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a b s t r a c t

In this work, we discuss recent advances on thermodynamic modeling, process simulation and optimiza-
tion of supercritical extraction and fractionation processes. The increasing availability of experimental
data, as well as the need for estimation of economical viability, has encouraged the development of
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supercritical processes computer models. This review will discuss main approaches on phase equilib-
rium thermodynamic modeling of high-pressure processes, as well as process simulation. In this case,
two main supercritical processes are considered: extraction of valuable products from solids and coun-
tercurrent fluid–fluid extraction and fractionation. In the latter process, again two main approaches are
considered: rigorous models based on equilibrium stages and mass transfer models in packed columns.
Finally, optimization procedures will be reviewed, both based on rigorous models and on experimental

data.

© 2008 Elsevier B.V. All rights reserved.
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n many fields, from separations, chemical reactions to particle
icronization and materials processing, due to its tunable solvent

ower, good transport properties and very low interfacial ten-
ions. From bench scale to pilot plant and industrial size a wealth
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f experimental information on supercritical processes is nowa-
ays available. At the same time the development of supercritical
rocesses was accompanied by improved models to describe the
hase equilibrium of multicomponent mixtures at high pressures,
nd the prediction of physicochemical properties, viscosities, dif-
usivities and thermal conductivities in supercritical media. The
ombination of these methods together with rigorous mathemat-
cal modeling of different unit operations opens the way to the
pplication of computer modeling and optimization of supercrit-
cal processes, which is of great interest, considering the cost of
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1. Introduction

The computer aided design, simulation and optimization of
chemical processes has had an impressive growth during the
last 50 years. During the same period supercritical fluids tech-
nology, mainly based on carbon dioxide, has found applications
igh-pressure pilot plant facilities and industrial scale experimen-
ation.

The present review will cover advances in thermodynamic mod-
ling, simulation and optimization of supercritical extraction and
ractionation processes in the last 20 years.
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. Phase equilibrium in natural product mixtures

The analysis of supercritical fluid processes requires the support
f simulation tools based on rigorous modeling of complex phase
quilibrium behavior. In these processes a new dimension, the sol-
ent density, is added to tune the operating conditions and process
cheme to the separation needs. This property is highly sensitive
o changes in pressure, temperature and supercritical solvent com-
osition. The development of thermodynamic models to describe
he phase equilibrium in supercritical processes has been possible
hanks to the wealth of experimental data that have been presented
n the literature on high-pressure phase equilibria. A very extensive
eview of systems studied and the applied experimental techniques
as been presented by Christov and Dohrn [1]. The experimen-
al techniques can be classified as dynamic or flow, analytic (fixed
r variable volume cell), synthetic, etc., examples of apparatus for
ifferent techniques are given by Richon [2].

Group contribution equations of state have been widely used
or predicting thermodynamic equilibrium in supercritical fluid
rocesses, as a great variety of natural products can be repre-
ented with a limited number of functional groups. The Group
ontribution Equation of State (GC-EOS) model was proposed by
kjold-Jorgensen [3,4] to study gas solubilities in non-ideal mix-
ures at high pressures. This model was applied for the prediction
nd correlation of solubilities of solvents in supercritical fluids by
rignole et al. [5]. Temelli et al. [6] studied the thermodynamic
odeling of the deterpenation of citrus peel oils with supercritical

arbon dioxide and presented phase equilibriums data at tem-
eratures from 40 to 70 ◦C and pressures from 8.3 to 12.4 MPa.
xperimental data were correlated with a simple model using vapor
ugacity coefficients from the GC-EOS and unsymmetric convention
ctivity coefficients. The original model takes into account only
epulsive and dispersive interactions. Gros et al. [7] extended its
apability to treat associating compounds (GCA-EOS) in mixtures
f water and alcohols with non-polar gases, like propane or CO2.

Natural oils and derivatives are complex mixtures of glycerides
ith fatty acids of different chain length and degree of satura-

ion, but their molecular structure can be characterized with a
ew functional groups. Bottini et al. [8] and Espinosa et al. [9] pro-
osed an upgraded version of the GCA-EOS, as well as revised sets
f parameters for the use of this equation of state in the simula-
ion of natural oils and derivatives processing with near critical
uids. Diaz et al. [10–12] tuned the Group Contribution Equation
f State to predict thermodynamic properties for mixtures com-
osed of citrus peel oils key components and carbon dioxide for
epresenting supercritical deterpenation of lemon and orange peel
il, respectively. Fig. 1 shows a good agreement between GC-EOS
redictions in multicomponent vapor liquid equilibrium [12] and
xperimental data [13,14] for the system orange peel oil, modeled
s a mixture of linalool and limonene, and carbon dioxide. Sato
t al. [15] used the Peng–Robinson equation of state (PR-EOS) [16]
ith two binary temperature dependent parameters to describe

he phase equilibrium properties of limonene and linalool and they
lso discussed the process selectivity. Soave [17] applied the Soave-
edlich-Kwong equation of state [18] with Huron–Vidal mixing
ules to describe the solubility of solids in supercritical solvents,
sing two adjustable parameters, vapor pressure and an interac-
ion factor in the expression for its fugacity coefficient in the gas
hase.

Raeissi and Peters [19] studied the double-domed retrograde

aporization phenomenon using the original Peng–Robinson equa-
ion of state [16] for the binary systems of ethane + limonene and
thane + linalool. Espinosa et al. [20] applied the GC-EOS model to
redict the double retrograde behavior of ethane + limonene and
thane + linalool. In a later study, Raeissi and Peters [21] showed

p
f
t
g
f

Fig. 1. GC-EOS predictions and experimental data for CO2-orange peel oil.

hat the Peng–Robinson equation of state, using the one-fluid
an der Waals mixing rules, provided good qualitative predic-
ions of double retrograde vaporization behavior for the ternary
ystem CO2 + limonene + linalool. At certain conditions, this phe-
omenon can cause the decrease in solubility of the less soluble
omponent, while having no adverse effects on the solubility of
he component to be extracted. More recently, Raeissi et al. [22]
sed the Soave–Redlich–Kwong [18] equation of state (SRK EOS)
ogether with the classical one-fluid van der Waals mixing rules as
he thermodynamic model for orange peel oil deterpenation with
upercritical fluids. They tuned SRK adjustable binary interaction
arameters to a combination of different literature data sets con-
isting of binary isothermal P-x,y, ternary constant composition P-T,
nd ternary isothermal isobaric x–y data of representative citrus oil
omponent(s), limonene and linalool, with not only CO2 as solvent
ut also with ethane.

Several approaches have been proposed for the prediction of
hermodynamic equilibrium in mixtures of fatty acid ethyl esters
ith carbon dioxide. Coniglio et al. [23] studied phase equilibrium
redictions of supercritical carbon dioxide with fish oil derivatives.
hey explored the combination of the Huron–Vidal first order
MHV1) and second order (MHV2) mixing rules [24,25] to combine
he Soave–Redlich–Kwong equation of state with different excess
ibbs energy-based models such as UNIFAC/UNIQUAC and van der
aals models. They concluded that the MHV1 mixing rules used
ith modified UNIFAC [26,27] and a quadratic expression for the

o-volume in the equation of state with a universal constant for all
ystems rendered very satisfactory results. Riha and Brunner [28]
easured and modeled phase equilibrium of 13 different fatty acid

thyl ester mixtures and pointed out the need for further work on
he thermodynamic modeling of these multicomponent systems,
specially if separation of a real mixture is to be rigorously simu-
ated and optimized. Espinosa et al. [9] modeled multicomponent
apor–liquid, liquid–liquid and vapor–liquid–liquid equilibrium of
sh oil fatty acid ethyl esters with carbon dioxide with the extended
C-EOS. They introduced new pure groups for representing esters

CH3COO and CH2COO) and estimated binary interaction param-
ters with the remaining groups. Additionally, Espinosa et al. [29]

roposed a strategy for the determination of hard sphere diameter
or long chain esters with different degree of unsaturation as a func-
ion of pure esters van der Waals volume and the number of CH = CH
roups in the molecule. These authors modeled phase equilibrium
or multicomponent mixtures made up of thirteen fish oil FAEE
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epresenting fish oils esters and carbon dioxide. A comparison with
xperimental data reported by Staby et al. [30] and Borch-Jensen
t al. [31] showed good agreement with GC-EOS predicted values.

An alternative approach to equations of state to describe solute
olubilities in supercritical fluids is the use of empirical mod-
ls. Chrastil [32] proposed a linear log–log functionality between
olute concentration in the supercritical fluid phase and its den-
ity. He derived this expression applying chemical equilibrium and
ntropy concepts. He reported agreement between predicted and
xperimental solubilities in supercritical carbon dioxide for several
ompounds, including stearic acid, oleic acid, behenic acid, tribu-
yrin, tripalmitin, triolein, trilinolein, palmityl behenate, behenyl
ehenate, a-tocopherol, cholesterol, water, cafestol, naphthalene,
nthraquinone and p-chloroiodobenzene. Adachi and Lu [33] pro-
osed a modification to Chrastil’s equation in which the association
umber was calculated as function of solvent density. In a recent
aper, del Valle and Aguilera [34] suggested a further modification
y accounting for variations in the solute’s heat of vaporization with
emperature. They validated the model with experimental data for
everal vegetable oils in a wide range of pressure and tempera-
ure.

. Process simulation models

.1. Extraction of valuable products from solids

An important application of supercritical fluids is the extraction
f one or more components from natural solid matrices. In most
ases, this technology constitutes a cleaner alternative to the tradi-
ional industrial techniques, which are based on hexane extraction.

ass transfer processes take place when a solute is extracted from
fixed bed of a disintegrated vegetable material, with a solvent

n supercritical or near-critical state. The pressurized solvent flows
ontinuously through the bed of particles. After extraction, pres-
ure is reduced and, consequently, solubility decreases and the
olute precipitates in a separator. The process is characterized by
n extraction curve, the plot of the cumulated extract versus the
xtraction time or the amount of solvent required in the extractor.
he different approaches to mathematical modeling of extraction
rom solids range from models based on experimental data [35]
r based on heat and mass transfer analogy [36,37] to the for-
ulation of differential mass balances [38–42]. In the differential
ass balances formulation, time dependent concentration profiles

re obtained for fluid and solid phase through integration and the
xtraction curve is later calculated from the solute concentration at
he extractor outlet stream. Sovova [41] presented a simple model
hich divides the extraction curve into three main sections. The
rst part, where extraction rate is constant, is controlled by the
hermodynamic equilibrium between solute and solvent and exter-
al mass transfer. The last section considers the internal diffusion
ontrols. The midsection is the only nonlinear section and repre-
ents the period where both internal and external mass transfer
ontrols the extraction process. Martinez and Martinez [43] pro-
osed global optimization strategies for parameter estimation in
ovova’s model. Lu et al. [44] adjusted parameters of Sovova’s model
or the extraction of borage seed oil by compressed CO2, based on
heir experimental data. They also studied the effects of the most
mportant operating parameters (pressure, temperature, flow rate
nd bed length) on the rate of extraction.

Reverchon and De Marco [45] presented a comprehensive and

ritical overview of the analytical, processing and modeling aspects
n supercritical fluid extraction and fractionation. They covered
round 250 applications that range from extraction from solids
o liquid feed processing and antisolvent extraction, focusing on
he selection of operating parameters, examples of application and

a
p
c
m
b
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athematical modeling. Regarding solids processing, they reported
ore than 35 applications for the extraction of seed oils, essen-

ial oils or volatile compounds and to the adsorption/desorption
f terpenic model mixtures, based on the three mentioned mod-
ling approaches. Meireles [46] performed an exhaustive review
n papers providing information on process parameters required
or economical analysis of supercritical fluid extraction from solids,
hich is required to decide whether SFE can be considered among

he feasible alternatives to produce high added value natural
xtracts. Experimental data were classified into two types, accord-
ng to the extractor vessel size. For capacities greater than 50 ml,
he SFE units were considered as process units, and for capacities
ower than 50 ml, as analytical ones. She reviewed almost 40 appli-
ations for process vessels and more than 15 for analytical ones.
el Valle and De La Fuente [47] presented an exhaustive review
n mechanisms of oil transport within the solid matrix, including
esorption from the solid, formation of a shrinking core of con-
ensed oil in a non-adsorbing porous matrix, and diffusion in a
omogenous medium. They discussed on several simplifications of
general mass transfer as well as more complex two-stage models.
hey also analyzed trends for the external mass transfer coefficient
nd effective diffusivity in the solid matrix from studies on super-
ritical carbon dioxide extraction of oil from vegetable substrates.
urthermore, they analyzed the high-pressure vegetable oil-carbon
ioxide phase equilibrium in connection with its influence on the
ass transfer process.
More recently, and based on the model developed by Cocero

nd Garcia [48] considering the mass balance of solute into the
C phase and linear equilibrium, Lucas et al. [42] proposed a
hysicochemical model for the description of supercritical extrac-
ion, adsorption and impregnation processes. The model considers
wo parameters: convective flow transport between particles and
ulk phase (supercritical solvent) modeling with an external mass
ransfer coefficient (kf), and linear equilibrium on the matrix
urface (h). In supercritical fluid extraction and adsorption pro-
esses parameter h considers two mass transfer steps (internal
iffusion and adsorption/desorption equilibrium). In impregna-
ion processes, this parameter represents the partition coefficient.
hese authors propose an analytical solution to model equations
or simultaneously determining temporal and spatial profiles for
olute concentration, both in the fluid and in the solid phase.

Zizovic et al. [49,50] introduced micro-scale mathematical mod-
ls of essential oil supercritical fluid extraction process based on the
ypothesis that essential oil extraction processes should be depen-
ent on the type of secretory structure. Their objective was to verify
he phenomena on the micro-scale and to optimize the supercritical
uid extraction process according to the behavior of specific secre-
ory structure during the extraction. Supercritical carbon dioxide
xtraction confirmed previously reported phenomenon that parti-
le size does not affect the evolution of extraction yield of some
steraceae and Apiaceae family species.

.2. Countercurrent fluid–fluid processes

.2.1. Models based on equilibrium stages at steady state
In a typical supercritical extraction/fractionation scheme, the

ixture to be fractionated is fed to an extraction column in coun-
ercurrent with carbon dioxide at high pressure. The extract is
xpanded and sent to a separator tank, where the condensed solute
s obtained. The recovered solvent is recycled to the extraction unit

fter compression or pumping. Cygnarowicz and Seider [51] pro-
osed a model for the dehydration of acetone with supercritical
arbon dioxide. Both the extractor and the distillation column were
odeled as equilibrium stages and thermodynamic properties have

een calculated with the Group Contribution Equation of State [3,4].
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pressure. Sato et al. [71] reported the semi-batch deterpenation
Fig. 2. Hexane extraction with CO2 (R: solvent/feed weight ratio).

he model was developed within program SEPSIM [52] and the
onlinear program has been solved with a Successive Quadratic
rogramming algorithm [53].

Several authors [5,54,55] have proposed the use of light hydro-
arbons at near critical conditions for the recovery of dehydrated
xychemicals from azeotropic or dilute aqueous mixtures. The
rocess is based on a cycle in which the aqueous mixture is

ed to an extractor and the solvent and the extracted product
re separated in a solvent recovery column. This is the simplest
wo-column (extraction + distillation) separation process, typical of
iquid or supercritical extraction. A main feature of this process is
hat the distillation column not only performs solvent recovery,
ut also completely removes water from the bottom product. In
his way, dehydrated products can be obtained without additional
olumns. The hydrocarbon solvent shows good selectivity for the
xychemical recovery and also exhibits a water entrainment effect
water-solvent relative volatility greater than one in the solvent
ecovery column). Moreover, no azeotrope formation between the
olvent and the extracted product is required. A thorough study of
rocess alternatives for the recovery of ethanol from water using
ropane as supercritical solvent was presented by Gros et al. [56]
hrough the formulation of simulation models based on equilib-
ium stages for the countercurrent extractor and the distillation
olumn, as well as thermodynamic predictions with a Group Con-
ribution with Association Equation of State [57]. The simulation
rogram included rigorous models for a high-pressure multistage
xtractor [58], low and high-pressure distillation columns [59], and
multiphase flash [60].

Espinosa et al. [61] developed a rigorous simulation model based
n the above mentioned unit models [58–60] to study the use
f CO2 for the removal of liposoluble pollutants or valuable sub-
tances from natural oils. Both CO2 and propane were considered
s SC solvents; the latter one with greater solvent power than CO2
or organic solutes, but with the disadvantage of being flammable.
ig. 2 shows concentration of oil in the extract as a function of pres-
ure and solvent to feed ratio (R) required for achieving treated oil

pecifications (5 ppm for hexane in raffinate). It can be seen that

is almost constant (2.7), when operating above 15 MPa. How-
ver, when pressure increases from 15 to 20 MPa there is a drastic
ncrease in oil concentration in the extract.

o
t
t
P

tical Fluids 47 (2009) 611–618

Another application of supercritical fluids in countercurrent
rocesses is the selective entrainment in the fractionation of fish
il fatty acid ethyl esters (FAEE). Numerous experimental studies
ave been reported and, therefore, several authors have proposed
athematical models of different complexity. Krukonis et al. [62]

roposed a two-column scheme and presented simplified simula-
ion results for the continuous recovery of eicosapentaenoic acid
EPA) and docohexaenoic acid (DHA) esters from urea-adducted

enhaden oil ethyl esters. Espinosa et al. [29] extended their
igorous simulation model [61], integrated to GC-EOS [8] to rep-
esent a fractionation scheme for a 13 component FAAE mixture,
onsisting of three consecutive supercritical columns with reflux
or the production of highly concentrated streams of EPA and
HA esters from both natural and urea-adducted fish oil FAEE.
ore recently, Espinosa et al. [63] proposed a single column

cheme for the production of pharmaceutical grade concentrates
f eicosapentaenoic acid and docohexaenoic acid esters, within
n optimization environment. They compared ethane and carbon
ioxide as supercritical solvents, concluding that ethane shows a
etter performance, with higher selectivity to EPA and DHA among
he esters with the same number of carbon atoms, together with
igher solubility of these esters in ethane.

Supercritical fluid fractionation by extraction with carbon diox-
de is also an attractive alternative for the deterpenation of citrus
eel oils, as it combines low operating temperatures that prevent
roducts from thermal degradation, and a benign solvent. In cit-
us deterpenation, the main issue is to produce desirable flavors
or processed orange peel oil and to minimize undesirable fea-
ures such as bitterness. Budich et al. [13] and Budich and Brunner
64] carried out a thorough study on the deterpenation of orange
eel oil with supercritical carbon dioxide, reporting phase equilib-
ium data, countercurrent column experiments and flooding point
easurements. They also formulated a simplified model, based on

apor liquid equilibrium data, to perform stage calculations and
preliminary scale-up of the deterpenation process. Citrus peel

il extraction optimization has been addressed in our group using
ifferent fractionation schemes and alternative supercritical fluids
11,12,65]. A discussion on optimization models and results is given
n Section 4.

Castier and co-workers have developed the simulation soft-
are program Thermat, based on Mathematica®, and integrated

o Fortran routines for the calculation of thermodynamic prop-
rties. Process models were developed for the simulation of
sothermal extraction columns [66], dynamic simulations of flash
rums, parameter fitting interval arithmetic [67] and the simu-

ation of simple and reactive distillation columns [68]. Nogueira
t al. [69] extended Thermath for the simulation of isothermal
nd non-isothermal supercritical extraction columns. As an exam-
le, they modeled the separation of ethyl acetate, isoamyl alcohol,
thanol and isoamyl acetate, which are present in an enzymatic
ransesterification reaction, with carbon dioxide as SC solvent.
he resulting algebraic equation system was solved with the
ewton–Raphson method and phase equilibrium was modeled
ith the Soave–Redlich–Kwong (SRK) equation of state (EOS) with

he Huron–Vidal mixing rule.
Several authors have addressed dynamic simulation of counter-

urrent supercritical extraction processes. Cygnarowicz and Seider
70] performed a dynamic analysis of �-carotene recovery from fer-

entation broths by SC CO2, studying the influence of feed load
nd vapor flow rate-induced disturbances on product separator
f orange peel oil with supercritical carbon dioxide; they studied
he effect of internal reflux induced by a temperature gradient in
he column, on process selectivity and product recovery, using the
eng–Robinson [16] equation of state to estimate the ternary phase
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quilibria. These authors also reported laboratory-scale data for the
ontinuous countercurrent extraction of terpenes from orange peel
il. Benvenuti et al. [72] modeled a semi-continuous single-stage
rocess for deterpenation of natural lemon oil, where equilibrium
onditions were determined with the Peng–Robinson equation of
tate [16], assuming that the vapor phase leaving the apparatus
as always in equilibrium with the liquid stationary phase inside

he vessel. These authors implemented the differential algebraic
ystem representing the SCF process in gPROMS [73] and their pre-
ictions are in good agreement with experimental data they have
btained in their laboratory. Additionally, they report simulation
esults for a steady state countercurrent process, simulated with
he commercial simulator Aspen Plus.

.2.2. Models based on mass transfer approaches
Several authors have proposed mass transfer models for the sim-

lation of extraction columns at high pressure. De Haan and de
raaw [74] developed a mass transfer model for the fractionation of
ydrocarbons with supercritical carbon dioxide, in which physical
roperties were represented by correlations. They reported numer-

cal and experimental results for the separation of hexadecane and
-methylnaphthalene with carbon dioxide at high pressure and
ound good agreement between measured and calculated height
quivalent of a theoretical plate (HETP). The model was based on
previous one proposed by Bravo et al. [75] for structured pack-

ng distillation columns. These authors, Rocha et al. [76], extended
he model for packed distillation columns. Ruivo et al. [77] com-
ared the performance of several available mass transfer models in
acked columns with experimental results obtained at their labo-
atory in a countercurrent supercritical extraction packed column
f 2 m height and 2.4 cm internal diameter for the fractionation of
squalene/methyl oleate mixture by supercritical carbon dioxide.
hey concluded that the model proposed by Rocha et al. [76] was
ppropriate for modeling high-pressure extraction systems with
orrugated gauze packing columns.

More recently, Ruivo et al. [78] formulated a dynamic model
or the simulation of a SCF extraction column with structured
acking for the fractionation of a binary mixture of squalene and
ethyl oleate, with SC carbon dioxide. The model comprises a

et of partial differential equations (PDE) for the differential mass
alances on the packed column, algebraic equations for mass trans-
er, hydrodynamics of the two-phase flow through the packings
nd thermodynamic equilibrium. They transformed the PDE into
n ordinary differential equations system by performing a spatial
iscretization with finite volumes. The ternary phase equilibrium
as calculated with a simplified empirical correlation, as function
f pressure, temperature and squalene composition in the liquid
hase. Column temperature was assumed constant. The model was

mplemented in gPROMS [73] and the authors report a good agree-
ent between measured and predicted composition profiles of the

utlet streams. Fernandes et al. [79] extended the model to account
or non-isothermal conditions in the packed column.

Martin and Coccero [80] developed a rigorous model of a SCF
ractionation column, which includes differential mass and energy
alances in the column, and coupled mass and heat transfer in
he interface between the two fluid phases. Mass transfer is rep-
esented by means of the generalized Maxwell–Stefan relations
or multicomponent systems and thermodynamic properties are
alculated with the Stryjek–Vera Peng–Robinson equation of state
81]. Transport properties (diffusivity, viscosity and interfacial ten-

ion) were calculated with correlations. The entire model for the
xtractor was represented with a differential algebraic equation
DAE) system that was solved in an iterative way to include the
alculation of the reflux flash. To solve the DAE, these authors
sed an ordinary differential equation solver based on an explicit

s
a
t
e
i
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unge–Kutta 4–5 formula, implemented in Matlab [82]. At each
ntegration step, an algebraic equation system was solved for mass
nd energy balances to the interphase at each column height and
hysical properties calculation. The model was used to simulate
he separation of a binary mixture of squalene and methyl oleate,
eported by Ruivo et al. [78], and the fractionation of fish oil fatty
cid ethyl esters [83]. In this case, long chain fatty acid ethyl
sters were lumped into two pseudo components: one represent-
ng low molecular weight components (LMC, with carbon numbers
rom C14 to C18) and a high molecular weight component (HMC,
20–C22). In both cases, carbon dioxide was used as supercritical
olvent.

In a recent paper, Varona et al. [84] have addressed modeling and
xperimental determinations for the separation of linalool and lina-
yl acetate, main components of lavandin oil, using the previously
escribed model for packed extraction column and flash condenser.

. Process optimization approaches

As high-pressure processes render important energy consump-
ion, they must be highly integrated to be economically feasible.
pecial attention must be devoted to solvent cycle scheme [85].
here are different sequences of operations to change the solvent
tate conditions and composition; they depend on operating condi-
ions of the main process, the nature of the solvent and the scale of
he process unit. In supercritical fluid processes, the solvent can be
riven either by a compressor or by a pump and it can be recycled
ither in supercritical or in liquid state. If there is a pump cycle,
ower fixed costs are associated to pumps as compared to com-
ressors and energy consumption is lower than the compressor
rocess for pressures higher than 300 bar. As a disadvantage, the
ump cycle requires several heat exchangers and condensers and
dditional heat energy at low extraction pressures. The compres-
or cycle needs only one heat exchanger and it shows low heat
nergy consumption but it has higher fixed costs for the com-
ressor, higher electrical energy consumption and lower energy
onsumption compared to the pump cycle for pressures lower
han 300 bar. Solvent cycle determination constitutes an important
esign problem in supercritical fluid processes.

Cygnarowicz and Seider [51] formulated a nonlinear program-
ing model to minimize either the utility or the annualized cost

or the dehydration of acetone with supercritical carbon dioxide.
ased on the rigorous simulation models proposed by Gros et al.
56] and within a mixed integer nonlinear programming frame-
ork, Diaz et al. [86] formulated models for the optimization of

he dehydration of oxychemicals with supercritical light hydrocar-
ons, associating binary variables to potential process units. The
bjective function was process energy consumption minimization.
hey studied several aqueous mixtures with oxychemicals such as
thanol, 2-propanol and acetone at different concentrations and
he use of several dual effect solvents, such as propane and isobu-
ane.

Diaz et al. [10] formulated a mixed integer nonlinear pro-
ramming model for the simultaneous determination of operating
onditions and process and solvent cycle scheme, including invest-
ent and operating costs for the entire process in the deterpenation

f lemon peel oil with supercritical carbon dioxide. The objective
as the maximization of net profit, while fulfilling product recovery

nd purity specifications. Discrete decisions, associated to binary
ariables (y) were related to the potential existence of units in the

olvent recovery system (mainly represented by a compressor or
pump cycle). Fig. 3 shows a deterpenation process superstruc-

ure. Rigorous simulation models [58–60] were integrated to the
xtended GC-EOS [9], while heating, cooling and compression loads
n the solvent recovery cycle were calculated with rigorous models
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ig. 3. Supercritical deterpenation scheme with solvent cycle superstructure.

ased on SRK [18] predictions (for a single component, carbon diox-
de). The mixed integer nonlinear programming model was solved

ith the Outer Approximations algorithm [87], in which nonlinear
roblems were solved with a Successive Quadratic Programming
lgorithm [88] and mixed integer linear problems were solved with
INDO [89] within a Fortran 90 environment. Simulation results
ere also checked against pilot plant data.

As the main alternatives for the solvent recovery system can
e lumped into a pump and a compressor cycle, Diaz et al. [11,12]
erformed the optimal design of process and solvent cycle for the
eterpenation of orange peel oil by formulating and solving two
onlinear programming problems representing the process and
olvent cycle for those two cycles, respectively. To perform column
izing, they used correlations for the estimation of the minimum
nner diameter derived by Budich and Brunner [64], based on their
xperimental flooding results for the extraction of orange peel oil
ith carbon dioxide over a wide range of pressure and temperature

64]. A comparison between optimal profit and costs was per-

ormed for the two alternatives, as well as a scale up of the process,
s it is shown in Fig. 4 for a compressor cycle process. Nonlinear pro-
ramming models based on rigorous models were also developed
or fish oil fatty acid ethyl esters fractionation with supercritical

ig. 4. Plant capacity optimization results for 99.9 wt% limonene purity in top prod-
ct: compressor mode costs and profit for 5-fold raffinate product.
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arbon dioxide [29] and ethane [63]. More recently, Raeissi et al.
22] proposed nonlinear models for the minimization of solvent
owrate in a deterpenation plant, using the Soave–Redlich–Kwong
quation of state [18]. While achieving a fixed level of oil fold-
ng, they studied the performance of ethane as supercritical
olvent.

Only few authors have addressed process optimization based
n rigorous mass transfer models. Fernandes et al. [79] devel-
ped a dynamic optimization model for an extraction column,
lso including energy and momentum balances in the packed
ed. They performed process optimization to maximize squalene
ecovery from a binary mixture composed of squalene and methyl
leate, with supercritical carbon dioxide within program gPROMS
73].

Alternative approaches include process optimization based on
xperimental data. L’etisse et al. [90] developed a quadratic correla-
ion for the maximization of yield in EPA and DHA production from
ardine oil, using carbon dioxide as SC solvent. They performed
ptimal design of experiments in their laboratory with the Doehlert
niform shell design [91], with five test points evenly distributed
ver the experimental domain. Independent variables were extrac-
ion temperature, solvent flow rate and operating time.

. Conclusions

The great advances in the last two decades in phase equilibrium
odeling, rigorous simulation and optimization of supercritical

rocessing of natural products is opening the way to computer
ided optimum design of supercritical plants for the extraction
nd fractionation of natural products. Phase equilibrium modeling
f supercritical processes has been based in several approaches.
xtensive use has been made of cubic equations of state in the
xtraction or fractionation of low to medium molecular weight
olutes. When the mixture non-ideality is high, cubic equations
f state have been combined with local composition models like
NIFAC. However, in highly asymmetric systems like propane or
arbon dioxide with vegetable oils, the use of a more realistic repul-
ive term in the equation of state has been introduced to describe
iquid–liquid and liquid–supercritical solvent phase equilibria. This
pproach has been used in the GC-EOS and extended for associat-
ng systems in the GCA-EOS. When modeling phase equilibrium
n systems involving natural products, the use of group contri-
ution methods has been a very efficient procedure to deal with
ulticomponent natural mixtures that can be described with a

educed set of groups. The use of specific correlations, Chrastil’s
quation for example, that take into account the effect of tem-
erature and solvent density on solute solubility has found many
pplications in modeling the extraction from solid matrices. In the
xtraction of solutes from solids the use of semi-empirical mod-
ls like Sovova’s has been found in many applications. In recent
ork, rigorous modeling of mass and heat transfer in packed beds
as shown promising results for the design and simulation of
olid–fluid supercritical extraction, based on first principles. Stage
y stage rigorous simulation of countercurrent processes com-
ined with equations of state models has been successful in the
ynthesis, simulation and optimization of supercritical extraction
nd fractionation processes. Recently a rigorous approach, based
n differential mass, heat and momentum balances equations,
ore suitable for packed columns, has been applied. Associated

o advances in simulation and optimization software, increas-

ngly detailed models can now be formulated to guide the
evelopment of industrial applications of supercritical fluid extrac-
ion and fractionation processes, especially in the field of high
dded value compounds, such as pharmaceutical and nutraceutical
roducts.
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