the process. Based on the characteristics of bench-scale SFE of Artemisia an-
nua, Baldino and coworkers [95] scaled up a 0.05 L bench SFE plant (equivalent to USD
21,195.00–29,673.00) to 50 L (equivalent to USD 317,925.00) by considering (a) operation
at optimized conditions (residence time, amount of raw material, temperature, pressure,
and CO2 flow rate), (b) 30% costs for automation, as commonly used in the industry and
(c) equipment plants reported in the literature.

For the SFE-assisted bypressing oil from Baru seeds, the total cost including equipment
for a 0.1 L unit was calculated as USD 213,327.00. The analysis of the sensitivity of this
process considering a 40 L plant with the cost of raw material as USD20/kg, the return on
investment for the conditions studied was estimated to range between 15.15 and 937.44%,
with an internal rate of return between 11.95 and 401.33%, and a payback time between
0.11 and 6 years [96].

Works on the process simulation and economic evaluation of the utilization of corn
milling byproducts with supercritical technology are scarce.

245



Processes 2023, 11, 289

Rosa and coworkers [18], who evaluated the encapsulation of vitamins with zein with
SC-CO2 as an antisolvent, observed that the quantity of CO2 used for processing strongly af-
fected the costs because of the electricity demand of operating the CO2 pump. Considering
the scenario of excess CO2 utilization, the COM calculated for the vitamin microcapsules
was USD 0.2/capsule; this value is competitive with the costs of commercially available
multivitamin capsules. However, considering a reduction in 50% of CO2 consumption for
encapsulation, the COM could be reduced by approximately 24%.

Attard and coworkers [17] estimated the economic scenario for the extraction of waxes
from corn stover with supercritical CO2 based on the biorefinery approach. In the wax
extracted with SFE, multiple unsaturated fatty acids were found. The COM estimated for
wax was initially at USD 94.20/kg wax but decreased to USD 4.83/kg wax considering the
scenario of the highest efficiency, i.e., to reuse biomass as combustion feedstock for energy
generation [17].

Studies on the economic evaluation of using corn milling byproducts or other under-
utilized products should carefully evaluate aspects including the raw material, demand,
that the market the products are to be obtained in is focused, the country, the quality
requirements, and the local fees, among other issues, in order to provide a realistic scenario
to companies and stakeholders [76].

5.3. Patents Survey

Patents are exclusive rights granted by a country to inventors that contribute to
stopping others from taking advantage of their ideas without permission. The patented
processes that valorize corn milling byproducts with supercritical technology include
extraction, fractionation, and chemical reactions.

The SFE at bench and at industrial scale was patented to deodorize corn starch by
removing “cardboard- or cereal-like” off-flavors associated with the compounds hexanal,
2-heptanone, trimethylbenzene, nonanal, and BHT-aldehyde [97].

The bench scale equipment consisted of a pump, extraction vessel, oven, CO2 regulat-
ing valve, and an extract collection vial. The solid starch to be purified is tightly packed in
the extraction vessel and placed in the oven. The oven is closed and heated to the extraction
temperature, and pre-heated CO2 is pumped into the vessel with the CO2-flow regulating
valve closed, until the target processing conditions are reached. For the industrial scale, the
inventors inserted starch slurry (20–50% solids) into a countercurrent extractor but found
limitations attributed to starch gelatinization. The inventors suggested using ethanol (as
the cosolvent) to overcome this limitation in isolated starches and starchy flours.

Another process with SC-CO2 was patented to reuse corn germ to enhance the yield
of oil up to approximately 20% using SFE equipment consisting of at least one extractor
vessel, one heat source, one pressure generator (pump), and indicators of temperature and
pressure [98].

The patent CN101077990A integrated SFE of corn germ in an extractor vessel followed
by fractionation of extract into two separators that generate different fractions of vitamins
and unsaturated fatty acids. The equipment also contained a device to clean CO2 after
extraction and further recycle CO2 in the storage tank to decrease processing costs [99].

A process patented for the hydrolysis of lignocellulosic feedstock used a semi-batch
mode by inserting corn stover in a small packed reactor that was processed with a super-
critical ethanol-CO2 mixture [100]. In another patent, NaOH (1%, v/v) followed by SC-CO2
was used to pretreat corn straw to increase the release of polysaccharides to be converted
to xylose via enzymatic hydrolysis [101].

In contrast, the CN102210356B patent introduces an enzymatic reaction of corn germ
oil assisted with SC-CO2 to synthesize structured lipids with medium-chain fatty acids by
up to 32% [102]. Table 4 shows the conditions used on the patents searched for this review.
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6. Current Trends and Opportunities for Future Studies

Combining technologies is a trend for process intensification via the generation of
multiple products with competitive costs. Based on the vast overview of possibilities
offered by supercritical technology to process milling byproducts explored in this review,
we propose a scenario to support further research on process optimization and feasibility.

In the first stage of this scenario, a storage tank that captures the CO2 generated in
the fermentation reservoirs in dry milling (Figure 4A) was included as a CO2 reservoir for
integrated equipment that operates extraction and particle formation integrated with CO2
cleaning and recycling to reduce CO2 emission to the atmosphere.

 

Figure 4. The future directions on the optimization of dry grinding (A) via integration with supercrit-
ical technology (B) for the reutilization of corn byproducts.

The CO2 flows to the pump coupled to a cooling bath at −5 ◦C to maintain a liquid
state. Liquid CO2 is pumped to the heated extraction vessel packed with corn DDGS to
reach the supercritical state. In this first stage, supercritical CO2 flows to the extraction
vessel to obtain an extract enriched with oil, carotenoids, phytosterols, and tocols.
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In the second stage, the valve that allows the CO2 flow is closed, and pressurized liquid
extraction (PLE) starts with a stream of ethanol to select phenolic acids from semi-defatted
corn DDGS (Figure 4B).

Afterward, the CO2 valve is opened, CO2 is pumped and interacts with the ethanolic
extract that is transferred to a nozzle installed before the precipitation chamber that is
used for micronization, i.e., particle formation via size reduction of extracts resulting in the
concentration of target compounds.

Once all of the ethanolic extract is injected, only CO2 is injected at constant flow to
remove all traces of ethanol in the extract. Ethanol leaves the precipitation vessel and is
recycled in a solvent reservoir, whereas the CO2 is transferred to a flash tank packed with
an adsorbent to remove all possible impurities carried by CO2 and is subsequently coupled
to a second storage tank with recycled CO2. Figure 4 shows the schematic diagram of
process intensification proposed in this review.

Torres and coworkers [16], who included a storage tank reservoir for SFE of annatto
seeds, showed that the recycling of CO2 reduces the cost of manufacturing from USD
349.50/kg to USD 122.67/kg via reduced CO2 consumption by 85.24%. The semi-defatted
and depigmented corn DDGS may be used as feedstock to synthesize bioactive peptides.

7. Conclusions

Milling transforms corn into multiple products and supports the biorefinery concept
to valorize the underutilized fractions, including stover, condensed distillers’ grains, and
DDGS. In this work, we reviewed the opportunities offered by supercritical technology to
valorize corn milling byproducts by discussing the patents deposited, the processes used
and their economic feasibility, and the possibilities of being considered for future works.

For instance, the dry grinding integrated with supercritical technology was suggested
in this review to valorize DDGS via the production of oil enriched with carotenoids,
particles enriched with phenolic compounds, and a solid fraction to be reused as protein
feedstock for the generation of peptides of high biological value.

The authors expect this review to support future research with milling optimization via
integration with supercritical technology, by process optimization at bench scale, followed
by economic evaluation.
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Nomenclature

CDS Condensed Distillers’ Solubles
DDGS Dried Distillers’ Grains with Solubles
PLE Pressurized liquid extraction
SC-CO2 Supercritical carbon dioxide
SFE Supercritical Fluid Extraction
SWE Subcritical Water Extraction
SWG Supercritical Water Gasification
TS Thin Stillage
WDG Wet Distillers’ Grains
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