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Foreword

IProPBio — Integrated
Process and Product
Design for Sustainable
Biorefineries, 18 a
project funded within
the  Horizon 2020
e Research and Innovation
I P ro p B I 0 Staff Exchange
programme, usually
referred as “RISE”.

The RISE programme has the main objective of
cross-border and cross-sector collaboration through
the exchange of staff among the participating
entities. Our Consortium, composed by seven
universities located in EU countries, one European
small enterprise, one research center, three non-
European Universities located in Mexico, United
States, and Brazil, was gathered following the
knowledge  complementarity as  lighthouse
principle.

This principle appears to be the key of our
success in targeting solutions to complex topics like
the design of sustainable biorefineries, and
implementation of innovative approaches to the
valorization of biomass within the circular
economy approach. The breakthrough results
obtained will allow introducing cutting-edge
management solutions and will encourage
sustainability and competitiveness of EU in the
long term.

Today, after almost two years of activities, we
welcome you to the first IProPBio Workshop:
Valuable products from residual biomasses.
Towards a greener society (ProGreS): Biomass
selection, characterization and valorization.

My deepest gratitude goes to all the partners that
devoted time, resources and their passion in the
achievement of the project objectives. The
contributions in this Special Issue of the Bulgarian
Chemical Communications present just some of the
results realized opening our Institutions to our
colleagues to create new views, to establish new
collaborations, to face new challenges, to find new
friends. Particular thanks are also due to Prof.
Dragomir Yankov, whose efforts and perseverance
made this Special Issue possible.

I would also dedicate separate thanks to partners
from the third countries - Brazil, Mexico, and the
States. Your devotion and exceptional hospitality
are greatly appreciated.

As a Consortium, we are delighted to be hosted
by one of the IProPBio lead beneficiaries - The
Institute of Chemical Engineering, Bulgarian
Academy of Science (BAS). BAS is the largest
scientific organization in Bulgaria and this year it
celebrates its 150th Jubilee.

During the First Workshop we will also have the
chance to celebrate another jubilee, Sir William A.
Wakeham, FREng. Sir William will turn half of the
years of the Bulgarian Academy of Science and we
all wish him many happy returns and years devoted
to other inspiring works. His participation in the
IProPBio Workshop is much appreciated as a
priceless contribution and an opportunity for us all
to benefit from his outstanding experience.

Finally, in my capacity as the IProPBio
Coordinator I would like to assure you that it has
been not only a pleasure but also a great honour to
have the opportunity to get in touch with different
cultures and so many brilliant minds.

Prof. Massimilano Errico
University of Southern Denmark
http://ipropbio.sdu.dk/

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 5
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The dangerous nexus of process simulation, molecular modelling and physical reality
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The paper explores the dangers for careful process design using new materials and processes that may arise because
of the state of understanding of the properties of those materials. Evolution of the sciences of molecular modelling and
of thermophysical property theory is explored and it is clear that both have a considerable amount to contribute to careful
process design in the future. However, it is equally argued that the evolution of the experimental database upon which
the design of conventional processes has been based may not be evolving in such a favourable direction. By means of
examples it is shown that what was the basis for the past success of thermophysical property provision, is being
undermined by modern scientific behaviour and that there is ample evidence that when new materials are encountered the
system that has been in place to validate data is simply lacking its full force.

The consequences of this lack of rigour in property provision for the databases on novel, perhaps especially biological
processes, needs careful consideration.
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software
INTRODUCTION

In the search for a more sustainable future for the
world the chemicals and materials industries have
sought to make their processes more efficient in
terms of energy use, to reduce waste products and to
use greener process routes to create products that are
capable of re-use or recycling. In addition, there is a
demand to move to feedstocks that are themselves
renewable unlike traditional fossil feedstocks. The
tools of the modern era of process-simulation have
made it possible to conduct automated, intelligent
searches of alternate process routes to products using
these feedstocks [1]. At the same time the world of
science has, in many areas, particularly in
thermophysical property research moved away from
the value attached to careful experimentation in
favour of molecular modelling and cavalier
experiments with excitement value! Such work is
simpler, quicker and cheaper than -careful
experiments and leads to faster career enhancement!

At the same time, there is ample evidence that
when inadequate comprehension of physical reality
is combined with over enthusiastic simplification of
either experimental design and implementation or
automated design processes, gross errors of process
design can occur even for conventional processes
and materials. When the materials and/or processes
are new or untried the likelihood of gross errors is
exacerbated.

The development of the tools employed by the
industry to design and optimise processes has been

* To whom all correspondence should be sent:
E-mail: w.a.wakeham@soton,.ac.uk

carried through by a combination of scientists and
engineers with a relatively well-defined set of
starting points and objective functions. A vast array
of experience has been accumulated based upon
processes of a conventional kind. As the simplest
possible example Fig. 1 shows many of the elements
of a conventional process that involve the familiar
unit operations of mixing, heating, reaction, cooling
and separation. Even if one does not consider
alternative process routes to the same product the
design of such a simple process requires a
knowledge of the thermodynamic and transport
properties of all the materials involved, the kinetics
of the reactions and of the relationship of the design
variables to those properties.

Heat exchanger Reactor

Heat exchanger

M Sizes of pipes
M Capacity of pumps —
pacity of pump.
Sizes of exchangers, reactors

M Separation conditions

Separator

Fig. 1. Exemplar chemical process.

Let us take just one unit, a heat exchanger,
illustrated in Fig. 2. Its design requires a
specification of the needed duty, a selection of the
type and then a deduction of the area of the
exchanger based upon long-established empirical
correlations of heat transfer for conventional

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 9
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materials and the thermophysical properties of the
fluids involved. Both elements are now incorporated
into design software that is available commercially
and which has been thoroughly tested and validated.
That this process of testing and validation is
important is illustrated by the indication in the figure
that costs accompany an over (or under) design of
the exchanger. The costs can be expressed in
financial terms for convenience but they can also be
expressed in terms of environmental damage or
waste [2]. The likely costs for an entire process are
of course additive and depend upon the number of
units.
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Fig. 2. Heat exchanger.

If some efficiency is attempted, as illustrated in
the methanol synthesis reactor sketched in Fig. 3,
then the problem potentially becomes more acute
because here the heat exchanger is combined into the
reactor so that any overdesign in the exchanger has
consequences for the design and construction of the
reactor as well [2].
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Fig. 3. Integrated methanol synthesis reactor.
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In any realistic situation and perhaps especially if
attempts are made to explore novel methodologies
then there are many possible process routes to
explore and need for confidence in the tools of
design become ever more important. As an example,
we consider Fig. 4 which depicts a solar capture
system developed in Nevada, USA to generate
electricity. USA DoE recently invested $737 million
into the Crescent Dunes Solar Energy Project in
Nevada, which will generate energy well into the
night by using molten salt as an energy storage
medium. To do this the plant will focus nearly
20,000 heliostats upon a solar power tower filled
with salt, heating the material to 840 K.

The use of a molten inorganic salt as the heat
transfer and storage medium means that its
thermophysical properties are important. As we
shall see later the data on the properties of such
molten salts are by no means well known and agreed
even for the most familiar of them. It is the thesis of
this paper that the tools of testing and validation that
have been applied to date for these designs are now
either under threat or falling into disuse and that this
trend is dangerous. In order to make the argument
we review the various parts of the validation process
in turn and then point out why it may be less robust
for new processes that employ different feedstocks
andraim at different products.

Tow:

Turbine
Generator

Fig. 4. Crescent Dunes Solar Energy Project in
Nevada.
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VALIDATION PROCESSES

There are various elements of the validation
process with which we are concerned here which is
the provision of reliable thermophysical property
data for the fluid systems under study. A similar
argument might be advanced about the familiar
correlations of the process industries, but we have
sought to confine our consideration to the area we
know best. They are:

- Molecular Theory.

- Molecular modelling

- Experimental measurements

- Internationally accepted data and correlations

Molecular Theory

The only state of matter for which we have a
rigorous, tractable analytic theory is the dilute gas.
In that case we now have knowledge of the
intermolecular pair potential for all the monatomic
species and that allows the evaluation of all of their
properties from a rigorous theory [3]. In the last few
years it has become possible to extend this approach
to polyatomic systems of very modest complexity
such as carbon dioxide and water vapour but no
further [4]. These developments have reached the
point now, after about 100 years work, where the
calculations are more reliable than experiment [4, 5],
but it is important to recognise that was achieved in
part by the existence of very careful experimental
property measurements in the first place. Certainly,
the dominant species of interest in the process
industries and the states of matter of interest cannot
be treated in this way.

Table 1 [47] contains experimental results, using
the best possible experimental methods for both the
viscosity and the thermal conductivity of the five
monatomic gases at a temperature of 308.15 K and
in the limit of zero density.

The measurements are independent of each other
and absolute. The results are used to evaluate the
Eucken Factor, Eu, defined by [3] as

_2M2y
Eu = IRF(T 2.5 (exactly) )

where the factor F(7), is an almost, model-
independent factor from theory very close to unity
and R is the Universal Gas constant.

Cencek et al. [6] developed the most accurate pair
potential energy surface to date for Helium and used
it to calculate properties of Helium. They
recommended

Mie (298.15 K, 0.1 MPa) = (155.000 8 £ 0.001 5)
mW m' K!
Experimentally we find
Aexp(298.15 K, 0.1 MPa) = (154.96 + 0.30)
mW m™! K

These results and many other like them
summarised in Refs [4, 7] demonstrate the mutual
agreement of theory with the best experiments and,
of course, provide mutual support for both. This is
indeed very important when the same experimental
methods are applied to other systems because the
methods themselves can be said to be validated.
That the same can now be done for small polyatomic
systems is shown in Fig. 5 [5] where the deviations
of the experimental results for the viscosity and
thermal conductivity of methane are compared with
theoretical ~ calculations using a  modern
intermolecular potential for methane. The agreement
is really excellent.

Molecular modelling

In most cases of course this exact theoretical
route is not available, either because the theory is not
tractable (dense fluids) or because we lack
intermolecular pair potentials for more complex
systems. The approach of molecular modelling has
been adopted to obviate these difficulties in one of
two main ways.

The first, which was the only practical way
forward until recently, was the adoption of simple
molecular models of fluids that were tractable to
approximate, or, occasionally, exact theory.
Examples of this approach are various forms of
corresponding states approaches to the prediction of
the properties of fluids. The properties involved can
be equilibrium or non-equilibrium and the systems
involved can be single component fluids or mixtures.

The basic idea is founded upon the conformality
of the pair potential for the interaction of molecules
in the system so that all interactions in the reduced
form

U/e =fr/o) ()
are identical. Here € is an energy scaling parameter
and 0 a length scaling parameter.

Table 1. The Experimental values of the Eucken factors for the monatomic gases For reference see above [47]

Gas No (UPa s) A (MW m- K F(T) Eu (Experimental)
He 20.31 £0.02 158.4 £0.30 1.0042 2.494 +0.01
Ne 32.47+£0.03 50.41 +£0.10 1.0035 2.503 +£0.01
Ar 23.24+0.02 18.18 £ 0.03 1.0012 2.503 +0.01
Kr 26.15+0.03 9.722 £0.02 1.0006 2.497 £0.01
Xe 23.84 £0.02 5.656 + 0.01 1.0001 2.497 £0.01
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Fig. 5. Deviations of the experimental results for the viscosity and thermal conductivity of methane from theoretical
calculations using a modern intermolecular potential for methane [5]

In the case of non-equilibrium properties it was
possible to apply this idea to the representation of
large numbers of pure and multicomponent
mixtures of a wide range of spherical and indeed
non-spherical molecules at low densities with a high
degree of confidence supported by a large set of
very accurate experimental data on viscosity,
thermal conductivity and diffusion coefficients [8].
U/<As just one example of hundreds Fig. 6 contains
deviations of the measured viscosity of a number of
multicomponent polyatomic gases from the
predicted values.
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Fig. 6. Comparison between calculated and measured
ViSCOSityZ 2 CH4-CO,-CF4; © CO,-CF4-SF¢; @ CHy-CF4-
SFe; @ CH4-CO,-SFe; # CH4-CO,-CF4-SF¢ [9]

This approach gave a prediction capability for
one property based upon measurements of another
and over a wider range of temperature than the
measurements could be performed.

Of course, the need is often for properties at
elevated pressures or densities and, in this case, the
dilute gas analysis was supplemented by a different
molecular model for hard-spheres where the
approximate Enskog theory of dense fluids [10, 11]
could be applied to describe the density dependence.
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This allowed the development by Vesovic and
Wakeham [11, 12] of methods for predicting the
properties of dense gas mixtures using only the
properties of the pure gases and some results from
rigid sphere theory. Again, these methods have been
validated for predictions using a wide range of
accurate experimental data on well characterised
fluid systems [12]. That gives confidence in the
application of the procedures for the prediction of
data on systems where there have been no
measurements. As an example of what can be
achieved using this VW method and experimental
data for pure fluids only, Fig. 7 shows the deviations
between the predictions of the revised VW scheme
[11] and the measurements of Schley ef al. [13] for
natural gas containing only traces of higher
hydrocarbons. The  scheme  performance
deteriorates somewhat if the same model is used for
heavier long chain hydrocarbons although recent
impr(ivements have been made [12].
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Fig. 7. Fractional differences of the viscosity obtained
using VW-sphere, N, from the experimental data for
natural gas of Schley et al. [13], Nexp, as a function of the
density p.

Dymond and Assael [14] have made use of a
slightly different form of the Enskog theory to
develop a methodology for representing and
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predicting the transport properties of dense liquid
systems, particularly hydrocarbons. There have
been several extensions of the Dymond and Assael
scheme to higher densities [14].

There are, of course, equivalent approaches for
equilibrium properties including phase equilibrium
for well characterised systems simple molecular
models, such as that which leads to the Van der
Waals equation and its derivatives, and have
achieved considerable success. Perturbation
theories have also enjoyed considerable success

One of the most successful modern schemes for
predictions and representations for more complex
fluids is based upon the SAFT equation of state
which, again, exploits simple molecular models for
those systems. This has recently found application
in transport properties as well as equilibrium
properties [15]

There are numerous other examples of
prediction methods for properties based upon
different molecular models and the state of the art is
summarised in Refs [11, 14-16].

A second strand of molecular modelling is more
recent and exploits modern computing power.
Using moderately realistic potential models for two
or more body interactions it is now possible, via
molecular dynamics simulations or Monte-Carlo-
equilibrium simulations to calculate the transport
properties or equilibrium properties of a modest
ensemble of molecules that can be argued to be
representative of the real fluid. This approach has
developed rapidly, and quite complicated systems
can now be studied. In that context water in the
condensed state is a particularly interesting material
because of its complex structure driven by hydrogen
bonding. Although early calculations using
proposed potential models were only able to predict
the transport properties of water qualitatively, the
most recent attempts, exemplified by the use of a
potential from 2005 [17, 18] achieve quantitative
agreement. The results are somewhat better for
other hydrogen-bonding liquids such as alcohols
where deviations of about 20% are found. Fig. 8
contains a comparison of the results of simulation
for water with experiment. The attempts to perform
such calculations have progressed much more
rapidly than the experiments of high accuracy on
such systems. They are now beginning to be
simulations of complex systems such as might be
involved in new green and biological processes.

20
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Fig. 8. Temperature dependence of the predicted
shear viscosity of pure liquid water at 0.1 MPa.

Experimental Measurements

We wish to concentrate here on transport
properties which are our own main interest but we
must say few words about equilibrium properties.
The measurements of the equilibrium properties of
fluid systems have been carried out for several
hundred years, in the case of the density for
example, because it was possible to conduct
measurements of this kind with very simple
equipment. For example, even the simplest form of
specific gravity bottle enabled liquid densities to be
measured. The phase behaviour of simple two
component often two-phase systems could also be
measured by visual observation and this formed the
initial sort of data used for testing and validation of
equations of state. Slowly the measurement
techniques became ever more precise and with that
followed the refinement of equations of state
capable of representing all the equilibrium
properties of pure fluids. An example is the [IUPAC
Equation of State for Ethylene [19]. The equations
were often able to reveal inconsistencies in
experimental data for different properties by virtue
of the precision of some data and were thus able to
highlight experiments that were in error. There are
now commercial companies manufacturing devices
for very high precision measurements of
equilibrium properties of fluids such as the
vibrating-tube densimeter for liquids [20, 21], the
Rubotherm magnetic balance devices for gas and
gas mixture density [21, 22] and the differential
scanning calorimeter for heat capacities [21, 23]. It
remains true that the quality of the results obtained
with these devices depends upon the users and their
understanding of the method. However, that has not
prevented hundreds of papers being published in the
scientific literature every year reporting, for
example, excess volumes of binary and ternary
mixtures of liquids over a very limited temperature

13
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range around ambient. The papers usually make
entirely hand-waving deductions about the
intermolecular forces and the sign of the excess
volume. The next paper from the same laboratory
then does the same thing for another pair of liquids
from bottles on the laboratory shelf. This habit has
earned the name of such work ‘stamp-collecting’
because it has neither scientific utility nor
engineering value since the systems studied are
usually simple ones rather than useful ones!

It is interesting that not until the 1970’s did
precise and accurate means of measuring the
transport properties of fluids became available [24,
25]. The probable reason was that all such
properties involve a dynamic process in a non-
equilibrium state and in most cases it is very
difficult in a fluid to isolate one dynamic process
free from all others so that a mathematical model of
the experimental process can be developed for
analysis of an experiment. The most obvious
example is the fact that, on earth, natural convection
and radiation accompany the process of thermal
conduction in any fluid within a temperature
gradient where that gradient is not everywhere
aligned with and opposite to the gravitation
acceleration. Another important reason was that for
many years the measurements had been the preserve
of chemists and they tended to work in glass with
little regard for mathematical analysis of the often
complicated, processes involved in  the
measurement. Improved comprehension of all these
features and the involvement of engineers and
physicists in the field have changed the approach of
careful experimenters markedly. However, this has
not been a universal phenomenon.

The essential features of a good measurement of
a physical property, whether equilibrium or not are:

1. Arecognition that a thermophysical property,
such as thermal conductivity, is only really defined
for a single-phase material in the bulk.

= materials may be anisotropic but must be
otherwise homogeneous.

= only using this definition is it possible to
assert, without ambiguity, that the property is a
function of the thermodynamic state variables
(P,V,Tx) alone.

2. It is perfectly legitimate in engineering terms
to discuss the properties of multiphase materials and
inhomogeneous materials as ‘effective’ or
‘apparent’ properties.

= but the results obtained for the effective
property could depend upon the method of
measurement or the size of the sample employed.
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= the size of the sample may also be an issue
when surface effects can dominate bulk effects such
as in very thin films.

3. The measurement should involve a minimal
disturbance of an equilibrium state.

= therefore, we use small departures from
equilibrium, so that the accompanying equilibrium
state can easily be defined.

= high sensitivity of measured variables to
quantity being measured is essential.

4. A theoretical working equation or a
numerical solution of sufficient accuracy for the
governing differential equations that describe the
experiment.

5. A practical realisation of the experiment that
has small departures from the theoretical model is
essential.

6. Each of the departures from the ideal model
can be analysed to introduce small corrections to the
working equation that can be quantitatively
evaluated through theory and applied to the results.

7. It should be possible to demonstrate that the

theory of the experiment exactly describes what is
observed.

8. Ifpossible conduct absolute measurements in
which all parameters of the instrument are
determined independently and by means traceable
to fundamental units or constants.

9. If an absolute measurement is not possible,
calibration to determine one parameter of the
instrument with the aid of a standard reference
material is possible.

= The parameter determined should agree
with direct evaluations of the same quantity from
theory within its estimated uncertainty.

It has proven possible to satisfy all these
conditions in some laboratories with respect to the
properties of fluids. We would single out the
laboratories of

- Joseph Kestin in Brown University, USA, for
viscosity and thermal conductivity over a wide
range of conditions,

- Mike Moldover and his colleagues in NIST,
Gaithersburg over many years beginning in the
1930’s,

- Akira Nagashima in Keiuo University, Japan,

- Marc Assael, from Aristotle University in
Thessaloniki,

- Peter Dunlop in University of Adeleid
Australia,

- Eckhard Vogel in Rostock University and
Alfred Leipertz in Erlangen University and their
colleagues in Germany, and

- Harald Oye in Norwegian University of
Technology in Norway.
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However, it has never been the norm to perform
such careful experiments and we now see the
dangerous signs of a complete disintegration of the
protocols that stem from the principles set out
above. We shall provide some illustrations of the
good and then rather more examples of the bad
extending over almost a century and it will become
clear that the situation is deteriorating for reasons
upon which we shall speculate.

Some Good Practice

We choose three examples only which illustrate
good practice.

The first is the capillary viscometry carried out
in NIST where, over some 25 years, across World
War II an instrument was developed to make
absolute measurements of the viscosity of liquid
water at 20 °C [26]. The resulting value of the
viscosity of water is still the standard value adopted
universally today. More recently NIST have used
capillary viscosity in gases in conjunction with the
best possible pair potentials for the interactions
among monatomic gases to make exceedingly
precise measurements [7].

Those values have supplemented those made
with our second example, the oscillating disk
viscometer employed in USA, Japan and Germany
to provide standard reference values for the
viscosity of gases. The concept of the torsional
pendulum comprising a flat disk suspended in the
fluid originates with Maxwell but Kestin and his
colleagues [27] employed careful fluid mechanical
analysis of the complex flow pattern around such a
disk to design and then build instruments where it
was possible to make absolute measurements of
viscosity over wide ranges of conditions These
devices also took several decades of work to achieve
their result with the work of Vogel in Germany the
most recent [28] We have referred to the validation
of these results earlier.

The third is the transient hot-wire technique for
the measurement of the thermal conductivity of
fluids. It is in essence a very simple technique in
which a very thin metallic wire is heated by ohmic
dissipation when immersed in the fluid. It is
possible to analyse this technique almost exactly
mathematically, initially analytically and now
numerically so that there exists an exact theory of
the method. In its current form it was pioneered by
Haarman [29, 30] and made possible by modern
electronics because the entire heating process can be
limited to a duration of one second during which
time convection has a negligible effect on the heat
transfer. It is also possible to confirm that the
method operates in accord with the theory of it, as

Fig. 9 illustrates. Here we compare the predicted
behaviour of the temperature of the heated wire with

the observations in one fluid.
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Fig. 9. Differences between the experimental

temperature rise of the hot wire in water from the
theoretical values, as a function of time.

The deviations are random and exceedingly
small. These instruments employed in the
laboratories of the authors [31, 32], Nieto de Castro
et al. [33] and Perkins et al. [34] are responsible for
most of the accurate thermal conductivity data for
fluids.

Some Bad Practice

We provide here rather more examples of bad
practice in measurement than of good because, that
is the balance in the field at present and because we
wish to make the point that modern measurements
are not to be trusted unless the full pedigree of the
method is exposed and tested by researchers. In part,
this is because of the growth of the popularity of
commercial instruments for measurement and the
fact that modern research (or possibly researchers)
cannot spend decades to perfect a technique.
Readers should note that these comments apply to
thermodynamic and transport property
measurements and not, for example, to
measurements of time or length or voltage where
commercial instruments have long been validated
against agreed and accurate standards.

We begin with what is called variously the
Transient Hot-Wire probe or the Transient Needle
Probe. It is illustrated schematically in Fig. 10, and
it consists of a wire and a resistance thermometer
embedded within a solid powder itself held within a
stainless steel sheath. The entire probe is immersed
in the fluid of interest and the wire heated
electrically while ‘its’ temperature rise is measured
with the thermometer. The word ‘its’ is in quotation
marks because it is not clear that the thermometer is
measuring anything but its own temperature.

The theory applied to this device to deduce the
thermal conductivity of the fluid is exactly that
which we illustrated above for a very thin wire
immersed directly in the fluid despite the obvious
differences. The manufacturers themselves, who
designed the device for on-site measurements of the
thermal conductivity of rocks and concrete in a civil
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engineering context, seem to be aware of this
problem as exemplified by their literature.
Researchers looking for rapid results and instant
fame are not it seems!

Temperature
Sensor

Heater
Metal

Cover

Sample

Fig. 10. Transient Hot-Wire probe.

A second device which has proved very popular
is the transient hot disk, developed originally for
solids. Its sensor is illustrated in Fig. 11 and its
working principle is that an electrical current flows
in the spiral that comprises the disk and heats the
spiral, at a rate determined in part by the thermal
diffusivity of the surrounding fluid. Unfortunately
commercial versions of this device do not make use
of the full theory of the instrument, which is mostly
available, but they simplify it. In addition, the
timescale of measurements in fluids are such that
convective heat transfer is inevitable although its
presence is universally ignored and no tests for its
presence are applied.

Fig. 11. Transient hot disc.
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Thirdly, a technique known as the 3-omega
technique was developed for solids where it is very
successful for certain classes of material and is
extremely elegant. Itis illustrated in Fig. 12. A wire
in contact with the test material is heated with an
alternating current at a frequency w. As a result
there is, of course, a voltage change across the wire
which oscillates at a frequency 3w. The rate of
evolution of that harmonic voltage change, which
can be monitored by modern lock-in amplifiers can
be related to the thermal diffusivity of the material.
This technique, which is operated in essentially a
continuous mode, has also been applied to fluids. It
seems not to have occurred to its users that as well
as the component of the voltage oscillating at 3w
there are other components, in particular a
unidirectional temperature increase which, of
course, drives convection for which no account is
taken.

b

metal film\ i' '!

v
y
Fig. 12. The 3-w technique.

The fourth example is from capillary viscometry,
which is, perhaps, the oldest technique for
measuring a transport property. The Montreal
Protocol on the phasing out of certain refrigerants in
favour of those less damaging to the Ozone layer in
1987 stimulated an intense fashion in conducting
measurements of the properties of the proposed
replacements. This fashion led to an enormous
increase in the number of people interested in
property measurement. Indeed, the measurement of
the properties was sorely needed. However, among
those attracted to the study were many with no
previous experience of the field. They rushed in
where angels had feared to tread and set out with
simplistic equipment and theories of it to be the first
to conduct measurements on the new systems. One
such technique adopted was the sealed capillary
viscometer illustrated schematically in Fig. 13
which was applied to the measurement of the
viscosity of 1,1,1,2-tetrafluoromethane (R134A)
very early on in the study of the fluid.

An example from diffusion of bad practice is the
development of the Taylor dispersion technique for
diffusivity measurements in liquids [36]. In this
technique a small pulse of one fluid is injected into
a stream of a second fluid flowing in a long circular
section tube. The combined action of the laminar
velocity profile in the tube and radial diffusion lead
to an eluted pulse of the second material
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downstream from the point of injection whose width
is a measure of the mutual diffusion coefficient of
the two species. In order to make the measurement
possible it is necessary to use a capillary tube a few
mm in diameter and some 30 meters long. To make
the system practical it is coiled so as to be able to
immerse it in a thermostatic enclosure.
Unfortunately, early proponents of this system did
not realise that when the capillary tube is coiled a
new velocity component is generated in the flow in
the tube which affects mixing. The effect is large
unless the Reynolds number is small and the coil
radius large so the neglect led to large errors in early
work before the full theory was evaluated.

Sealing valve

Fill tube

Upper
reservoir

Reflux
tube

148 mm
h

L=

Capillary
d=0.236

"m]\#

Lower
reservoir

Fig. 13. Sealed gravitational capillary viscometer
with straight vertical capillary developed at NIST [35].

Finally, returning to thermal conductivity many
authors have been attracted by the idea of using a
very much shorter hot-wire system, illustrated in
Fig. 14, with the same theory as we set out earlier
essentially for an infinitely long wire.

They seemed to forget that in such a case the
longitudinal heat conduction to the supports of the
wire can dominate radial conduction through the
medium under test so that nowhere does the wire
attain the temperature of an infinite wire so that the
entire measurement is invalid. This has not
prevented its use and papers being published! More
recently a few authors [37, 38] have implemented
computer solutions of the full heat conduction

problem including the axial conduction in solids
although it remains unclear what particular
advantages this device holds over the more
conventional system.

2)+
(09 ~5)

(1] 6

Fig. 14. Short transient hot wire (10 mm length, 50
pm radius). (1) Hot wire; (2) thermocouple; (3) voltage
leads; (4) current leads; (5) Pt holder; (6) vessel.

The results

This catalogue of failures in proper experimental
protocol of course leads to varying degrees of chaos
in the field as we shall illustrate here. First, let us
look at the simplest system of all perhaps, which is
toluene. Its thermal conductivity has been measured
for almost a century and the value appears to have
been decreasing in time as Fig. 15 shows.
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Fig. 15. Reported thermal conductivity of toluene as
a function of the year of measurement.

The decrease was slowed when a standard
recommendation was made, possibly because it was
thought the °‘right answer’ was known! This
illustrates the tendency to conform among
researchers to an accepted result, which is one
obvious danger.

In Fig. 16 we plot the deviations of two sets of
early viscosity measurements for R134A from the
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latest validated values. These measurements were
conducted in coiled and sealed capillary systems
and it is clear that the measurements were up to 35%
in error because of a neglect of these two effects.

If we consider less straightforward systems such
as the molten metals, Fig. 17 illustrates the variation
that can be found between the results of various
measurements reported by a variety of techniques
over time. A similar situation persists for molten
salts as Fig. 18 exemplifies.
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Fig. 16. Fractional deviations of the measured

viscosity, for 1,1,1,2-tetrafluoroethane (R134a) from the

accepted value, as a function of temperature.
190

+
180 [ \ X
m X
170 |3 q ©
o o]

160

150 |5,

140 [iRE

130

Thermal conductivity, A /W-m"-K-!

120 |

5 = .
110 & |
1350 1550 1750 1950

Temperature, T /K
Fig. 17. Measurements of the thermal conductivity of
molten copper.
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Fig. 18. Measurements of the thermal conductivity of
molten NaCl.

It may be thought that this is all in the past but
we shall now show you that the situation persists in
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the 21% Century. The relevant world became very
excited in 1995 when it was claimed by Choi et al.
[39] that the thermal conductivity of a base coolant
such as water could be improved by 300% by
adding a few volume percent of nanoparticles of
alumina. The implications of this for heat transfer
systems of all kinds were obvious and it stimulated
an enormous stream of papers on the subject. Some
showed the same effect, others no effect; some
espoused theories to explain the phenomenon and
there were computer simulations purporting to
explain it. When you review all the evidence
dispassionately a depressing picture emerges as
illustrated in Fig. 19.

45

40

35

Thermal Conductivity Enhancement, %

Nanoparticles volume %
Fig. 19. Measurement of the enhancement of the
thermal conductivity of H,O when alumina nanoparticles
are added.

This plot shows the enhancement of the thermal
conductivity of the base fluid by the addition of
nano particles for an H,O+Al,Os system as
measured by a wide range of authors and
techniques; most of which we have described. It is
clear that there is no consensus. We note, in the
context of earlier observations, that many of the
authors of these papers have no previous record of
having been engaged in the measurement of the
thermal conductivity of any homogenous materials.

However, if we eliminate from consideration the
techniques that do not have a proper theory or were
not applied properly, the picture becomes clearer
(Fig. 20) and we see that there is a modest increase
in the thermal conductivity which is very close to
that expected from a simple theory originating from
Maxwell [40]. Indeed, the increase is usually so
modest that any heat transfer benefits are usually
offset by the concomitant increase in the viscosity
of the system.

The amount of money, energy and scientific
effort devoted to this situation, merely driven by an
experimental error, is frightening. The reader will,
of course, note the role of fashion and excitement in
this example!
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Fig. 20. Selected measurements of the enhancement
of the thermal conductivity of H,O when alumina
nanoparticles are added.

Internationally accepted data and correlations

Driven, in part by this failure of past
experimental studies of properties to be informed by
careful, theoretically-sound methodology, the
international community has relied upon an
alternative method to determine validated data for
the transport and equilibrium properties of fluids.

The effort was initiated by the International
Association for the Properties of Steam (IAPS-Now
IAPWS) in the 1920’s. As its name suggests it was
set up to produce internationally agreed values for
the properties of Water and Steam largely for the
steam boiler and turbine industries. Its initial
product will be familiar to those of a certain age as
the International Steam Tables [41].  These
replaced, or were the source of, National Steam
Tables used by engineers for all designs involving
water and steam, and their international pedigree
ensured transportability of designs across
international borders replacing the disputes about
the properties of Steam that were then extant. The
work took many years and transcended hot and cold
wars, and involved all countries of the world
including those at war!

The effort continues today although the product
is now a set of equations to describe all the
properties of water, ice and steam as well as of
heavy water [42]. The equations are available inside
most respectable design software.

The basic approach of the international task
group was to examine critically every measurement
made of the properties of water and steam, to select
the best measurements using the criteria we have
outlined earlier, to reject all others or give them a
small weight, to use theory where appropriate and
then to produce a set of properties or an equation
best representing the acceptable data. Of course,
this process stimulated many more good
measurements as well as generating enmity when

particular measurements were deemed
unacceptable.

This same methodology was adopted by two
subcommittees of  the Thermodynamics
Commission of the International Union of Pure and
Applied  Chemistry  (IUPAC). One, for
thermodynamic properties, established in the
1950°s a small group in London devoted to the
production of books of the tables of the
thermodynamic properties of important single
substances. An example is the text on ethylene [19]
which is a substance traded internationally in large
quantities. For the process of custody transfer it was
helpful (to say the least) if both sides of the border
agreed on the density of ethylene at the transfer
point because what was transferred was measured in
volume but paid for by mass!

The second subcommittee, for transport
properties (now the International Association for
Transport Properties (IATP)) [43] had an obvious
focus and is still operating today. It has produced
many representations of the transport properties of
fluids from the simplest low density gases to organic
liquids to molten metals and molten inorganic salts,
as well as three books [25, 44, 45]. Again, this work
is endorsed internationally and is incorporated into
modern design software. Work of a similar kind is
conducted still in NIST, in USA and promoted
through the Journal of Physical and Chemical
Reference Data [46] but on a much smaller scale
than  hitherto and  without international
endorsement.

The future for processes including biological and
novel other materials

The near universal adoption of computer-based
design software means that the properties of the
materials embedded in this software often have an
unknown pedigree. In what we have said above it is
clear that for familiar and important materials
encountered in the process industries to date there
are many reasons to have faith in the numbers
embedded in the codes. However, we have also
shown that whenever materials are new and the
topic becomes hot or fashionable, there is a rush to
experimental measurements of properties by
researchers ill-equipped for the task with little
experience and the results are often very inaccurate.
Because the materials and measurements are new
there is no oversight or perspective on these results
and none of the international validation. The rush to
follow fashion in this way is driven by the
increasing need for (particularly) young faculty to
perform at a high level and make a name for
themselves in a field to progress their career. This is
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a dangerous trend in many ways but not the least is
its encouragement of speed over rigour in the area
of Thermophysics where care and time are essential.
We suggest that the fluid systems that are part of
the project which is the subject of this workshop
may well involve new materials and new
chemistry/biochemistry. They therefore fall into the
category identified above and therefore we advise
very careful scrutiny of the data and its sources in
process designs. We do not argue that the
consequences of errors in properties will lead to
designs that are physically dangerous but they may
well not perform as expected thus tending to
undermine your argument for their efficacy.

Acknowledgements: The authors are grateful to
the organisers of the IProPBio First Workshop
"ProGreS: Biomass selection, characterization and
valorization" for the opportunity to contribute to
their discussions and to prepare this paper. WAW
wishes to thank Professor Roumiana Stateva of the
Institute of Chemical FEngineering, Bulgarian
Academy of Sciences for fruitful collaboration over
many years.

REFERENCES

1. Aspen Plus 10.2 Software, Aspen Technology, Inc.

2.W.A. Wakeham, M.J. Assael, in: Chemical
Thermodynamics for Industry, T. Letcher (ed),
Springer-Verlag, 2004, p. 122.

3.G.C. Maitland, M.R. Rigby, E.B. Smith, W.A.
Wakeham, Intermolecular Forces; their origin and
determination, Oxford University Press, 1981.

4.E. Bich, J.B. Mehl, R. Hellmann, V. Vesovic, in:
Experimental =~ Thermodynamics, Volume IX,
Advances in Transport Properties of Fluids, M.J.
Assael, A.RH. Goodwin, V. Vesovic, W.A.
Wakeham (eds), RSC, 2014, p. 226.

5.R. Hellmann, JB. Mehl and V.Vesovic, in:
Experimental =~ Thermodynamics, Volume IX,
Advances in Transport Properties of Fluids, in: M.J.
Assael, A.R.H. Goodwin, V. Vesovic and W.A.
Wakeham (eds), RSC, 2014, p. 234

6.W. Cencek, M. Przybytek, J. Komasa, J.B. Mehl, B.
Jeziorski, K. Szalewicz, J. Chem. Phys., 136, 224
(2012).

7.EF. May, R.F. Beg, M.R. Moldover, Int J.
Thermophys, 31, 447 (2010).

8.E.A. Mason and F.J. Uribe in: Transport Properties of
Fluids: Their correlation, Prediction and Estimation,
J. Millat, J.H. Dymond and C.A. Nieto de Castro
(eds), Cambridge University Press, Cambridge, UK,
1996, p. 250.

9.]. Kestin, H. Khalifa, W.A. Wakeham, J. Chem. Phys.,
65, 5186 (1976).

10.D. Enskog, K. Sven. Vetenskapsakad. Handl., 63, 4,
(1922).

20

11.N. Riesco, in: Experimental Thermodynamics
Volume IX, Advances in Transport Properties of
Fluids, M.J. Assael, A.R.H. Goodwin, V. Vesovic,
W.A. Wakeham (eds), RSC, 2014, p.263.

12. V. Vesovic and W.A. Wakeham, Chem Eng. Sci., 44,
2181, 1989

13.P. Schley, M. Jaeschke, C. Kuchenmeister, E. Vogel,
Int. J. Thermophys., 25, 1623 (2004).

14.V. Vesovic, J.P.M. Trusler, M.J. Assael, N. Riesco,
S.E. Quinones-Cisneros,  in: Experimental
Thermodynamics, Volume IX, Advances in
Transport Properties of Fluids, M.J. Assael, A.R.H.
Goodwin, V. Vesovic, W.A. Wakeham (eds), RSC,
2014, p. 253.

15.S. de Wijn, N. Riesco, G. Jackson, J.P.M. Trusler, V.
Vesovic, J. Chem. Phys., 136, 74514 (2012).

16. H.R. Corti, M.P. Longinotti, J. Fernanez, E.R. Lopez,
A. Wurger, in: Experimental Thermodynamics,
Volume IX, Advances in Transport Properties of
Fluids, M.J. Assael, A.R.H. Goodwin, V. Vesovic,
W.A. Wakeham (eds), RSC, 2014, p. 288.

17.G. Galliero, in: Experimental Thermodynamics
Volume IX, Advances in Transport Properties of
Fluids, M.J. Assael, A.R.H.Goodwin, V.Vesovic,
W.A. Wakeham (eds), RSC, 2014, 362.

18.G. Guevara-Carrion, J. Vrabec and H. Hasse, J.
Chem. Phys., 134, 074508 (2011).

19.R.T. Jacobsen, M. Jahangiri, R.B. Stewart, R.D.
McCarty, J.M.H. Levelt Sengers, H.J. White Jr., J.V.
Sengers, G.A. Olchowy, in: International
Thermodynamic Tables of the Fluid State - 10:
Ethylene; K. M. de Reuck, S. Angus, W.A. Cole,
R.J.B. Craven, W.A. Wakeham (eds), Blackwell
Scientific Publications, Oxford, 1988.

20. https://www.anton-parr.com/corp-en/ (accessed June
19, 2019)

21. Measurement of the Thermodynamic Properties of
Single Phases, A.R.H. Goodwin, K.N. Marsh, W.A.
Wakeham (eds) Elsevier, Amsterdam, 2003

22. https://www.tainstruments.com/wp-
content/uploads/IsoSorp.pdf (accessed June 18,
2019)

23. https://www.perkinelmer.com/CMSResources/image
s/44-74542GDE_DSCBeginnersGuide.pdf (accessed
Jun 18, 2018)

24.]J. Kestin, W.A. Wakeham, Transport Properties of
Fluids: Thermal Conductivity, Viscosity and
Diffusion Coefficients. Hemisphere/CINDAS, New
York, 1988.

25. Experimental Thermodynamics III: Measurement of
the Transport Properties of Fluids. W.A. Wakeham,
A. Nagashima, J.V. Sengers (eds), Blackwell
Scientific Publications, Oxford, 1991.

26.J. F. Swindells, J. R. Coe, T. B. Godfrey, J. Res. NBS,
48, (1952).

27.1,C. Nieuwoudt, in: Experimental Thermodynamics
III: Measurement of the Transport Properties of
Fluids, W.A. Wakeham, A. Nagashima, J.V. Sengers
(eds), Blackwell Scientific Publications, Oxford,
1991, p.9


https://www.anton-parr.com/corp-en/
https://www.tainstruments.com/wp-content/uploads/IsoSorp.pdf
https://www.tainstruments.com/wp-content/uploads/IsoSorp.pdf
https://www.perkinelmer.com/CMSResources/images/44-74542GDE_DSCBeginnersGuide.pdf
https://www.perkinelmer.com/CMSResources/images/44-74542GDE_DSCBeginnersGuide.pdf

W.A. Wakeham and M.J Assael: The dangerous nexus of process simulation, molecular modelling and physical reality

28.E. Vogel, Int. J. Thermophys. 31, 447 (2010).

29.J.W. Haarman, Physica, 52, 605 (1971).

30.J.W. Haarman, Ph.D thesis, Technische Hogeschool
Delft, Netherlands, 1969.

31.J. Menashe, W.A. Wakeham, Ber. Bunsenges. Phys.
Chem., 85, 340 (1981).

32.M.J. Assael, E. Karagiannidis, W.A. Wakeham, Int.
J. Thermophys., 13, 735 (1992).

33.C.AN. de Castro, JJM.N.A. Fareleira, J.C.G. Calado,
W.A. Wakeham, in: Proc. 8th Symp. On
Thermophysical Properties, (A.S.M.E., New York,
1981), p. 247.

34.R.A. Perkins, M.L. Huber, M.J. Assael, J. Chem. Eng.
Data, 62,2659 (2017).

35.D. Ripple, D. Defibaugh, J. Chem. Eng. Data, 42,360
(1997).

36.L.A. Woolf, R. Mills, D.G. Leaist, C. Erkey, A.
Akgerman, A.J .Easteal, D.G. Miller, J.G. Albright,
SF.Y. Li and W.A.Wakeham in Experimental
Thermodynamics III: Measurement of the Transport
Properties of Fluids.W.A.Wakeham, A. Nagashima,
J.V. Sengers (eds), Blackwell Scientific Publications,
Oxford, 1991, p. 51.

37.M. Fujii, X. Zhang, N. Imaishi, S. Fujiwara, T.
Sakamoto, Int. J. Thermophys., 18,327 (1997).

38.H.Q. Xie, H. Gu, X. Zhang, M. Fujii, Measur. Sci.
Technol., 17, 1 (2006).

39.S.U.S. Choi, J.A. Eastman, Pres. ASME Congress,
San Francisco, USA, Nov., 1995.

40.J.C. Maxwell, A Treatise on Electricity and
Magnetism. Vol. I. 3rd Ed., p.430, Dover, New York,
1954.

41.J.H. Keenan, Steam Tables: International System of
Units (S.1.), John Willey & Sons, New York 1978.

42. https://www.iapws.org/ (accessed June 19", 2019)

43. https://transp.cheng.auth.gr/index.php/iatp/terms
(accessed June 19 2019)

44 Experimental ~ Thermodynamics  Volume IX,
Advances in Transport Properties of Fluids, M.J.
Assael, A.RH. Goodwin, V. Vesovic and W.A.
Wakeham (eds), RSC 2014

45. Transport Properties of Fluids: Their correlation,
Prediction and Estimation, J. Millat, J.H. Dymond
and C.A. Nieto de Castro (eds), Cambridge
University Press, Cambridge UK, 1996.

46.E. W. Lemmon, 1. H. Bell, M. L. Huber, and M. O.
McLinden, NIST Standard Reference Database 23:
Reference Fluid Thermodynamic and Transport
Properties -REFPROP, Version 10.0, National
Institute of Standards and Technology, 2018.

47.M.]. Assael, PhD Thesis, Accurate Measurement of
the Thermal Conductivity of Gases, Imperial College,
London University ,1980

21


https://www.iapws.org/
https://transp.cheng.auth.gr/index.php/iatp/terms




Biomass conversion processes: technologies and thermodynamic
modeling






Bulgarian Chemical Communications, Volume 51, Special Issue B (pp. 25— 29) 2019  DOI: 10.34049/bcc.51.B.008

Supercritical CO; extraction of feed stocks to generate high added value bio-products

J.A.P. Coelho">", S. Boyadjieva®, R.M. Filipe"*, M.P. Robalo'*, G.St. Cholakov’, R.P. Stateva’
! Instituto Superior de Engenharia de Lisboa, Instituto Politécnico de Lisboa, 1959-007 Lisbon, Portugal
2 Centro de Quimica Estrutural, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisbon, Portugal
3 Institute of Chemical Engineering, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria
4 Centro de Recursos Naturais e Ambiente (CERENA), Instituto Superior Técnico, Universidade de Lisboa, 1049-001,
Lisbon, Portugal

5 University of Chemical Technology and Metallurgy, 1756 Sofia, Bulgaria
Received: July10, 2019; revised: July 30, 2019

The huge amounts of waste generated every year by the industry, in addition to the great loss of valuable materials,
pose serious organisational problems, both from an economic and ecological point of view. Many of the residues,
however, have the potential to be reused and utilized completely via integrated bio-refining technologies. Extraction
techniques which play a very important part in biorefineries should provide swift processing and yield quantitative
recovery without degradation, complemented by easy separation of extracts from the solvent.

In this work, focussed on two generic biomass examples - grape seeds and spent coffee grounds, we outline the
perspectives of introducing mild, efficient and with low environmental impact techniques that apply compressed fluids in

biorefineries for obtaining high value-added products with a wide spectrum of applications.

Key words: scCO; extraction, biomass, valorisation bio-products, bioactive compounds

INTRODUCTION

Diverse important natural sources of bioactive
compounds (e.g. plants, fats, algae and other
agricultural by-products and wastes) have been
reported in the literature. The focus on plants as
potential natural sources is ever present and new
species are being continuously explored [1]-[7]. An
increasing attention is paid to the use of waste
biomass as a renewable resource of high added
value compounds with applications in food,
cosmetics, pharmaceutical industries, biodiesel
production, etc. Recycling of waste and its
valorisation to non-energy and energy related
products is an effective and efficient way to resolve
the serious problem with the huge amounts of waste
generated daily, due to the increase, in both
production and consumption [8], [9]. In view of this,
the circular economy concept for biomass
valorisation realized via integrated biorefineries
[10]-[15] is becoming very important. A
sustainable smart biorefinery would allow material
processing and operation virtually waste free, based
on alternative and/or mixed feed stocks, and would
thus contribute environmental, social and financial
benefits.

Figure 1 shows some of the options for
production of food additives, antioxidants,
flavonoids, enzymes and proteins, fatty acid esters,
glycerol, etc. from diverse sources of raw material

(8], [11].

* To whom all correspondence should be sent:
E-mail: : jcoelho@deq.isel.ipl.pt

Extraction techniques are a vital part of bio-
refineries. Conventional extraction techniques,
however, are time-consuming, require large
amounts of toxic volatile organic compounds
(VOC:s) - solvents, and high energy spending. These
shortcomings have generated interest in new
advanced technologies that alleviate and/or
eliminate the emission of pollutants to the
environment. These green techniques are
environmentally-compatible, sustainable, preserve
natural resources and lower carbon footprints

SUPERCRITICAL CO; EXTRACTION

In our days the use of organic sources to attain
bioactive compounds requires the application of
suitable, environmentally and ecologically friendly,
innovative extraction techniques and processes.
From this perspective, the methods of extraction
should be technologically advanced and in line with
the Green Chemistry principles related to all
processes involved [16]-[18]. Supercritical fluids
are gradually being used and endorsed to produce
high value, natural bioactive substances from
biological or organic wastes based raw materials.
Supercritical fluids have the necessary transport
properties that increase their ability to adjust.
Moreover, supercritical fluids have low viscosity
and disperse more easily within the solid matrix and
have low surface tension, which allows rapid
penetration of the solvent into the matrix thus
increasing extraction efficiency [1], [2], [19].

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 25
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Fig. 1. Valorization of waste organic residues from several source of raw material.

Furthermore, because they are non-mutagenic
and non-toxic are often referred to as the green
solvents of the future. Supercritical CO; (scCO») is
an excellent solvent, which is cheap and abundant
and is principally used to isolate nonpolar bioactive
compounds (carotenoids and lipids). One option to
overtake this limitation, and to enhance the
extraction of more polar compounds, such as
flavonoids, is the addition of modifiers such as
ethanol, water, ethyl lactate, or less green modifiers
like methanol, and acetone [6], [19], [20].

Moreover, a combination of scCO; with sub-
critical extraction methods, mainly pressurized
liquid extraction (PLE), can be used as a very
effective and considerable improvement of the
conventional extraction to obtain a wide range of
bioactive components from different natural and
organic sources. In addition, there is the possibility
to join the above process to other processes within
the frame of a biorefinery [7].

It is understandable that the optimal extraction
conditions will be different not only with respect to
the solvent and matrix, but also - to the target
components, which are often with very diverse
chemical structures. Hence, great care should be
taken to identify and adjust the operating conditions

properly.
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GRAPE SEEDS AND SPENT COFFEE AS
WASTE ORGANIC RESIDUES

Grape seeds (GS) and spent coffee grounds
(SCG) wastes are two important feed stocks for
development of biorefinery sustainability by
circular production of high value-added products
such as bioactive compounds, adsorbents and
catalytic supports, polymers or nanocomposites,
etc. along with products, which are of lower value
but are utilized in huge quantities, such as biodiesel
and other biofuels [14], [21]-[29]. Their properties
complement each other, which opens up
opportunities for optimization of the processes and
product portfolios of sustainable biorefineries.

Grape is one of the largest fruit crops produced
with an annual world production higher that 70
million tons [30] of which about 80 % is used for
winemaking. Seed biomass (about 5 % of the whole
grape), represents approximately (40 — 50) % of
solid wastes and contains typically (8—15) % of oil.

Global coffee production creates huge volumes
of waste per year. Around 650 kg of SCGs is
produced from 1 ton of green coffee beans.
Furthermore, during the preparation of 1 kg of
soluble coffee approximately 2 kg of wet SCGs are
obtained [31]. In 2014 around nine million tons of
SCGs were dumped in landfills.

Extraction of the pressed GS or SCG with n-
hexane is the current method applied to reuse the
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seeds biomass and to obtain the vegetable oil.
Hexane is the usual solvent used in the laboratory
and in industry. However, according to the
European Chemicals Agency (ECHA) it is
classified as a danger that may be fatal if swallowed
or inhaled, as toxic to aquatic life with long lasting
effects, and as a highly combustible liquid. It is
suspected also of damaging fertility. Therefore, the
green alternative extraction technique, applying
supercritical CO; as a solvent, is a powerful option
that can lower health and safety risks, and reduce
environmental footprints.

MATERIALS AND METHODS

Grape seeds and spent ground coffee were
supplied by a wine industry and a coffee shop, with
a particle size of 0.62+0.04 and 0.273+0.023 mm,
respectively. The waste organic residues were dried
for a period of 48 h at 343 K, to guarantee lowering
excessive humidity which is harmful to scCO,.

Supercritical extraction with CO,, at flow rates
of 0.11 kg/h, pressures up to 40 MPa, and
temperatures up to 333 K, was performed in an
apparatus, equipped with a 50 mL internal volume
vessel, manufactured from AISI 316 stainless steel
tubing (32 cm long with an internal diameter of 1.41
cm), following the previously described
methodologies [17], [18], [24]. The conventional
extraction used for comparison in our study, was
carried out with n-hexane in a Soxhlet system.

The quantitative analysis of fatty acids
distribution of the extracted esters was performed
by transesterification of the glycerides in a 2M
methanol solution of KOH, as recommended in the
Annex [ to Commission Regulation (EEC) No
2568/91(1). A GC-FID system with a fused-silica
capillary column SP-2380, 60 m length, 0.25 mm of
internal diameter and 0.20 pm film thickness, with
helium as the carrier gas at a constant flow rate of
1.0 mL/min was employed for the analysis of the
fatty acid methyl esters (FAMEs) [24].

RESULTS AND DISCUSSION

The effect of the scCO, operating parameters -
pressure and temperature, on the extraction yields,
as well as a comparison with the n-hexane
extraction yield, can be deduced from Table 1.

The results of applying the scCO; technique,
confirmed that at the same temperature the
extraction time, needed to achieve the maximum
yield is influenced by pressure. At higher
temperatures this trend is more pronounced with the
extraction time decreasing considerably with
increasing pressure. This behavior is explained by

the rise in solvent density, which leads to enhancing
the solvation power of CO,[31]. It should be noted
that, considering the standard deviation, the
maximum oil yields achieved by the scCO;
extraction were, for both matrices, within the range
of the n-hexane extraction oil yield. However, the
scCO, times to obtain the maximum Yyields,
compared to n-hexane extraction, were shorter -
around 110 — 130 min for the higher pressure (40
MPa) and 200 min — for the case when pressure was
30 MPa (Table 1).

Figures 2 and 3 show the main fatty acid
composition (% of total fatty acids) results of the GS
and SCG oils, obtained by n-hexane and scCO»
extraction. Fatty acids like muyristic (C14:0),
palmitoleic (C16:1), gadoleic (C20:1), behenic
(C22:0), nervonic (C24:0) are also present in the oil
but in very low quantities — to the total of less than
1.3 %.

According to Figures 2 and 3, the distribution
of the fatty acids in the extracted oils does not
depend significantly on the extraction method. The
main fatty acid in both oils is linoleic (C18:2).
However, the grape seed oil contains more linoleic
acid esters (64 - 67 %) when compared to the SCG
oil (41 - 43 %). On the other hand, the amounts of
palmitic acid (C16:0) in the first and the second oil
types are 8 and = 33%, respectively. These results
are confirmed also by the fact that monounsaturated
MUFA and di-unsaturated DUFA are the prevailing
compounds in both oils, when compared to the
saturated. However, the two oil types are
complementing each other, for instance as
biorefinery feed stocks, since the grape seeds oil is
significantly more unsaturated (with *86 % in total)
in comparison with the SCG oil (around 56 %).

CONCLUSION

The effects of the scCO, technique operating
parameters — temperature and pressure, on the yield
and the fatty acid profile of the oils extracted from
grape seeds and from spent ground coffee biomass
were evaluated in detail and reported.

Taking into consideration the higher amounts of
essential MUFA and DUFA, the grape seeds oils
can be designated to human consumption. In
biodiesel application, after separating high value
bioactive compounds like diterpenes, caffeine,
polyols, etc., mixtures of the two types of oils can
provide properties like cetane number, lubricity,
cold filter plugging points, etc. with complementing
qualities.

27



J.A.P. Coelho et al.: Supercritical CO; extraction of feed stocks to generate high added value bio-products

Table 1. Oil yields and extraction times, applying scCO2, as a function of the operating conditions. Comparison to n-

hexane extraction results.

s¢CO, conditions Extraction Grape seeds Oil Time Spent coffee Oil Time
method Yield (%) (min) Yield (%) (min)
n-hexane 12.28+0.35 240 10.38+0.82 240
p(MPa)/T (K); 30/313 11.96+0.60 191 10.60+0.54 191
40/313 12.07+0.55 148 10.10£0.72 110
CO,, flow rate 0.11 30/333 12.17+0.38 214 9.41+0.59 223
kg/h 40/333 12.83£0.56 134 10.1120.65 110
80 1 50 q
70 4
60 | _ 40
< 50 ] § 30 -
E 40 4 g
g 30 E 2
20 A
10
10
0 - 0
Hexane 30/313 40/313 30/333 40/333 Hexane 30/313 40/313 30/333 40/333

mCl16:0 mC18:0 =C18:1 mCI8:2

Fig. 2. Fatty acid composition (% of total fatty acids)

mCl16:0 C18:0 Cl18:1 mCl8:2 mCl18:3 mC20:0

Fig. 3. Fatty acid composition (% of total fatty acids)

GC-FID analysis of GS oils obtained by hexane and GC-FID analysis of SCG oils obtained by hexane and

scCO; extraction p(MPa)/T (K).

The scCO; oil extracts, as compared to those
from the conventional n-hexane extraction, are
obtained by an integrated technique with reduced
time for processing. They do not require
use/regeneration of harmful solvents and generation
of hazardous wastes. Furthermore, extraction with
scCO, has low environmental impact, and in
combination with similar techniques are a
prerequisite for circular waste-free production in
sustainable smart biorefineries.
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This work addresses the modelling and simulation of the kinetics of CO, supercritical extraction of oils from biomass.
Experimental and simulation results from different matrices and models are presented.

gPROMS Model Builder is used to find solutions to three different models applied to study the extraction of three
different volatile oils from aromatic plants (coriander, fennel and savoury), and from a bioresidue, industrial grape seeds.
The supercritical extraction experiments performed at different temperature, pressure and flow rate conditions provide
the data to the modelling studies and for model parameter estimation. The qualitative and quantitative agreement between
the experimental and simulated extraction profiles in terms of yields was good for the cases investigated.

Key words: supercritical CO; extraction, extraction kinetics, mathematical modelling, simulation, biomass valorisation.

INTRODUCTION

Nowadays, increasing attention is being drawn
to the effective use of waste biomass and vegetal
material as renewable sources of valuable
compounds with applications in several industries,
as food, cosmetics, pharmaceutical, biodiesel
production, etc. While the extraction of oils from
aromatic plants is well established [1-4], the use of
by-products or biowastes is still underexplored.
Seed biomass from Vitis vinifera L. is an example
of underutilized biowaste. With an oil content of (8
- 15) % (w/w), rich in long chain polyunsaturated
fatty acids (PUFAs) and antioxidants [5,6], and
representing about (20 - 25) % of the biomass
generated by the wine industry, it is still considered
a disposable material and rarely valorised.

Extraction with supercritical CO; (SCE) has the
great advantage of preventing or, at least,
minimizing the degradation of bioactive compounds
present in the matrix to be extracted due to the
comparatively low temperatures used and oxygen
free atmospheres. Furthermore, it allows obtaining
solvent-free products and, unsurprisingly, is
currently establishing itself as the viable,
sustainable and eco-compatible alternative to the
use of organic solvents. Yet, kinetic data are not
abundant, and, for some systems they are scarce and
superficial.

Dynamic models are a useful tool for the design,
optimization and scale-up of supercritical fluid

* To whom all correspondence should be sent:
E-mail: rfilipe@isel.ipl.pt

extraction processes from laboratory to pilot and
industrial scales.

In particular, mass balance based models which
include mass transfer coefficients in fluid and/or
solid phases have a strong physical significance.
They take into account the characteristics of the
plant matrix, namely the particle size, the bed
porosity and also the equilibrium relationships and
mass transfer mechanisms.

Although several models have been proposed in
the literature, their solution is not always trivial and,
additionally, the estimation of some parameters
using experimental data is required. Within this
context, the opportunity to use new tools to model,
simulate and perform parameter estimation seems
promising.

In view of the above, the aim of our work is to
model the kinetics of the SCE of oils from aromatic
plants, namely, coriander, fennel, and savoury, and
from a biowaste - industrial grape seeds, obtained
directly from a Portuguese industry, by applying an
efficient solution method to different models.

METHODOLOGY

The extraction conditions and the experimental
results were previously reported for the aromatic
plants [7] and the grape seeds [8]. For the aromatic
plants, the simulation results presented by Grosso et
al. [7] are used as comparison in order to evaluate
the efficiency of the solution method used in this
work.

The models were implemented in gPROMS
ModelBuilder [9], an equation-oriented modelling
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and optimisation platform for steady-state and
dynamic systems, and the experimental data was
used to obtain the model parameters using gPROMS
parameter estimation.

The desorption model by Tan and Liou [10] and
the model proposed by Sovova [11], both without
axial dispersion are used for the aromatic plants.
These models consider the wvariation of the
concentration of the supercritical fluid as it flows
along the extractor and, thus, include partial
differential equations.

The model by Tan and Liou [10], from now on
referred to as model 1, is described by:

0C uodC 1—¢ep.0
_t —— &_CI:O (1)
dt €0h € pyot
dq
— =k 2
ot aq @

With the initial and boundary conditions defined
by:

q(h,0) = qo 3)
C(h,0) = C, 4)
c(,t)=0 5

Where C is the concentration in the fluid phase,
t is time in minutes, u is the superficial velocity of
supercritical fluid (m-s™), ¢is the bed void fraction,
ps and prare the density of the solid and fluid phase
(kg:'m™), ¢ is the solute concentration in the solid
phlase (kg-kg") and & is the desorption coefficient
(s7).

The model by Sovova [11], from now on referred
to as model 2, is described by:

dC uodC 1—¢eps0
0C , u0C 1-eps0q ©
dt e0dh € pyot
dq kraps
= — > 7
5t e -0, q=qy (7
dq
5= ksaq, a<ax ®)

With the following initial and boundary
conditions:

q(h,0) = qq ©)
C(h,0) = C, (10)
€(0,t) =0 (11)

Where g is the initial content of the difficult
accessible solute in the solid (kg-kg'), a is the
surface of a unit volume of particles (m™), and &,
and kr are the internal and external mass transfer
coefficients.

The third model used in this work, model 3,
developed by Sovova and Stateva [12], is described
by the following set of equations:

dw w  krag

— +_
o +tr . (wt —w) (12)
dw .. kra
e

wbh
wh = Kw, + ﬁ(wsat — Kwy) (14)
t S
With the initial conditions:
w(0) = w, (15)
Ws(o) = Wspo (16)
The yield, e (kg-kg™ solid), is defined by:
t
e=q f edt (17)
0
e(0)=0 (18)

Where w is the oil concentration in the fluid
phase inside the extractor (kg-kg' CO,), w; is the oil
concentration in the solid phase (kg-kg™ solid), z and
t- are the extraction and residence time (min),
respectively, ¢’ is the specific flow rate (kg
CO,-min"*-kg™ solid), w" is the oil concentration at
solid-fluid interface (kg-kg' CO,), ¢ is the void
fraction in the bed, kr ap (min™) is the volumetric
fluid phase mass transfer resistance, K is the
partition coefficient, w, (kg-kg' CO,) is the
monolayer adsorption maximum content, Wsu
(kg'kg' CO,) is the solubility of the free oil
compound, and b is a coefficient that should be
higher than one.

This model considers homogeneous
concentration in the extractor at both solid and fluid
phases and assumes that the extracts are located on
the surface of the solid particles. Thus, the extracts
overcome only the external mass transfer resistance,
which is usually much smaller than the internal
resistance. This assumption allows neglecting
internal diffusion, which is compatible with finely
ground substrates where the diffusion path in the
particles is short and the extract is easily accessible,
resulting in negligible internal mass transfer
resistance.

The grape seeds are very complex mixtures of
mainly triacylglycerols (TAG) with minor amounts
of other compounds. Due to this complexity the
grape seeds oil is usually represented by a single
model TAG, and, for the purposes of modelling and
comparison with the results of other authors [8]
triolein was selected to exemplify the oil. Model 3
requires solubility data of the model TAG in the
supercritical CO,, which was calculated applying
the predictive Soave-Redlich-Kwong (PSRK) cubic
EoS [13].

gPROMS Modelbuilder parameter estimation
with MAXLKHD solver was used to estimate the
desorption rate constant (k;) for model 1, the
internal and external mass transfer coefficients (ks
and ky) for model 2, and the partition coefficient (K)
for model 3. gPROMS uses a maximum likelihood
parameter estimation problem and attempts to
determine values for the uncertain physical and
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variance model parameters that maximize the
probability that the mathematical model will
adequately predict the values obtained from the
experiments.

To apply model 3 to grape seeds, the value of 4r
was calculated following [8], where the relation
proposed by [14] was used. The values obtained
were 6.77E-4 and 6.95E-4 for T= (313 and 333) K,
respectively. Parameter b was set to 7 [12] and w,
was set to 60% of the initial concentration of the oil
in the grape seeds.

In order to compare the fitting accuracy obtained
with other works, two standard deviation measures
were calculated after parameter estimation: the
absolute average relative deviation, AARD, defined
by Eq. (19), and the root mean square deviation,
RMSE, defined by Eq. (20), where N is the total

. . ex
number of experimental points, and e; " and ef*" -

the i-th experimental and estimated point,
respectively.
N
100~ | — eft|
AARD = — Z = (19)
j=1 ¢
— 1 exp est)2 20
RMSE = |— (e[ — efst) (20)
RESULTS AND DISCUSSION

After the estimation of the parameters for each
of the models used (ks for model 1, &, and ks for
model 2 and K for model 3), an analysis of the yield
profiles was performed. The quality of the fitting
obtained with parameter estimation was also
evaluated and, for the aromatic plants, compared
with previously reported results [7]. The yield
profiles are presented as a set of data points,
obtained experimentally and with parameter
estimation. The lines connecting the points were

included to improve readability and do not represent
simulation results.

On Figure 1 the yield of extraction versus time is
shown for coriander. The experimental data, the
simulation results reported in [7] and the ones
obtained in this work using the models from
Sovova, and Tan and Liou are depicted. Although
some limitations were encountered in parameter
estimations due to the limited amount of data
available, the results obtained improved the ones
previously reported for the aromatic plants [7], as
assessed by the absolute deviation error (Table 1).
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Fig. 1. Experimental and simulated extraction
profiles for coriander P =9 MPa, T = 313 K, Pgi,e = 0.6

mm, F =6 L/min.

The results for savoury using model 1 and 2 are
displayed in Figure 3. Model 2 performs better,
when compared to model 1, with a lower AARD
(Table 1), and the results obtained in this work
reduce the AARD by approximately 50 %.

For the fennel system (Figure 4), the AARD
previously reported [7] is quite small for model 2,
and could not be improved further. A reason for not
improving might be that the AARD has reached the
experimental reproducibility of the data being
modelled.

Table 1. Parameter estimation results for the systems studied

System Model P T F Pie ka ky ks RMSE AARD AARD
(MPa) (K) (L'min') (mm) (s)) (ms!) (ms?) (%) (%) (%) [7]
Coriander 1 9 313 6 0.6 5.1E-05 2.9E-02 10.7 19.0
Coriander 1 9 313 8 0.6 1.7E-04 2.6E-02 7.1 14.9
Coriander 2 9 313 6 0.6 1.8E-07 2.6E-09 1.2E-02 6.3 5.3
Coriander 2 9 313 8 0.6 2.3E-06 1.3E-08 1.5E-02 3.3 32
Savoury 1 9 313 6 0.6 1.7E-04 2.9E-01 93 18.7
Savoury 2 9 313 6 0.6 8.2E-03 4.6E-08 6.0E-02 34 6.5
Fennel 1 9 313 6 0.6 2.4E-04 1.5E+00 7.3 10.0
Fennel 2 9 313 6 0.6 9.8E-06 9.3E-08 1.0OE-01 3.6 2.1
Grape seeds 1 40 313 1 0.6 1.4E-04 2.4E+00 26.7
Grape seeds 1 40 333 1 0.6 1.6E-04 2.6E+00 28.7
Grape seeds 3 40 313 1 0.6 0.22 5.0E-01 4.5
Grape seeds 3 40 333 1 0.6 0.43 7.0E-01 8.6
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Figure 2 depicts the extraction profiles with two
different flows of supercritical CO,, and an increase
in the speed of extraction is observed when the flow
increases. Once again, an improvement in the fitting
was achieved with the methodology used in this
work.
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Time (min)

Fig. 2. Extraction profiles for coriander using model
1.P=9 MPa, T =313 K, Psize = 0.6 mm, F = (6 and 8)
L/min.

The results obtained demonstrate the good
performance of gPROMS ModelBuilder, which was
able to improve the AARD for almost all cases
investigated.
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Fig. 3. Experimental and simulated extraction
profiles for savoury. P =9 MPa, T = 313 K, P, = 0.6
mm F = 6 L/min.

Figure 5 shows the profiles for the grape seeds
extraction, where the temperature is different for
each case. The increase in temperature results in a
faster extraction.
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Fig. 4. Experimental and simulated extraction
profiles for fennel P =9 MPa, T=313 K, Py = 0.6 mm
F =6 L/min.
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Fig. 5. Experimental and simulated extraction
profiles for grape seeds using models 1 and 3. P = 40
MPa, Psize = 0.6 mm F = 1 L/min, T = (313 and 333) K.

Model 3 is much more effective fitting the
experimental data than model 1, for both cases.
Indeed, the high AARD obtained with model 1,
indicates that this model is not adequate for grape
seeds extraction simulation. Model 3 incorporates in
a rigorous way the interplay between phase
equilibria (solubility) and kinetics, and the results
obtained demonstrate that albeit the simplifications
introduced in representing the grape seeds oils by
just a single model TAG, there is a good qualitative
and quantitative agreement between the
experimental and calculated extraction yields at the
SCEs operating conditions examined. It should be
emphasized that although the internal diffusion is
neglected, the model can still deliver adequate
results, providing that the particle size is small, as is
the case for the matrix used in this work.
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CONCLUSIONS

This work presents the results from modelling
the kinetics of SCE of biomass from three aromatic
plants and industrial grape seeds, obtained directly
from a Portuguese industry without preliminary
treatment. The influence of the operating conditions
on the extraction yield was analysed for some of the
systems and reported.

To simulate the extraction Kkinetics, three
different models were used. The model equations
were integrated using gPROMS ModelBuilder and
the results were compared to previously reported
data. Models 1 and 2 are show to be adequate for the
aromatic plants investigated, with AARD values in
the range (3.3 — 10.7) %. However, they could not
simulate adequately the grape seeds kinetics, as
demonstrated by the large AARD obtained. For
model 3, the qualitative and quantitative agreement
between the experimental and simulated extraction
profiles in terms of yields for the grape seeds was
quite adequate taking into consideration the
complex nature of the systems examined. The good
fitting results also indicate that the model can be
successfully used in finely ground matrices where
the internal diffusion contribution to the extraction
phenomena is very small and, thus, negligible.
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In this study, an advanced green extraction technique applying supercritical CO, (scCO;) and scCO, with co-
solvent (esters, alcohols or hydroalcoholic solutions) is used to obtain value added compounds from the aerial (leaves
and seeds) and underground (roots) parts of Arctium lappa, commonly known as burdock. In order to increase the
yields multi-step scCO; extraction was also tested. Thus, the highest yield of 12.78 wt % for A. lappa leaves was
achieved by a six-step sequential scCO, extraction with ethanol as a co-solvent, for 4. lappa roots - 32.82 wt % by a
three-step sequential scCO, extraction with hydroalcoholic solution (methanol-water), while for the 4. lappa seeds -
19.02 wt % by using scCO, with ethanol as co-solvent. Finally, the effectiveness of the above techniques with that of a
conventional Soxhlet extraction with regard to yield was compared.

Keywords: Arctium lappa; supercritical CO, extraction; co-solvent; multi-step extraction.

INTRODUCTION

Presently, more and more people turn away from
modern medicine and look for solutions to their
health problems in traditional medicine and natural
products [1]. One such example is the Arctium lappa
plant, more commonly known as burdock. It is
native to the Eurasian region but due to its rapid
growth it has spread to other parts of the world such
as South America where it is considered an invasive
species [2]. Though not a very common dish in most
countries it is cultivated and regularly used in East
Asian cuisine [3-5], while in the UK, Dandelion and
burdock is a popular and widely consumed beverage.

The roots are the edible part of the plant,
however, it has been demonstrated that the seeds and
leaves contain compounds with antioxidant [6-10],
antibacterial [11,12] and anti-inflammatory
biological activities [13,14]. Hence, recently some
considerable effort has been invested into their
obtainment, characterization and applications [6,7,9-
17].

The aim of the present study is to examine the
capabilities of mild and green techniques that apply
a supercritical solvent without and with co-solvents
to obtain high value compounds from the different
parts of the burdock plant, which nowadays is treated
as a waste, with the view of its complete valorization
and in accordance to the principles of the circular
economy.

* To whom all correspondence should be sent:
E-mail: stefanmartinov(@yahoo.com

Gt {- //} e
Fig. 1. Arctium lappa [18]
MATERIALS AND METHODS
Sample preparation

The burdock seeds were supplied by a producer
from Ivaipord city, state of Parana, Brazil (GPS
location: 24°14°47.4”S 51°40°32.8” W), in 2018.
The material was dried, milled and separated using
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Tyler series sieves of different mesh size in a
mechanical shaker. The plant material used for all
experiments had particle size of (0.41 — 0.71) mm.

Soxhlet extraction

Soxhlet extraction was performed on all three
parts of the burdock plant — the seeds, leaves and
roots. All extractions were done in triplets and the
yields given below are the average yields. These
results served as references in our further
investigations. The yield of each extraction was
calculated according to:

Yield(%) _ mass of extract (g)

100 (1)

mass of sample
Supercritical fluid extraction

All supercritical fluid extractions (SFE) were
performed in two identical, home-made laboratory
extraction units at LACTA laboratory at UFPR —
Brazil (Fig. 2.).

The specifics of the SFE units are extensively
described in previous works of the research group
[19-25]. In summary, the extraction equipment used
consists of an extraction vessel equipped with
temperature-regulation jacked with internal volume
0f62.4 10°m* (2 =1.9 10° mand L = 22.0 10 m).
The pressure is controlled by a syringe pump and
monitored by a manometer, while the actual flow
rate of the dynamic extraction was controlled by a
needle valve (V5, Fig. 2.).

©

Extraction
chamber

Thermostatic

The extraction procedure involved: Firstly, the
sample was loaded within the vessel. In the
experiments with a co-solvent, the latter was mixed
with the sample before loading it into the extraction
vessel. Then, after each step of the sequential
extractions, the top of the extraction vessel was
opened and fresh co-solvent was introduced.

When the desired pressure of the syringe pump
was reached, the gas was introduced into the
extraction vessel. When pressure equilibrium was
attained, the static extraction started (60 minutes for
all experiments), after which the dynamic extraction
was performed by opening Valves 4 and 5 at a flow
rate of 2 ml min'. The extract was collected in glass
vials and weighed to determine the extraction yield.
In the cases when a co-solvent was used it was
evaporated before weighing the yield.

RESULTS AND DISCUSSIONS

On all samples firstly a conventional Soxhlet
extraction was applied. The results obtained served
as a reference for the consecutive yields comparison.
All experiments were performed in triplets and at a
fixed extraction time (360 minutes) with the
following solvents:

e |eaves — water;

e seeds — methanol, ethanol, ethyl acetate and
hexane;

e roots — methanol, ethanol, ethyl acetate,
hexane and water.

oT

.
)

Thermostatic

bath (heating)

Pressure bath (cooling)

® G

Pump

® 06

Gascontainer

Fig. 2. Schematic representation of the supercritical fluid extraction equipment used
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The extraction yield for the leaves was 33.58 wt
%, while the highest yields for the seeds and roots
were 40.88 wt % with ethanol and 35.44 wt % with
water, respectively. The second highest yield for the
roots was achieved applying methanol (21.76 wt %
—over 3 times higher than that with the third solvent,
ethanol). This result was used as a basis for further
scCO; extraction with a hydroalcoholic co-solvent
(methanol-water).

Extractions with scCO, followed and it was
demonstrated that for the seeds the average yield was
6.45 wt %. At the conditions applied, and because of
the low oil content in the leaves and roots,
supercritical CO, extraction seems to be unsuitable
for those materials, so scCO, extractions with ester,
alcoholic and hydroalcoholic co-solvents were
carried out, increasing thus the yields significantly.

The choice of the co-solvents was based on the
yields achieved applying the Soxhlet extractions and
were different for the different plant matrices.
Additionally for the leaves and the roots, sequential
scCO; extractions with a co-solvent were carried out
to determine the effects of a single-step and multi-
step extractions on the yield.

The co-solvents for the seeds were ethanol and
ethyl acetate at a co-solvent to sample mass ratio of
2:1 and yielded 19.02 wt % and 13.40 wt %,
respectively.

Methanol was used as a co-solvent for the
experiments with roots and the yield was 4.13 wt %
for the single-step extraction, and 5.65 wt % for the
three-step one, respectively.

For the leaves ethanol was used as a co-solvent
and the yield for the single-step extraction was 6.10
wt %, while that for the six-step sequential extraction

was 12.78 wt % (Fig. 3.).
14

12 *T1T1

[y
[=]
1

-]
1

Cumulative Yleld (%)

o T T T T T T T T T T T T
o 25 50 75 100 125 150
Extraction Total Time (min)
Fig. 3. Kinetic curves of a six-step sequential scCO,
extraction with ethanol as a co-solvent: step 1 - [1; step 2
-M;step3-A;stepd-@®;step5-;step 6 - k.

Additional extractions with a hydroalcoholic
solution were carried out for the roots and the leaves.
The yields obtained were 2.40 wt % for the roots
with methanol-water solution and 9.12 wt % for the
leaves with ethanol-water solution.

Due to the unexpected low yield for the roots, a
three-step sequential extraction was carried out with
the same solvent. The results obtained showed a
considerable increase in the yield - 1.37 wt % for the
first step, 20.22 wt % for the second step and 11.23
wt % for the third one, with a 32.82 wt % cumulative
yield.

We attribute this extremely low yield of the initial
step to difficulties for the solvent to penetrate and
break the cellular walls of the samples.

GC-MS analyses were performed for all burdock
roots extracts [23]. The major compounds found
were diisooctyl phthalate (DIOP) and 2,3-Dihydro-
3,5-dihydroxy-6-methyl-4H-pyran-4-one (DDMP),
glycerol, methyl oleate, butanoic acid and
pentadecanal.

For the A4. lappa leaves, the phytochemical
compounds profile obtained from thin layer
chromatography revealed the presence of lactones,
terpenoids, and esters in extracts [7]. Furthermore,
the DPPH and the phosphomolybdenum reduction
methods found high values of antioxidant activity in
the extracts, and a number of important phenolic
compounds like lupeol acetate, amyrin acetate,
diisooctyl phthalate and phytol were identified by
GC analysis [7].

CONCLUSIONS

The present work investigates the potential of
green techniques for extraction of value added
compounds from A. lappa leaves, seeds and roots as
alternatives to conventional extractions using large
quantities of organic solvent.

The highest yield obtained for the leaves — 12.78
wt % was achieved by a sequential scCO; extraction
with ethanol as co-solvent. For the seeds the highest
yield was obtained by scCO; with ethanol as a co-
solvent — 19.02 wt %, while for the roots a yield of
32.82 wt % was achieved applying scCO; with a
hydroalcoholic solution (methanol-water) in a three-
step sequential extraction.

These results prove that extraction with scCO,
plus co-solvents is a viable green alternative to
conventional extraction techniques, which allows
obtainment of high value substances with a wide
spectrum of applications. Furthermore, the
application of supercritical extractions processes
within a biorefinery will pave the way to valorization
of burdock — a plant that is considered an invasive
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weed in the majority of countries and is highly
underused at present.
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Traditional oil extraction involves organic solvents and represents both health and environmental concerns; besides,
the large spend of these solvents is costly. Thus, safer alternative methods of extractions arouse interest. Supercritical
fluid extraction (SFE), pressurized liquid extraction (PLE) and gas-expanded liquid (GXL) extraction can be applied to a
full range of matrices. This paper aimed to briefly discuss some aspects related to the oil extraction from different
biomasses using scCO; + organic solvents extraction technique in semi-batch scheme and highlight some kinetic and

thermodynamic aspects of this promising extraction strategy.

Key words: Biomass oil extraction, high-pressure, supercritical CO», co-solvent, GXL extraction.

INTRODUCTION

Application of organic solvents for liquid
extraction purposes brings risks to the environment
and public health. Therefore, alternative extraction
processes that might link high yield to economic
viability are of great interest. Recently, pressurized
liquid extraction (PLE), gas-expanded liquid (GXL)
extraction, and supercritical fluid extraction (SFE)
gained attention due to their green appeal. These
extraction methods have as main advantages the
elimination of large amounts of solvent, high
selectivity, and the facilitated separation between
solvent and solute. [1-3].

The SFE has been applied to several plant
matrices, reducing the need for downstream process
steps, by eliminating the solvent from the extracts,
and providing flexibility in process conditions with
the addition of different co-solvents to modulate
selectivity and yield [4,5]. In this matter,
supercritical carbon dioxide plays an important role
due to its mild critical point conditions, around 31
°C and 74 bar, furthermore, it is an inexpensive,
highly available, non-flammable, and non-toxic gas
[6]. Another extraction technique that arises interest
is the pressurized liquid extraction, in which higher
temperatures are achieved, elevating the solubility
of oils in the solvent and lowering the viscosity and
the surface tension, leading to shorter extraction
times and lower solvent spent compared to batch
extraction process [7].

Gas-expanded  liquid (GXL) extraction
represents a transition between the SFE and the
PLE. In this technique, a compressible gas is
blended into the extraction liquid, reducing mass
transfer effects by lowering the viscosity and

* To whom all correspondence should be sent:
E-mail: corazza@ufpr.br

increasing the density of the solvent. For safety and
economic reasons, it is usual to perform carbon
dioxide-expanded liquids (CXL) extraction
modulating the pressure and CO, amount to achieve
better solvation properties. In comparison with the
use of scCO,, the main advantage of CXL is related
to the possibility of applying lower pressure
operations and, when compared to PLE, the solvent
usage is reduced [8,9].

Oil extraction from spent coffee grounds was
investigated by Couto et al. [12] at various
conditions, between 40 and 55 °C, and 15 and 30
MPa. After 3h of extraction, the highest yield of
15.4 % was obtained at 25.0 MPa and 50 °C,
corresponding to 85 % of the total oil content of
spent coffee grounds. The use of 6.5 wt% ethanol in
scCO; extraction system reduced the extraction time
to roughly one third and diminished the solvent
usage to acquire a 12.9% extraction yield. Andrade
et al. [13] studied the extraction of spent coffee
grounds at 40, 50 and 60 °C and 10 to 30 MPa
during 2.5 h, and reported a maximum yield of 10.5
% with scCO- only, and 15 % in the presence of
ethanol as co-solvent at otherwise identical
conditions.

Extraction of rice bran lipids was performed by
Sparks et al. [14], using pressurized liquid propane
and supercritical carbon dioxide. The maximal yield
of oil achieved by them using scCO, was 0.222 kg
per kg of rice bran for conditions of 45°C and 35
MPa, and the maximal yield achieved with propane
was 0.224 kg per kg of rice bran at 0.76 MPa and
ambient temperature. These results correspond to
approximately 85% of the total oil content on the
raw material.

Soares et al. [15] compared the extraction of rice
bran oil using scCO; (at 40 to 80 °C and 150 to 250
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bar) and compressed liquefied petroleum gas (at 20
to 40 °C and 5 to 25 bar). Those authors found little
differences in yields between both methods. The
highest yield in scCO; was 12.62 wt%, at 40 °C ad
250 bar, whereas for PLE the highest yield was
12.07 wt%, at the same temperature and 25 bar.
Furthermore, the PLE extraction showed good
results in terms of solvent and time spent,
decreasing the solvent/feed mass by a factor of 30
and the extraction time by a factor of 15.

Recently, Araujo [10] investigated the CXL
extraction of oil from spent coffee grounds, and
Juchen et al. [11] reported a study concerning SFE
of rice bran lipids. Both applied a semi-batch
process approach that provided similar yields as the
traditional continuous process with lower solvent
consumption.

Despite the different studies conducted for oil
recovery from several raw materials, where the
extraction efficiency and technical feasibility are
demonstrated, the thermodynamic backgrounds and
the kinetic aspects of this process are still in need of
greater debate. Thus, this paper aims to present and
discuss some aspects related to the extraction
process using scCO; + organic solvents (ethanol
specifically) in a semi-batch extraction system. For
this purpose, two different study cases based on
previous results obtained in our research group are
used: spend coffee grounds [10] and rice bran [11]
oil extraction in a semi-batch process approach.

SEMI-BATCH METHODOLOGY OF
SUPERCRITICAL CO>+SOLVENT

A laboratory scale unit used for the semi-batch
extraction with scCO, + organic solvent (in the
present case, ethanol is used) mixtures is presented
in Figure 1. The experimental setup basically
consists of a jacketed extractor vessel with a
thermostatic bath for temperature control; a syringe
pump for CO; injection and pressure control during
the extraction; a needle valve for the flow control;
and pressure and temperature transducers and
indicators. Also, an extra thermostatic bath is used
for temperature control in the syringe pump jacket.
More details are about this extraction set up cab be
easily found in the literature [10,11,16].

A typical extraction run starts with loading the
raw material into the extraction vessel and, after that
adding the liquid co-solvent in a fixed co-solvent to
raw material mass ratio. After that, the vessel is
closed, the extraction temperature is set and CO; is
injected using the syringe pump up to the desired
pressure condition for the extraction. At this
moment, the first step of the extraction process
begins, named static extraction period. Usually, a
period of 10 min to 90 min (depending on the raw
material) is used. This static extraction step is
needed to ensure that the system has reach the
equilibrium conditions, in terms of solvent
percolation into the raw material, and both thermal
and mechanical stabilization. After this period, the
dynamic extraction step is started by opening the
flow control valve; then the compressed CO; pass
throughout the extraction bed containing the
sample, ethanol and CO, loaded into the extraction
vessel. Thus, it is essential to highlight that at the
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@ EXTRACTOR @
X Va - GAS
ks CYLINDER
-
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Fig. 1. Schematic diagram representing the laboratory scale unit used for semi-batch extraction using scCO, + ethanol

mixture as solvent for oil extraction from waste raw materials.

beginning of the dynamic extraction step the solvent
system is like a CXL and, after the ethanol is
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completely extracted from the vessel the process
shifts to a process with pure supercritical CO,-like
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extraction. Hence, because the amount of liquid
solvent (ethanol) in the extraction vessel is fixed
there is a switch of the solvent system during the
extraction.

DISCUSSION

In this section, two study cases are presented and
discussed in terms of the overall performance of
these extraction systems. The first case study is
related to spent coffee grounds as presented by
Aratijo [10], and the second one is related to the rice
bran oil extraction as presented by Juchen et al.
[11]. Both authors evaluated the effects of the main
process variables on oil extraction yield, such as
pressure, temperature, confinement time and
solvent to solids mass ratio. Also, both tested
sequential extraction procedures in their works as an
optimization strategy. After a brief presentation and
discussion of the overall extraction curves of these
two raw materials, some thermodynamic aspects
considering the phase behavior and density of CO»
+ ethanol mixture are presented in relation to the
conditions typically used in semi-batch scCO, +
ethanol extraction procedure.

Case 1 — Oil extraction from spent coffee grounds

Araujo (2019) [10] evaluated the extraction of
spent coffee grounds at 40 to 80 °C, 10 to 20 MPa,
using scCO, and ethanol as co-solvent in a semi-
batch GXL extraction. For comparative purposes,
the oil extraction schemes in PLE and SFE (with
scCO; only) were tested as well.

Figure 2 presents the overall extraction curves of
different temperature and pressure conditions using
an ethanol to biomass ratio of 2:1.

Figure 2 depicts little difference in the initial
extraction rates among the studied conditions. At
the same temperature, the lowest extraction pressure
was always faster reaching the equilibrium,
indicating that a highly packed bed may increase the
mass transfer resistance. At 80 °C, the maximum
yield at 10 MPa was almost four points percents
lower than at 20 MPa. This dramatic effect probably
happened due to a phase split of the solvent mixture
(see discussion in the next section), which is
coherent with the phase diagram further presented
in Figure 10.

With pure scCO,, the maximum extraction yield
was insignificant, suggesting that the oil inside
spent coffee grounds is scarcely available, and as
expected its solubility in pure CO, was very low.
However, as the ethanol to biomass ratio increases,
the maximum vyield tends to approach the one
acquired using pure ethanol in a continuous flow
scheme (PLE).
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Fig. 2. Experimental overall extraction curves obtained
by Aragjo (2019) [10] for spent coffee grounds oil
extraction with scCO,+EtOH at ethanol to biomass ratio
of 2:1.

Figure 3 depicts the kinetic curves reported by
Aratjo (2019) [10] at 60°C and 15 MPa with
different co-solvent to biomass ratio and this
revealed interesting trends from an optimization
point of view. The initial extraction rate is higher at
lower ethanol loadings, and the maximum yield is
higher at higher ethanol loadings. Thus, sequential
extractions using fresh ethanol injections can reduce
the extraction time and both solvent and co-solvent
consumptions to obtain the same final yield of a
semi-batch CXL extraction.
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Fig. 3. Experimental overall extraction curves
obtained by Araujo (2019) [10] for spent coffee grounds
oil extraction with scCO,+EtOH at different ethanol to
biomass ratios in comparison to SFE with scCO, and
PLE with ethanol.

Aratjo (2019) [10] also evaluated a sequential
extraction approach and the corresponding kinetic
extraction curves are shown in Figure 4, in which,
one can notice that the maximum yield obtained by
sequential extraction, with ethanol to biomass ratio
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of 0.5 to 1 is analog to the pure ethanol, and to the
one acquired by a regular extraction with ethanol to
biomass ratio of 2:1.
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Fig. 4. Experimental overall extraction curves
obtained by Araujo (2019) [10] for spent coffee grounds
oil with scCO,+EtOH at different ethanol to biomass
ratios in comparison to SFE with scCO; and continuous
PLE with ethanol, at 40 °C and 10 MPa. Comparison of
one step with sequential extraction processes.

Case Il — Oil extraction from rice bran

Juchen et al. (2019) [11] studied the oil
extraction from rice bran at the same temperature
and pressure conditions (40 to 80 °C and 10 to 20
MPa), comparing pure scCO; with scCO; + ethanol
as co-solvent in a semi-batch process, using ethanol
to biomass ratios between 0:1 and 2:1.

The effect of pressure on maximum yield was
positive, while the impact of increased extraction
temperatures was highly negative on both extraction
systems. By maintaining the temperature at 40 °C
and the ethanol to biomass ratio at 1:1, the
maximum yield increased from 16.26 % (10 MPa)
to 2548 % (20 MPa). On the other hand,
maintaining the same ethanol to biomass ratio and
the pressure at 10 MPa, the maximum yield
decreased from 16.26 % to 2.60 % when
temperature was increased from 40 to 80 °C. This
effect may have happened because up to 27 MPa,
the CO; density controls the extraction process,
while over 27 MPa the vapor pressure of the oil
components dominates the extraction process [17].

Figure 5 present the extraction kinetics obtained
at different ethanol to biomass ratios and PLE
extraction carried out continuously with pure
ethanol at the same conditions, while Figure 6
shows a sequential run with ethanol to biomass ratio
of 1:1. All the experiments were performed at 40 °C
and 20 MPa.
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Fig. 5. Experimental overaal extractions curves
obtained by Juchen et al. (2019) [11] for spent coffee
grounds oil extraction with scCO,+EtOH at different
ethanol to biomass ratios in comparison to SFE with
scCO» and continuous PLE with ethanol, at 40 °C and 20
MPa.
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Fig. 6. Experimental overall extraction curves
obtained by Juchen et al. (2019) [11] for rice bran oil
extraction with scCO, + EtOH at an ethanol to biomass
ratio 1:1 and 2:1 in comparison to continuous PLE with
ethanol, at 40 °C and 20 MPa. Comparison of one step
with sequential extraction processes.

Figure 5 exhibits that the pure scCO; extraction
was technically viable for lipid extraction from rice
bran due to its higher availability in comparison to
lipids from the spent coffee grounds. Also, the
addition of ethanol as co-solvent increased the
extraction rate. By contrast, Figure 6 demonstrates
that PLE and sequential extraction provided similar
results. However, the first spent 21.09 g EtOH/g
biomass and the second spent only 2.12 g EtOH/g
biomass.
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Some Thermodynamics Aspects

Since the thermodynamic behavior of the solvent
mixture plays a vital role in both SFE and CXL, it
is convenient to analyze the thermodynamic
diagrams in terms of pressure-composition and
density-composition at the operational conditions of
semi-batch CXL extraction processes. However, the
thermodynamic analysis essentially lays on the
reliability of thermodynamic the models. Cubic
equations of state are simple and computationally
efficient thermodynamic models that have been
used to predict the phase behavior of different
systems involving CO; and short chain alcohols and
esters [18-20], although it is well known that these
models do not properly represent the volumetric
properties of the liquid phase (for mixtures or pure
compounds). On the other hand, the Cubic Plus
Association (CPA) equation of state [21], which
keeps the physical parts of a cubic equation of state
and adds the association term of Statistical
Association Fluid Theory (SAFT) as proposed by
Chapman et al. [22] providing a better tool for
predicting both phase equilibria and density of
associating mixtures without demanding high
computational cost when compared to original
SAFT-EoS. Thus, in this work the Peng-Robinson
equation of state (PR-EoS) was compared to CPA
for predicting both phase behavior and density of
CO; + ethanol mixtures (the system of interest for
the study cases presented here).

Figure 7 depicts pressure-composition diagrams
for CO, + ethanol at two different temperatures.
Figure 8 and Figure 9 show density-composition
diagrams for the same mixture. For all these
analyses, values predicted by PR-EoS and CPA-
EoS were compared to the experimental data.

All diagrams calculated via PR-EoS considered
the binary interaction parameters adjusted and
presented by Araujo et al. [23]. The pure
components parameters of CPA EoS used in this
work were: ethanol (ap = 7.3110 bar.L>.mol?, by =
0.0479 L.mol!, co = 0.9200, with one positive and
one negative association site: &% = 207.64
bar.L.mol"! and B** = 0.0160) and CO» (ap = 3.5256
bar.L>.mol?, by = 0.0271 L.mol!, co = 0.7119,
considered with two negative sites). Thus, CO, was
considered non-self-associating but it able to make
a cross association with ethanol due to the hydrogen
bonds.
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Fig. .7. Pressure-composition diagram for CO,(1) +
ethanol(2) at 313 K (red circle) and 343 K (black square).
Comparison between (A) PR-EoS (k;> = 0.065, I;; = -
0.045) and (B) CPA (k;2 = 0.035, [;2 = -0.085, cross-
association parameters: €% = 47/2 and p4® = B, where
Ai represents the association site of self-associating
compound) predictions and experimental values [24].

Figures 8 and 9 present the evolution of the
mixture density when the CO; fraction increases
and make clear that, even though both evaluated
EoS were equivalent to reproduce the phase
equilibrium data for density predictions the CPA-
EoS showed to be more suitable for the studied
system, as expected. It is also possible to notice that,
at all evaluated conditions, there is a region that the
mixture becomes denser than the pure ethanol as the
CO; fraction increases. This occurs owing to the
capacity of the liquid of comporting the gas phase.
At higher CO, fractions, however, the mixture
density tends to the density of the pure CO,.
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Fig. 8. Density-composition diagram for CO»(1) +
ethanol(2) at 308 K and different pressures. Comparison
between (A) PR-EoS (k;2 = 0.065, ;> = -0.045) and (B)
CPA (kiz = 0.035, I;; = -0.085, cross-association
parameters: €4% = ¢4/2 and B*® = B4 where Ai
represents the association site of self-associating
compound) predictions and experimental values (Refl.
[25]). Pure ethanol and CO; were obtained from (Ref. 3
[26,27]) and (Ref. 2 [28]), respectively.

Finally, in Figure 10, one can notice the
extraction pathway going from the most
concentrated in ethanol condition to the condition
where there is only CO; (right side). At lower
pressures, below 150 bar, may occur phase partition
of the mixture, which is undesirable to extraction
processes due to additional mass transfer resistance
among phases and the reduced particle contact with
one of the solvents since the vapor phase is high
concentrated in CO». Also, the vapor phase density
is much lesser dense than the liquid phase and
presenting much lower solvent power when
compared to the respective liquid phase in
equilibrium. Therefore, the knowledge of phase
envelops of the mixtures supercritical CO; plus the
organic solvent used for semi-batch extraction at
high pressure conditions is an important issue and it
must be considered for setting the operational
conditions for this technique.
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CONCLUSION

This study highlighted and discussed some
kinetic and thermodynamic aspects of results
previously reported by the Research Group through
a semi-batch GXL extraction strategy of rice bran
and spent coffee grounds oil. Even though the
matrices presented different structural
characteristics, with the rice bran oil much more
available than the spent coffee grounds oil, the
semi-batch GXL extraction was shown as a
promising extraction process, primarily when
sequential  extractions are performed. The
thermodynamic behavior of the solvent mixture was
debated at different extraction conditions, and some
trends observed on the kinetic curves could be
justified and predicted through this type of analysis.
Additionally, it was demonstrated that CPA-EoS
has a better prediction capacity for the density of the
studied systems than the PR-EoS.
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Avocado (Persea americana) seeds of the cultivar Hass, cultivated in Brazil and Mexico, were study for extraction
purposes, in order to determine the amount and the composition of valuable extracts. The avocado seeds, which represent
about 23 % of fruit weight, have even higher antioxidant activity than its pulp. This study carried out the extraction of
seed oil by using two extraction techniques: Soxhlet liquid-solvent extraction and supercritical fluid extraction (SFE).
Soxhlet extraction (for a period of 6 hours) involved three solvents: hexane, ethanol and ethyl acetate. Ethanol presented
the highest extraction yield, for both particle sizes studied and for both seed types (Mexican and Brazilian), being the
highest yield of 10.3 + 0.3 % for the smaller particles, referring to the Brazilian seeds. This result indicated that the
seed’s extract might be high on content for polar components. The SFE was performed using supercritical carbon
dioxide (scCO,) as a solvent and after some preliminary experiments, ethanol revealed to be the best cosolvent.
The highest extraction yield (for particle size between 0.42 and 0.60 mm) was 6.9 % for the conditions of 80 °C, 25
MPa and a mass ratio of 1.5:1 (referring once again to the Brazilian seed). Comparing both methods, Soxhlet

reached higher yield, although it implies a greater energy, time and solvent consumption than SFE.

Key words: Avocado seed, Supercritical fluid extraction, Soxhlet extraction, yield, ethanol

INTRODUCTION

The transformation of waste biomass into
valuable materials and/or energy is emerging as a
powerful trend due to the depletion of natural
resources, increased greenhouse emissions and
awareness of the need for sustainable development
in terms of safe reuse of waste and biomass [1].

A substantial quantity of biological waste (such
as fruit’s peels and seeds) is produced due to
significant consumption and industrial processing of
the edible components of the plants. One of the most
useful strategies is to recover bioactive compounds,
particularly phenolic compounds, making complete
use of them in the food, pharmaceutical and
cosmetics industries [1]. In this study, the waste
biomass was Hass avocado’s seeds from Mexico and
Brazil, as only the avocado pulp is used for
commercial purposes, while its peels and seeds are
discarded. Avocado’s seeds are known for its high
content of phenolic compounds and high antioxidant
capacity, as well as for being rich in essential fatty
acids such as linoleic and linolenic acid, which are
beneficial to human cardiovascular health [2].

Most biomass waste is a complicated and
variable molecular combination, and separation is
the main problem. Moreover, usually some of the
bio-waste and the separating materials are solid,
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therefore, organic solvents are often involved in
separation. In order to make bio-based chemical
production self-sustainable, these solvents must also
be bio-based and cannot be obtained from crude oil
in the long term [1]. For that, it is essential to reduce
extraction methods that recur to organic solvents like
Soxhlet extraction. So, a more environment-friendly
method is the Supercritical Fluid Extraction (SFE),
in which carbon dioxide (CO,) acts as a non-toxical
and non-flammable solvent. Supercritical CO;
(scCO;) is regarded as the most common
supercritical fluid due to the moderately critical
temperature and pressure (31.1°C and 7.