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Introduction

The use of supercritical fluids has emerged in different fields. Supercritical fluid
technologies to precipitate target compounds offer several advantages over con-
ventional ones, such as low energy requirements, low thermal and chemical
degradation of products, and the production of solvent-free particles with narrow
size distributions. Microparticles and nanoparticles can be formed directly from
substance solutions in a single-step supercritical fluid process based on its use as an
antisolvent. This could be an excellent alternative since milling, grinding, and
crushing process can lead to contamination of the product, batch variation,
downstream processing difficulties, degradation of heat-sensitive materials during
grinding, chemical degradation due to exposure to the atmosphere, long processing
times, and high energy consumption. Thus, this book provides deep insights into
the fundamentals, applications, and perspectives of the supercritical antisolvent
(SAS) precipitation, and correlated processes.

Chapter 1, entitled “A Detailed Design and Construction of a Supercritical
Antisolvent Precipitation Equipment,” presents the key procedures on the building
of SAS precipitation equipment, besides the evaluation of the parts' acquisition
costs, and the stages of construction along with the importance of each component
in the equipment. An equipment design was presented as a result of the current
work that serve as a basis for consulting future works on the development of new
SAS precipitation equipment.

Chapter 2, entitled “Effect of Process Conditions on the Morphological
Characteristics of Particles Obtained by Supercritical Antisolvent Precipitation,”
presents experimental results regarding the validation of the supercritical particle
formation equipment, designed and constructed by our research group, which was
described in Chap. 3. It was validated using supercritical CO2 as an antisolvent and
Ibuprofen sodium salt as substance. Ethanol was used as solvent, and the effect
of the operating conditions on the precipitation yield, residual organic solvent
content, and particle morphology was evaluated using a split-plot experimental
design and the analysis of variance (ANOVA) method.

Chapter 3, entitled “Recent Developments in Particle Formation with
Supercritical Fluid Extraction of Emulsions Process for Encapsulation,” discusses

v



another variant of the SAS precipitation process called Supercritical Fluid
Extraction of Emulsions (SFEE). SFEE is a strategy to process natural target
compounds, because it is suitable to encapsulate poorly water-soluble drugs in an
aqueous suspension, providing products with controlled particle size and increased
shelf life. The rapid extraction of organic solvent favored by SFEE causes super-
saturation of dispersed organic phase, which favors the precipitation of target
compounds encapsulated by the polymers and surfactants. Recent reviewed data
(2016 to 2018) on the feasibility of SFEE to encapsulate compounds of great
interest to the food and non-food industry were provided in this chapter.

The Chap. 4, entitled “Precipitation of Particles Using Combined High
Turbulence Extraction Assisted by Ultrasound and Supercritical Antisolvent
Fractionation” proposes for the first time the use of combined High Turbulence
Extraction Assisted by Ultrasound (HTEAU) and Supercritical Antisolvent
Fractionation (SAF) of semi-defatted annatto seeds (model raw material plant) on
the possibility to obtain particles with enhanced bixin and total phenolic content.
The HTEAU combines two types of commercial equipments and technologies. The
first is the ULTRA-TURRAX® rotor–stator technology, which produces high
turbulence in the plant material bed by high extracting solvent circulation flow rate
(until 2000 cm3/min), and the second is ultrasound technology, which is recognized
to improve the extraction rate by the increasing the mass transfer and possible
rupture of cell wall due the formation of microcavities. The SAF produces particles
with increased composition of target compounds, by the removal of solvent from
the actives solution with the use of supercritical carbon dioxide as antisolvent.

Extending the new proposed designs of SAS precipitation-based process,
Chap. 5, entitled “Supercritical Fluid Extraction of Emulsion Obtained by
Ultrasound Emulsification Assisted by Nitrogen Hydrostatic Pressure Using Novel
Biosurfactant,” shows experimental results regarding the process that we named
Ultrasound Emulsification Assisted by Nitrogen Hydrostatic Pressure (UEANHP),
during the emulsification preparation step of the Supercritical Fluid Extraction of
Emulsions (SFEE) process, one of the options of the SAS precipitation-based
process. Thus in this work, first it was evaluated the influence of hydrostatic
pressure levels (up to 10 bars applying nitrogen), oily phase type, and surfactant
type was evaluated. In addition, the effect of an alternative biosurfactant based on
saponin-rich extract obtained from Brazilian Ginseng (Pfaffia glomerata) roots
using hot pressurized water as extracting solvent was also evaluated to further
processing of this emulsion by Supercritical Fluid Extraction of Emulsions (SFEE)
process, using an oily bixin-rich extract from annatto seeds (Bixa orellana L.) as
core material (extracting solution from pressurized hot ethyl acetate extraction).

Finally, Chap. 6, entitled “Economical Effects of Supercritical Antisolvent
Precipitation Process Conditions,” presents simulation results regarding of the
effects of several operational parameters (pressure, temperature, CO2 flow rate,
solution flow rate, injector type, and concentration of solute in the ethanol solution)
during supercritical antisolvent (SAS) precipitation process on the energy con-
sumption cost per unit of manufactured product. For this study, Ibuprofen sodium
salt, as in Chap. 3, was used as a model solute and CO2 was used as antisolvent.
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Focusing on energy saving, an SAS precipitation process was simulated using the
SuperPro Designer simulation platform. The effect of temperature versus concen-
tration of ethanolic solution and pressure versus solution flow rate interactions on
the energy consumption cost per unit of manufactured product was demonstrated.
Thus, the present work reports a systematic energetic-economic study of the
supercritical antisolvent micronization process, aiming to increase knowledge about
this process and its further incorporation by the food and pharmaceutical industries.
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Chapter 1
A Detailed Design and Construction
of a Supercritical Antisolvent
Precipitation Equipment

1.1 Introduction

Some groups of compounds with polar trends do not show good solvation in the
supercritical CO2. In these cases it is common to use a cosolvent extractor which
generates a final extract in solution that needs to be evaporated to obtain the pure
extract. The Supercritical Anti-Solvent (SAS) technique promotes the evaporation
of this solvent and allows the production of a solid extract that can be predominantly
micro or nanoparticulate [1, 2].

Particle formation processes via SAS are developed in both commercial
and home-made equipment. Two examples of commercial equipment are from
Thar Technologies, a product that can develop the SEDS (Solution Enhanced Dis-
persion by Supercritical Fluids) process, a subtype of the SAS process [3]. Prior to
this change in commercial equipment, some researchers who have purchased equip-
ment for the development of conventional SAS via processes made the change in
their laboratories [4]. Basically the modification occurs at the inlet of the CO2 tub-
ing through the insertion of a “T” connection which allows the solution containing
the active substance to be micronized or encapsulated coaxially to the supercritical
CO2. Another example of equipment that develops the SAS process is the ExtrateX
company that markets a multipurpose equipment that can develop the Extraction,
RESS, SAS, PGSS (in option) [5].

Recently some research groups have been dedicated to assembling equipment
to develop the most diverse processes involving supercritical fluid. Assembling an
equipment that works with supercritical fluid without proper planning may result in
poorly functional equipment. This chapter provides information on how to assemble
a SAS equipment in order to indicate the steps to follow as well as the necessary
parts.
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1.2 Materials and Methods

The assembly of the unit was divided into two topics: (1) Structural part of the units;
(2) Equipment and materials. In the first topic, as the equipment and materials of
both units are practically the same, a general description was firstly reported, and
at the end detail information about each unit was presented. Special emphasis was
given in this report to the description of the operating procedures of the innovative
multipurpose unit for the development of the various processes that it can operate.

1.2.1 Unit Structure

The structural part of the units was assembled with a 45 × 45 mm aluminum profile
(CBA—CompanhiaBrasileira de Alumínio—SP), which has a groove on the four
sides, where by means of angle metals and screws one can be able to fix one profiled
bar to another. Another option would be the use of 30 × 30 mm profiling (PerfilArt
Machining Bizuti, São Paulo-Brazil) that have good mechanical strength and occupy
less space in the internal part of the structure [6]. This type of material facilitated
the assembly, since it dispensed any type of weld or holes, requiring only fittings
the parts in proper proportions. This structure (Fig. 1.1) could be assembled in the
Laboratory itself without the need of a specialized workshop. Four castors, two fixed
and two swivel castors were used to allow easy movement of the units.

Fig. 1.1 SAS unit structure
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All components of the units were installed in the structural part through nuts and
bolts called “hammer head” because one of its ends is rectangular in shape. The bolt
is placed on the side of the profiled groove and when it is tightened with the nut,
the bolt turns in the groove of the section, blocking in the internal part where it is
fixed. With this system we can make any modification of structures as well as their
components very easily.

In addition to the profiles (15 m), we used 40 angle metals, 150 bolts and nuts,
10 lids of profiles for the finishing, an aluminum plate of 100 × 71 × 3 cm that was
cut into a larger plate for the base of the structure and smaller plates components.

1.2.2 Equipment and Materials

• Carbon dioxide reservoir

Carbon dioxide supplied (Gama Gases Especiais, Campinas-SP) was used in cylin-
ders with a capacity of 31 kg at a pressure of 6 MPa at 298 K, provided with a fish
tube for the collection of the liquid phase of carbon dioxide, which is at the bottom,
with purity (99.5%).

• In-line filters

Sintered stainless steel 5 micron ¼ inch filters (SWAGELOK–USA) were used at the
inlets of the units to retain the dirt particles that remain at the bottom of the carbon
dioxide reservoir, as any impurity can block the micrometer valve and the pneumatic
pump heads causing their cavitation.

• Manometers

We used standard gauges (Bourdom type Record of 150 mm in diameter, São Paulo-
SP), with a stainless steel body with a scale of 0–100 bar and 0–500 bar with an
approximate accuracy of 0.5%.Used tomeasure initial pressure of the carbon dioxide
cylinder and work at different points in the units. These gauges are periodically
checked by the Technology Center—CT in Certified Laboratory of Metrology of
UNICAMP.

• CO2 Pneumatic Pump

A pneumatic pump (Maximator mod PP 111-VE MBR, Germany) was used in the
units. This pump allows to raise the CO2 tank pressure ranging from 70 bar depend-
ing on ambient temperature to up to 600 Bar and is controlled by a valve (TESCON
CORPORATION, USA) with operating capacity up to 690 psi depending on com-
pressed air pressure enters the pump. For the operation of this pump, a dental air
compressor (Schuz mod. MS 3/30, São Paulo-SP) was used, which does not use oil.
After the passage through the coil, the CO2 is fed into the pneumatic pump being
pressurized. The pumpisshown in Fig. 1.2.
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Fig. 1.2 Booster used for CO2 pressurization in the units

In addition, a coil was mounted on the pump head according to Fig. 1.3. The
constant movement of the piston can promote the heating of the pump head due
to the friction between the parts which can consequently result in cavitation of the
pump damaging the process. With the use of the coil in the head of the pump there
is a greater guarantee of efficiency of the stage of CO2 pumping [7].

• Thermocouples

A Type j Thermocouple with PT-100 sensor (Robert Shaw, mod. T4WN with five
channels, USA) was used to measure the temperature at various points of the units.
The sourcesusedwere 1/8 inchstainlesssteel.

Fig. 1.3 Pump head cooling system
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• Valves

Valves were used to control the flow and pressure of the units, such as:

(1) Blocking valves, exclusively to block the flow.
(2) micrometric, exclusively to control the flow. It can not be used to block, which

can cause the valve to break.
(3) Pressure regulator type Back Pressure, Used exclusively for the maintenance

of pressure in the line that comes before its application, it is not a flow control
valve or blocker.

(4) anti-return valve used to prevent reverse flow of the fluid. The pump used con-
tains two non-return valves which act simultaneously to promote raising the
system pressure after the pump without allowing the return of the pumped fluid.

(5) safety, used to release the pressure in case the system exceeds the stipulated
safety pressure.

• Blockingvalves

High pressure valves 748 bar (Autoclave Engineers, Model 10V2071 15000 psi,
USA) 1/8 inch were used which allow the opening and closing of fluids to be directed
by the system as shown in Fig. 1.4.

• MicrometringValves

1/8 inch micrometer valves (Autoclave Engineers, Model 10VRMM 11000PSI,
USA) were used in the units. When they are opened they allow the passage of
the CO2, occurring an expansion of the CO2 causing the temperature decrease due
to the Joule-Thomson effect. In this way the valves need to be heated preventing

Fig. 1.4 Main valves and piping of the SAS equipment
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Fig. 1.5 Valves, pipes and connections used in the unit

them from freezing. Heating of the micrometric valves is controlled by a tempera-
ture controller (Cole-Parmer, Dyna-Sense, Thermoregulator Control SystemsModel
EW-02156-40, Vernon, Illinois), which has two control outputs as shown in Fig. 1.4
[8].

• Pressure control valve (Back pressure)

We use Back Pressure Control Valves (TESCOM Model 2617-6-1-2-2-065, USA)
with a capacity of up to 690 Bar. These valves were installed at the outlet of the
pneumatic pumps (booster, shown in Fig. 1.5) where it operates together to control
the working pressure of the units.

• Non-returnValve

Non-return valves (Swagelok series CW4BW4) were used in the units, preventing a
greater pressure produced by the pump to return it. Themaintenance process pressure
contributes to a higher reproducibility of data collection. The equipment thus oper-
ating by recycling excess CO2 to the line prior to CO2 cooling allows the pump via
the compressed air controller to be set at the beginning of the process together with
the back pressure valve and to work until the end of the process without subsequent
adjustments as long as the CO2 supply is not interrupted.

• Safety valve

A 1/8-inch stainless steel valve (SWAGELOK, series R3A, USA) has been used
which has a pressure relief ring controlled by an internal spring. The valve is supplied
with a kit of springs of different colors and each color corresponds to a relief pressure.
In these units, green colored springs were used, corresponding to the relief pressure
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of 450 Bar. Passing from this pressure the valve opens by relieving carbon dioxide,
protecting the system.

• Pipes

Seamless 316 stainless steel pipes that withstand working pressures of up to 80 MPa
were purchased from DETROIT Metalúrgica in diameters of 1/4, 1/8 and 1/16 inch
for assembly of units (Fig. 1.3). Through these pipes we drive the flow through the
units. We chose to use 1/4 pipe for CO2 feed, 1/8 for system circulation and 1/16 for
micrometer valve outlet.

• Connections

Connectors, T connectors, elbows, male connectors for thermocouples, connectors
for pressure gauges and coupling, all in 316 stainless steel, were selected from the
High-Seal line (Metalúrgica DETROIT, Jundiaí-SP) (Fig. 1.3). These connections
are of high resistance to the pressure, temperature, allowing good sealing and easiness
in the assembly and maintenance of the units.

• Thermostatic baths

To ensure that CO2 is liquefied prior to going to the pneumatic pump, and to avoid its
cavitation,MARCONI baths (mod.Ma-184, Piracicaba-SP)with external circulation
were purchased to maintain cooling and condensation at—Carbon dioxide and cool
the pumphead [9]. To maintain the thermal exchange of carbon dioxide prior to
pressurizing, a 6 m long coil was constructed with a seamless 316 stainless steel tube
having a 1 mm thick 1/8 inch wall. This serpentine was built in the laboratory by

Fig. 1.6 Thermostatic bath
and coil units
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manually wrapping the tube over a piece of 75mmPVC pipe used as a mold. In order
to avoid having to construct an external heat exchanger, we install the coil inside the
thermostatic bath tub, where it is submerged in a cooling solution composed of 60%
water and 40% ethylene glycol, as shown in Fig. 1.6.

• Heatingbath

MARCONI heating baths (mod. MA—116/BO/E, Piracicaba, SP) were used for the
previous heating of the CO2 before its entrance into the pressure vessels. Inside this
bath was placed another 1/8 in. Stainless steel coil. of diameter and 3 m in length,
constructed in the same way for the thermostatic bath, in order to guarantee the same
process temperature. In this way we avoid a CO2 temperature difference that exits
at −10 °C to a temperature between 40 and 60 °C that commonly has to enter the
pressure vessels [10].

1.3 Results and Discussion

The constructed SAS unit can be used in public and private laboratories of research
centers, universities and industries for teaching, research and development of pro-
cesses and products. SAS enables precipitation unit at ambient conditions or chosen
pressure and temperature or by SAS (Supercritical Fluid Anti-Solvent) among other
processes.

In the processes of extraction, formation of particles, among others, generally
environmentally friendly solvents are employed, such as carbon dioxide, water or
ethanol, but this unit enables the use of other solvents, such as isopropanol, among
others.

The unit includes fixed and mobile components, and the mobile components were
built for easy maintenance and/or adaptation as the need for a new process.

The fixed components are: a pneumatic pump, a “Back Pressure regulator valve”,
an HPLC pump, 2 baths being, one for heating and the other for cooling some unit
components, 4 manometers and 1 thermocouple for pressure and temperature mea-
surement, respectively, at different points in the system, two different sized platforms
constructed for the mobile components to be incorporated, 7 blocking valves and a
micrometric valve with electric heating system to avoid freezing and line clogging
due to the Joule-Thomsom effect, 1 (for the smaller pressure vessel), 2 temperature
controllers (one for the micrometric valve heating system and one for the jacket), a
flowmeter and a flow totalizer.

And the movable components are: 1 pressure vessel of 6.57 mL (approximately
2 cm in diameter and 4.5 cm in height) with inlet and outlet at its ends, and an
ultrasonic bath; 1500 mL pressure vessel (approx. 6.5 cm in diameter and 17 cm
high) with jacketed flat bottom (allows operating temperatures of −10 to 90 °C by
having two coils—one for cooling fluid in the cooling bath and another for water
from the heating bath) with 3 holes at its upper end which, for example, now acts
as a separator in the extraction process, enabling the fractionation of the obtained
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Fig. 1.7 Photo of the SAS
unit

extract to function, or as a precipitation chamber in the process of particle formation
via RESS and SAS, and different accessories containing small fragments of pipes
previously built to enable an easy and fast rearrangement of the lines of the unit to
carry out the different processes. More information on the procedures to be adopted
to carry out the processes that the unit can develop, as well as flowcharts/schemes of
each process are presented in the following section.

In a traditional chemical plant consisting of pipes, pumps, valves, filters, pressure
vessels, etc. these elements are arranged in a predefined arrangement and any modi-
fications desired to the plant necessitate the insertion or withdrawal of pipes, pumps,
valves, etc.

In order to perform other processes which may also be carried out in the SAS unit
(Fig. 1.7), such as reaction, impregnation, adsorption, particle coating using pres-
surized fluids, among others, it is necessary to choose which of the accessories and
which of the two pressure vessels, orwhether both of them,will be used. For example,
for the development of extractions, only the smaller pressure vessel, together with
the electric heating system and the accessories that allow the joining of the moving
parts with the fixed parts, must be used.

Basically, the SAS unit can be divided into 4 parts:

Part 1—CO2 feed. This part of the unit consists of pneumatic pump, a “Back
Pressure regulator valve”, 1 cooling bath, pipes and blocking valves. CO2 is pressur-
ized to high pressures. To this end, the solvent is first cooled by passage through an
immersed coil (6 m extension) in the thermostatic bath used for cooling and thereby
liquefying the solvent in order to be pumped/pressurized by the pneumatic pump
[11].
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Part 2—Liquid solvent feed. This part of the unit consists of HPLC pump, tubing
and blocking valves. The liquid solvent (H2O, organic solvents) is pressurized to high
pressures using an HPLC pump.

Part 3—Development of processes with pressurized fluid. This part of the
unit is composed of 1 pressure vessels, heating bath, cooling bath, electric heating
system type jacket (for the 500 mL pressure vessel), pipes, blocking valves and
micrometring valve with heating system. The equipment uses the pressurized fluid
[pure or a mixture (solvent+ cosolvent)] for particle formation during a certain time.

Part 4—Measurement of process parameters. This part of the unit is composed
of a temperature gauge (1 thermocouple) and pressure (4 gauges), temperature con-
trollers (one for the micrometric valve heating system and another for the jacket), a
flowmeter and a flow totalizer. The measurement of the parameters: process temper-
ature and pressure, CO2 flow and liquid solvent flow rate are continuously measured
during the development of the process [12].

1.3.1 SAS Unit Operation Procedure

The following paragraphes describes the operating procedures of the SAS unit for
particle formation using supercritical fluid anti-Solvent (SAS) fluids. To facilitate
understanding of how the SAS unit operates a general flowchart is presented below.
In this flowchart all the components that make up the unit are designed. It is noticed
that part of the components are connected to others, and part not. The parts that are
not connected (e.g. BL, V-5, V-6, V-7, etc.) were designed in this way, since they
can be connected in different ways to enable the development of different processes,
through the use of some accessories. Already the parts that are connected (example:
V-1, FL, M-1, VC, etc.) will always remain as they are for the development of all
processes.

In the flowcharts of the processes that the unit develops, it has been adopted that the
unconnected parts will be connected to their proper places to enable the development
of the desired process through the use of a thick dashed line. In addition, a list of
components thatwill not beusedduring thedevelopment of eachprocess ismentioned
to avoid mistakes on the part of the operator, as well as images of how the unit should
be to develop the SAS process [13].

If the aim is to: (i) form smaller sized non-encapsulated particles, prepare a homo-
geneous solution containing the material to be micronized in an organic solvent; (ii)
forming encapsulated particles, preparing a homogeneous solution containing the
material to be encapsulated together with an encapsulating material (biopolymer,
cyclodextrin, etc.) in an organic solvent.

(1) Turn on the cooling bath (BR) and set it to operate at −10 °C;
(2) Turn on the heating bath (BA) and program it to operate at the desired temper-

ature;
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(3) Connect the T-tubing to the central orifice of the precipitation chamber (VP-2)
and its branches on the V-5 valve and the BL pump;

(4) Connect the VP-2 piping between the side (left) hole of the precipitation cham-
ber (VP-2) and the V-6 valve;

(5) Prepare and insert a filter paper cartridge (10 µm) into the end of the VP-
2 tubing (inside the precipitation chamber) to prevent a loss of drag of the
particles formed in the precipitation chamber;

(6) Connect the VM/1 tubing to the cap of a sealed vial (50 or 100 mL) of known
mass immersed in an ice bath;

(7) Also, connect the RT piping to the collector vial cap;
(8) Check that the valves V-1, V-2, V-5, V-6 and VM are closed;
(9) Open the CO2 cylinder valve and valve V-1 slowly so that the pressure gauge

M-1 pointer rises smoothly;
(10) Carry out pressurizing of CO2 by opening the VC (Compressor Valve) and V-

BPR (Back Pressure Regulator) valve, controlling the pressure increase (Mea-
surement through the M-2 manometer);

(11) Seal the precipitation chamber (VP-2), connecting the thermocouple and
manometer M-4 to the VP-2 vessel;

(12) When CO2 pressure is reached, open valve V-5 to pressurize the precipitation
chamber (VP-2);

(13) Turn on the controller of the micrometric valve heating system (CAVM) and
program them to operate at a temperature that prevents freezing of the outlet
line (this temperature depends on the CO2 flow rate, and can vary between 343
and 393 K);

(14) When the pressure and temperature of the system are stabilized, open the valves
V-6 and VM carefully until the desired flow is reached (Measurement through
the rotor);

(15) Stabilize the desired flow, connect the liquid pump (BL) and program it to
feed the precipitation chamber with the solution previously prepared at the
desired flow rate, by the internal capillary of the coaxial system (supercritical
CO2 passes externally) (Depending on the pressure The flow rate should be a
little higher than the desired flow rate—using a test tube to check if there is a
correspondence between the programmed flow value and the actual flow rate,
correcting it when necessary);

(16) After the pre-set particle formation time, turn off the BL pump to stop feeding
the solution;

(17) For a certain time (from 20min to 1 h), continue to feed the expansion chamber
only with supercritical CO2 at the same flow to eliminate the residual solvent
in the formed particles;

(18) After the residual organic solvent has been removed, turn off the BR bath, the
BA bath and the CAVM heating controller and close the valves V-5, V-1 and
VC;

(19) Depressurizing the VP-2 vessel using the same flow rate used in the process
of particle formation and elimination of the residual solvent so as not to cause
a loss by drag of the particles formed in the precipitation chamber;
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(20) Unseal the precipitation chamber (VP-2), collect, weigh and store the particles
formed in freezer at the temperature equal to or less than zero for further
analysis.

NOTE: When a complex mixture, such as methanolic and ethanolic extracts, is
used instead of a pure substance, the process is called SAE. Therefore, for the
development of the SAE process, one should follow exactly the same procedure as
described.

– SAS/SAE unit flowchart [13]

Components of Fig. 1.8 are not to be considered for SAS unit mounting: V-7—
Blocking Valve; V-BR-1, V-BR-2—Refrigeration Bath Valves (Control of Refriger-
ant Fluid Circulation).

The position of the pressure vessel connections are shown in Fig. 1.9.
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Fig. 1.8 SAS/SAE unit flowchart

Fig. 1.9 Details of the internal and external parts of the SAS unit pressure vessel
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The estimated quantities and prices of the parts and materials to be used were
calculated and can be seen in Table 1.1. The cooling and heating baths with the
precipitation column and the pump correspond to 49% of the assembly cost of the
SAS equipment.

Table 1.1 Estimation of the cost of assembly of a SAS equipment in Brazil [6]

Product name Qty Price Total (USD)

Precipitation cell system 500 mLa 1 1541 1541

Heatingvalve 1 157.23 157.23

Aluminumplate (m2) 1 30.5 30.5

Aluminum profile 6 m 2.5 11.32 28.3

Angle 40 1.57 62.8

Square nut and screws 150 0.68 102

Endcap 10 0.79 7.9

Swivelcaster 4 6.92 27.68

Manometera 4 341.19 1364.76

Safetyvalve 1 237.23 237.23

Temperatureindicator 1 190.25 190.25

Termocouple 1 20.35 20.35

Flowmeter 1 336.48 336.48

Flowtotalizer 1 40.88 40.88

Tubing 1/8′′ (6 m) 3 89.62 268.86

FerruleandConnector 1/8′′ 1 549 549

CO2filter 1 96.38 96.38

Blocking valve 7 165.17 1156.19

Micrometeringvalve 1 466.53 466.53

Back pressurevalve 1 1550.33 1550.33

Air pressureregulator 1 100.94 100.94

Air-driven CO2 pump 1 1861.64 1861.64

Heating bath 1 1532.84 1532.84

Cooling bath 1 1691.82 1691.82

Insulation tube Ø–1/8′′ (m) 1 1.83 1.83

Insulation sheets 0.6 24.45 14.67

Insulation tube Ø–22 mm 5 0.94 4.7

Silicone hose connector and adaptor 4 8 32

Silicone hose (5 m) 1 22.17 22.17

Total 13,497.26

aCalculated cost
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1.4 Conclusions

The designed SAS equipment in this chapter allows the development of several
processes using different liquid extracts that were particulate in a solid powder com-
posed of the bioactivematerials of the original rawmaterial. The assembly of low-cost
Home-made SAS equipment can be replicated in other laboratories or even consulted
by other researchers to make adaptations in home-made or commercial equipment.
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Chapter 2
Effect of Process Conditions
on the Morphological Characteristics
of Particles Obtained by Supercritical
Antisolvent Precipitation

2.1 Introduction

The use of supercritical fluids has gained importance in pharmaceutical fields.
Supercritical fluid technologies for precipitating pharmaceutical substances offer
several advantages over conventional ones, such as low energy requirements, low
thermal and chemical degradation of products and the production of solvent-free
particles with narrow particle size distributions [1]. Microparticles and nanoparti-
cles can be formed directly from drug solutions in a single step supercritical fluid
process. This could be an excellent process alternative since milling, grinding, and
crushing process can lead to contamination of the product, batch variation, down-
streamprocessingdifficulties, degradationof heat sensitivematerials duringgrinding,
chemical degradation due to exposure to the atmosphere, long processing times and
high energy consumption [2].

Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) widely used to treat
pain, inflammation and fever [3]. The low solubility of ibuprofen in aqueous media
(<1 mg mL−1) limits the dissolution and absorption rates into the organism. This
limitation can be overcome by the use of ibuprofen sodium salt, which can be easily
dissolved in aqueousmedia to provide faster and greater pain relief [4].Micronization
procedures canmodify particle size, porosity, and density, and the drugmay bemixed
with pharmaceutical excipients using small-particle technologies to maximize the
delivery of the drug to the desired target during the drug administration [5].

Theoretically, a number of parameters have simultaneous effects on SAS process.
Application of an experimental design approach is the most effective way to identify
the most significant parameters and their interactions, and to achieve a competent
result by few experimental trials [6]. Even though many parameters can influence
the SAS process, some of them might not have effect on it at statistically significant
levels.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2019
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The present work reports a systematic experimental study for micronization pro-
cess using ibuprofen sodium salt as a model substance to validate the experimental
equipment designed and constructed by our research group for particle formation
with supercritical technology using supercritical CO2 as an antisolvent. The SAS
process was used to re-crystallize the ibuprofen sodium salt from ethanol solutions.
In this context, the objective of this work was to identify which operating parameters
(pressure, temperature, CO2 flow rate, solution flow rate, injector type and concentra-
tion of ibuprofen sodium in the ethanol solution) have statistical significant effects on
the precipitation yield, residual organic solvent content and particle morphology in
order to obtain a better understanding of this alternative process aiming at industrial
applications.

2.2 Materials and Methods

2.2.1 Materials

Ibuprofen sodium salt (BCBC9914 V, India) was purchased from Sigma-Aldrich and
used as a model substance in the precipitation experiments. Ethanol (Dinâmica®,
52,990, Diadema, Brazil), with a minimum purity of 99.5%, was used to prepare the
ibuprofen sodium solutions. CO2 (99% purity, Gama Gases Especiais, Campinas,
Brazil) was used as the antisolvent in the SAS process.

2.2.2 Experimental Procedure

A schematic diagram of the constructed experimental setup to perform the SAS
precipitation experiments on a laboratory scale is shown in Fig. 2.1. The procedure
was performed as follows: The CO2 from the cylinder was cooled to −10 °C using a
thermostatic bath (Marconi, MA-184, Piracicaba, Brazil) to ensure that liquid CO2

is being pumped by the air driven pump (Maximator, M111 CO2, Germany) in a
500 mL AISI 316 stainless steel precipitation vessel with a 6.8 cm inner diameter.
The precipitation vessel was fitted with an electric heating jacket and an AISI316
stain less steel porous filter (screen size of 2 µm) fixed at the bottom of the vessel,
which was used to collect the precipitated particles.

Once the desired conditions of pressure, temperature and CO2 flow rate were
achieved and remained stable, the ethanolic solution, which contains ibuprofen
sodium, was introduced into the vessel by a high pressure pump (Jasco, PU-2080,
Japan), which allows a maximumworking solution flow rate of 10 mLmin−1. A vol-
ume of 43 mL was injected into the precipitation vessel, and 10 mL of pure ethanol
was then pumped to clean the tubes. Depending on the solution flow rate used, the
time allowed for precipitation was 43 or 86 min.
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Fig. 2.1 Schematic diagramof theSASapparatus. 1CO2 Cylinder; 2CO2 Filter; 3BlockingValves;
4 Manometers; 5 Thermostatic bath; 6 Air driven pump; 7 Heating bath; 8 Solution (solute/solvent)
reservoir; 9 High pressure pump; 10 Injector; 11 Thermocouple; 12 Temperature controllers; 13
Precipitation vessel (Operation conditions: 10 and 12 MPa; 313 and 323 K); 14 Filter; 15 Line
filter; 16Micrometric valve with a heating system; 17 Glass flask; 18 Glass float rotameter; 19 Flow
totalizer

In this work, two different injectors were used to mix CO2 and the solution at
the inlet of the precipitation vessel: (i) a home-made coaxial nozzle, which consists
of a stainless steel tube with an inner diameter of 1/16 in (i.d. 177.8 mm) for the
solution, placed inside a 1/8 in stainless steel tube for the CO2; (ii) a commercial 1/8
in stainless steel T-fitting. The injectors were placed at the top of the precipitation
vessel. Figure 2.1 also shows schematic diagrams of the two injectors.

When the ethanolic solution and CO2 were mixed, the ethanol was quickly solu-
bilized by the supercritical CO2, and this fluid mixture (CO2 plus ethanol) exited the
vessel and flowed to a glass flask (100 mL) connected to a micrometric valve. This
valve wasmaintained at 393K to avoid the freezing and blockage of the outlet caused
by the Joule–Thompson effect of the expanding CO2. Ethanol was deposited in the
glass flask, and the gaseous CO2 was discharged to the atmosphere. The temperature
and pressure were measured with instruments directly connected to the precipitation
vessel with accuracies of ±2 K and ±0.2 MPa, respectively. The CO2 flow rate was
measured using a glass float rotameter (ABB, 16/286A/2,Warminster, USA) coupled
with a flow totalizer (LAO, G0,6, Osasco, Brazil).

After the injection of pure ethanol, the high pressure pump was stopped and only
CO2 was pumped, using a minimum of 300 g of CO2 to ensure that all remaining
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traces of ethanol present in the precipitation vessel were removed before depressur-
ization. Subsequently, the air driven pump was stopped, the precipitation vessel was
slowly depressurized to atmospheric pressure by manually opening the valves and
the particles were retained inside the precipitation vessel by a porous filter fixed at
the bottom of the vessel and another placed at the vessel outlet (AISI316 stain less
steel porous line filter (Hoke, 6321G2Y, United States), porosity of 2µm). The parti-
cles were carefully collected and stored at ambient temperature in a glass desiccator
protected from light until subsequent analysis.

Sample Preparation
If the goal is: (i) Micronization, solubilise the solute in an organic solvent at the
concentrations desired; (ii) Encapsulation: solubilise the solute and the wall material
(e.g., biopolymer, ciclodextrin) in an organic solvent at the concentrations desired.
Make sure there is no precipitation. If necessary keep in ultrasonic treatment and/or
use the centrifuge for eliminating the precipitate.

1. Turn on the thermostatic bath and setup the temperature of −10 °C. Wait the
temperature achieves −10 °C to start;

2. Turn on the heating bath and setup temperature of work;
3. Turn on the high pressure pump and setup the solution flow rate of work;
4. Turn on the temperature controller and set up the temperature of work;
5. Prepare the precipitation vessel by placing the ring in the bottom and upper

parts of the vessel. Insert the AISI 316 stainless steel porous filter at the bottom
of the vessel. Close the bottom and upper parts;

6. Connect the inlet and outlet tubes to the precipitation vessel;
7. Connect the tubes to the glass flask;
8. Check if all blocking valves are closed;
9. Open the CO2 cylinder;
10. Pressurize the precipitation vessel using the air driven pump until the pressure

of work;
11. Check for leaking in the system;
12. Turn on the heating system of the micrometric valve and setup a temperature

between 70 and 120 °C, depending on CO2 flow rate used, to avoid freezing;
13. When the pressure and temperature of work remain stable, open the outlet

valve until the desired CO2 flow rate be achieved e remain stable (Read from
the rotameter);

14. Run the high pressure pump during the desired time;
15. Stop the high pressure pump;
16. Keep CO2 flow rate during an adequate time to eliminate residual solvent;
17. Turn off the temperature controller, thermostatic and heating bath and close all

valves;
18. Depressurize slowly the system;
19. When no more pressure inside the vessel, disconnect all connections, remove

and open the precipitation vessel and collect the formed particles.
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A conventional solvent evaporation (CSE) process of ibuprofen sodium process
was also used as a reference process to compare it with the SAS process. Two
ethanolic solutions were prepared at 0.02 and 0.04 g mL−1 and the ethanol was
evaporated using a rotary evaporator (Tecnal, TE-211, Piracicaba, Brazil) with a
vacuum control of 200 mmHg and thermostatic bath at 313 K. The ibuprofen sodium
precipitates were collected from the precipitation vessel (50 mL glass flask) and
stored at ambient temperature in a glass desiccator protected from light. In previous
studies the CSE method has been used to produce microparticles of various solids
(e.g. phospholipids complex of puerarin; felopidine).

2.2.3 Experiment Design and Statistical Analysis

Fractional factorial designs are widely used in industrial experiments. Completely
Randomized Design (CRD) is usually used in this situation where the treatments are
completely randomized to the experimental units. In this work, an experiment with
5 factors, each at two levels, was conducted. However, it is very difficult to change
the levels for the factor “type of injector” and a CRD would eventually require a
modification of the apparatus after each experimental run. Due to time constraint
and to avoid leaks, the factor “type of injector” was considered as a hard-to-change
parameter. In this case, a fractional factorial split-plot design represents a practical
design option and the experimental runs were done accordingly to this method. A
discussion about this experimental design technique can be found in Box, Hunter
and Hunter [7].

In the split-plot design, the hard-to-change factor is called whole-plot and the
easy-to-change factors sub-plots. First the whole-plot factor is randomized and in
the sequence the sub-plots are randomized within the whole plot. While holding
the level of the factor “type of injector” fixed, all of the level combinations of the
remaining factors are randomized in a random order was run.

The injection type (T-fitting and coaxial nozzle) was applied to the whole-plots
with two replications and a 25–2 fractional factorial while considering the tempera-
ture (313 and 323 K), pressure (10 and 12MPa), concentration of ethanolic solutions
(0.02 and 0.04 g mL−1), CO2 flow rate (500 and 800 g h−1) and solution flow rate
(0.5 e 1.0 mL min−1) applied to the sub-plots, which totaled 32 experimental units.
Treatments were deemed to be statistically significant for p-value <0.05 (95% confi-
dence level). Statistical analysis was conducted with MINITAB Statistical Software
(Minitab Inc., State College, Pennsylvania). The data from different experiments
were compared for statistical significance by analysis of variance (ANOVA).
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2.2.4 Analysis and Characterization

2.2.4.1 Determination of Residual Organic Solvent

Gas chromatography (GC) was used to determine the residual amount of ethanol in
the particles. The residual solvent was analyzed on a Shimadzu gas chromatograph
(GC-17-A, Kyoto, Japan) equipped with flame ionization detection (FID) system.
Approximately 30 mg of sample was dissolved in 1 mL of toluene with the aid of
an ultrasonic bath (Unique, Max Clean 1400, 40 Hz, Indaiatuba, Brazil). Sample
solutions (1 µL) were introduced by direct injection on a Zebron ZB-5 capillary
column from Phenomenex (30 m × 0.25 mm and 0.25 µm). The other conditions
were: injection temperature of 493 K; detector temperature of 513 K; helium flow
rate of 28 mL min−1 and split ratio of 1:20. Helium served as the carrier gas, and
the analysis was performed using an oven temperature of 313 K with a ramp of
20 Kmin−1 until a temperature of 453 Kwas reached. The data were quantified using
a calibration curve thatwas constructed bymeasuring different known concentrations
of ethanol in toluene.

The chromatography profile of the standard solution containing ethanol and
toluene showed an ethanol peak at a retention time of 2.04 min. The resultant
linear relationship between peak area (y) and ethanol concentration (x) was y =
32,719 x – 1030, R2 = 0.9998.

2.2.4.2 Determination of Morphology

The morphology of ibuprofen sodium particles was examined by scanning electron
microscopy (SEM; LEO Electron Microscopy/Oxford, Leo 440i, Cambridge, Eng-
land) with an energy dispersive X-ray analyzer (LEO Electron Microscopy/Oxford,
6070, Cambridge, England). The samples were coated with a thin layer of gold in
a Polaron sputter coater (VG Microtech, SC7620, Uckfield, England) and examined
using a SEM at 20 kV accelerating voltage and 100 pA beam current. A coarse mea-
surement of the particle size was done over the micrographs from the SEM analysis.

2.3 Results and Discussion

The effect of the temperature, pressure, CO2 flow rate, solution flow rate, concentra-
tion of the ethanolic solution and type of injector on the characteristics of ibuprofen
sodium particles obtained via SAS was investigated. The range of the experimental
conditions adopted in this work was based on information from the literature [8]
and preliminary tests. Table 2.1 shows the experimental conditions used for the SAS
experiments randomized by the split-plot experimental design.
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The experiments were performed using typical conditions for SAS. The pressure
and temperature values were chosen in order to operate the process above the critical
point of the ethanol and CO2 mixture, which was located at approximately 8.5 MPa
at 313 K [9]. Martín, Scholle, Mattea, Meterc and Cocero [8] did not obtain a dry
ibuprofen sodium powder at subcritical conditions because the formation of particles
is controlled by the fluid mechanics and the kinetics of evaporation of the solvent
under these conditions, and the time available inside the precipitation vessel was
not sufficiently long to completely evaporate the solvent in their study. The opera-
tion above or below the mixture critical point results in different particle formation
mechanisms in the SAS. Su, Lo and Lien [10] observed that when operating above
the critical point, no droplet formation and fast mass transfer after solution injection
favored the production of smaller fluticasone propionate particles.

The choice of the solution and CO2 flow rates was related to the difficulties
in producing a dry powder. Preliminary tests showed that obtaining a dry powder
was not possible at higher solution flow rates and lower CO2 flow rates. Under
these conditions, the mass of CO2 used was not sufficient to completely eliminate
the organic solvent and precipitate the ibuprofen sodium. On the other hand, CO2

flow rates higher than 1000 g h−1 resulted in a higher ibuprofen sodium loss in the
downstream separator. Thus, moderate CO2 and solution flow rates of 500–800 g h−1

and 0.5–1.0 mL min−1, respectively, were adopted in this study.

2.3.1 Influence of the Operating Conditions
on the Precipitation Yield

Table 2.1 presents the precipitation yields obtained from each experiment. The pre-
cipitation yield ranged from 14.72 to 72.58% depending on the operating conditions
used in the SAS process. A precipitation yield of 100% was obtained using the con-
ventional solvent evaporation (CSE)method. The lower yield of the SAS experiments
can be attributed to the loss of individual particles through the filters. The individual
particle size was approximately 1 µm, which is smaller than the filter pore size of
2 µm. Thus, only agglomerates could be retained. Furthermore, slower precipitation
kinetics can lead to a loss of ibuprofen sodium in the downstream separator. These
reasons were also responsible for the low yield achieved by Visentin’s group study
[11] for the precipitation and encapsulation of rosemary antioxidants by SAS. Using
a filter with a smaller pore size may result in a greater precipitation yield. However,
such a filter may also become clogged more easily. A satisfactory yield above 85%
was obtained by Su, Lo and Lien [10] in the micronization of fluticasone propionate
using dichloromethane as the solvent, and a lower yield, of about 70% was obtained
when particle adhesion on the surface of the spiral jet mill occurred.

SAS formulations of oxeglitazar with various solubilizing excipients were precip-
itated using six different organic solvents byMajerik and his group [12]. The obtained
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precipitation yield varied between 28 and 91%. The authors observed that precipi-
tation from non-chlorinated solvents resulted in low precipitation yield suggesting
that these solvents act as cosolvent and increase the solubility of processed pharma-
ceutical ingredients in the supercritical phase. This phenomenon was considered by
the authors as the main source of loss in precipitation yield using supercritical fluid
antisolvents and must be considered in this work, since ethanol, a non-chlorinated
solvent was used.

The data from different experiments were compared for statistical significance by
analysis of variance (ANOVA). The p-values for the precipitation yield are given in
Table 2.2. According to these values, only CO2 flow rate significantly influenced the
precipitation yield (p-value<0.05). Table 2.3 shows that the precipitation of ibuprofen
sodium salt at CO2 flow rate of 800 g h−1 gave a significantly higher precipitation
yield compared to precipitation at 500 g h−1. For the interpretation of this result, it
must be taken into account that an increase in the CO2 flow rate leads to a lower
contact time between CO2 and the solute. As a result, a higher precipitation yield
was achieved by means of the lower amount of dissolved solute in the supercritical
CO2 and of the less dragged solute. Moreover, the higher CO2 flow rate enhanced the
turbulence, due to the increase in theReynolds number [13], which resulted in a better
mixing between the solvents contributing to the precipitation process. Imsanguan,
Pongamphai, Douglas, Teppaitoon and Douglas [14] observed the same influence of
CO2 flow rate in the precipitation yield of andrographolide fromA. paniculata extract
using SAS process. The authors reported that CO2 flow rate affects the kinetic energy
of supercritical CO2 and the composition of the fluid phase. It is noteworthy that a
maximum precipitation yield is intended and CO2 flow rate of 800 g h−1 achieved
optimum results, and preliminary studies showed that further increasing leads to a
higher loss of the ibuprofen sodium in the downstream separator.

Table 2.2 P-values obtained statistically for precipitation yield and residual solvent content

Parameter Precipitation yield Residual solvent content

Injector 0.070 0.255

Temperature 0.599 0.834

Pressure 0.867 0.558

CO2 flow rate 0.009 0.162

Solution flow rate 0.386 0.483

Concentration of ethanolic solution 0.943 0.693

Table 2.3 Influence of statistically significant parameters on precipitation yield (%)

CO2 flow rate (g h−1) Precipitation yield (%)a

500 25.69 ± 6.90

800 40.86 ± 16.36

aMean ± standard deviation
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As can be observed at Table 2.3, the variability in precipitation yield was observed
with higher CO2 flow rate. The increase of the deviations can be related to an unstable
deposition of the particles on the filter allowing the exit of them.

2.3.2 Influence of Operating Conditions on Residual Organic
Solvent Content in the Micronized Particles

The results presented in Table 2.1 show a low residual organic solvent content in the
ibuprofen sodium precipitated by SAS. The residual ethanol content in the ibupro-
fen sodium particles was below 55 mg kg−1 in all SAS experiments, while the
ibuprofen sodium particles precipitated by CSE was 2.5 times higher, approximately
140 mg kg−1. These concentrations are lower than the suggested value of the Inter-
nal Conference on Harmonization (ICH) guideline Q3C (Impurities: Guideline for
Residual Solvents), which for ethanol is 5000 mg kg−1 [15]. Also, the ethanol con-
centrations in the particles are significantly different, indicating that the SAS process
has technical advantages to obtain solvent-free products. Majerik, Charbit, Badens,
Horváth, Szokonya, Bosc and Teillaud [12] also demonstrated that SAS reduces
residual solvent content more efficiently than CSE. The authors observed that the
residual dicloromethane content and in the solid dispersions of oxeglitazar in PVP
K17 (polyvinilpyrrolidone) obtained by CSEwas 1.4 higher than the one obtained by
SAS, and the solid dispersions of oxeglitazar in poloxamer 407 (polyoxyethylene-
polyoxypropylene block copolymer) was 1.6 higher.

Similar results were obtained by Adami, Reverchon, Järvenpää and Huopalahti
[16].At certain experimental conditions, it was reported the production ofmicronized
nalmefene HCl via SAS with a residual organic solvent content of 2 mg kg−1. In a
study byKim, Lee, Park,Woo andHwang [17], GC analysis revealed that the residual
solvent (dichloromethane) content in the precipitated cilostazol via SAS was below
50 mg kg−1, indicating that the solvent removal during SAS, depends not only on
volatility of the solvent but also on other factors, such as the operating conditions
and the SAS apparatus.

Depending on the operating conditions, the residual organic solvent could be
reduced below to 4 mg kg−1. The statistical analysis showed that all the evaluated
operating parameters did not influence the residual solvent content in the studied
range (Table 2.2). On the other hand, an interesting behavior was observed: the
experiments that resulted in the best precipitation yield also showed low residual
solvent content (using a T-fitting; at high CO2 flow rate).



28 2 Effect of Process Conditions on the Morphological …

2.3.3 Influence of Operating Conditions on Morphology

The effect of different process parameters on the morphology of ibuprofen sodium
particles obtained with the SAS process was studied. Figure 2.2 shows a scanning
electron microscopy (SEM) picture of unprocessed ibuprofen sodium. The unpro-
cessed ibuprofen sodium consisted of typical agglomerated sheet-like particles [8]
with particle sizes of approximately 30µm. Themorphology obtained in each exper-
iment is presented in Table 2.1.

Ibuprofen sodium particles were successfully micronized with a SAS process.
Figure 2.3 shows the SEM pictures of the particles obtained from various experi-
ments listed in Table 2.1. The particles of ibuprofen have a trend to develop agglom-
erates after the SAS process, as shown in Fig. 2.3. A coarse measurement of the
agglomerates was done from the micrographs of the SEM analysis. For example,
Exp. 20 shows agglomerate of ≈5 µm of diameter and Exp. 8 show a bulk set of
agglomerates. The measurement was not possible for all the micrographs due to the
lack of visible limit between agglomerate.

The particle morphology depended on the experimental conditions and included
sheet-(Ex. Experiment 20), flake-(Ex. Experiment 6) and needle- (Ex. Experiment
16) like morphologies (Fig. 2.3). According to Reverchon, Caputo and De Marco
[18], the particle morphology can be affected by many process parameters, such as
the temperature, pressure, solution concentration and antisolvent to solution flow rate
ratio. Moreover, the process arrangement and the apparatus can also heavily influ-
ence the product properties. In most experiments, needle-like particles of micron-
to submicron size were obtained, but these particles were highly agglomerated and
formed star-shaped aggregates. Nevertheless, appropriate operating conditions have
been shown to generate particles that were approximately 1 µm in size. Bakhbakhi,
Alfadul and Ajbar [19] obtained submicron-sized ibuprofen sodium particles with a
needle-like morphology by SAS, which corroborates our findings.

Fig. 2.2 SEM image of unprocessed ibuprofen sodium particles with magnification of 1000 (a) and
3000 (b)
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Fig. 2.3 a–h SEM images of ibuprofen sodium particles obtained by SAS process
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Thedifferentmorphology among agglomerates fromSASandCSEprocessmaybe
trigger for a different molecular structure of the ibuprofen. Previous studies showed
that ibuprofen is a polymorphic drug [8] indicating that different conditions of pres-
sure, temperature and solvent can induce a more stable molecular structure. There-
fore, the produced agglomerate can present different physico-chemical properties.
These characterizations are beyond the goal of this study, but future research is
encouraged to understand the influence of the different molecular structure of the
ibuprofen on SAS.

The influence of the CO2 and solution flow rate can be explained by Martín,
Scholle, Mattea, Meterc and Cocero [8]. According to the authors, when the ratio
CO2/solution flow rate is reduced, the solute solubility is increased in the fluid due
to the cosolvent effect of the organic solvent, which promotes slower nucleation
kinetics that produces fewer particles with bigger sizes.

The cosolvent effect is well known in supercritical extraction processing and has
been used to improve the solubility of otherwise difficult to solubilize compounds by
altering the polarity of CO2 [20]. On the other hand, the results of this work showed
that higher CO2/solution flow ratios resulted in particles with a sheet morphology
that were significantly less agglomerated but bigger than the flake- and needle- like
particles. This effect is particularly noticeable in the results of experiments 6, 21 and
25, which operated at CO2/solution flow ratio of 34 and produced large sheet-like
particles with a particle size of approximately 5 µm. Though not predominant, a
sheet-like morphology was produced in experiments 8, 9, 12 and 29 (operated at
CO2/solution flow ratio of 21), as demonstrated in Fig. 2.3c. Experiments 5, 10 and
16 produced smaller particles with a needle-like morphology.

Under supercritical conditions, the density of CO2 is influenced by pressure and
temperature and plays an important role for mass transfer between organic solvents
and CO2 during particle formation [17]. The SEM images indicated that the density
of CO2 can alter the particle size because it alters the mass-transfer characteristics of
the process. Smaller particles were obtained using CO2 at a density of 587 kg m−3.
Density data for CO2 was taken from NIST [21] according to the pressure and
temperature used.

The ability to alter the sizes and morphology of drug particles is important to their
formulation and administration. Pathak, Meziani, Desai and Sun [22] applied Rapid
Expansion of a Supercritical Solution into a Liquid Solvent (RESOLV) to produce
exclusively nanoscale ibuprofen particles in aqueous suspension using polymers as
stabilization agent. The authors concluded that the experimental conditions and the
selection of stabilization agent in RESOLV are used to alter the sizes andmorphology
of the nanosized drug particles.

Ibuprofen sodium was also micronized using a conventional process, which was
used as a reference process to compare with the SAS process. The SEM images
of ibuprofen sodium particles obtained by conventional solvent extraction (CSE)
are presented in Fig. 2.4. The ibuprofen sodium morphology did not change after
precipitation; sheet-like particles were produced using CSE. However, the ibuprofen
sodium particles obtained by CSE were 3 times bigger than those of the unprocessed
ibuprofen sodium. The CSE method involves multi-stage processing to reduce the
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Fig. 2.4 SEM images of ibuprofen sodium particles obtained by CSE using concentrations of
ethanolic solution of a 0.02 e b 0.04 g mL−1

particle size and is always time-consuming. The solid obtained by Li, Yang, Chen,
Chen and Chan [23] using CSE was collected and desiccated in a vacuum oven at
323 K, then pulverized and finally passed through a 180-mm sieve and Won, Kim,
Lee, Park and Hwang [24] produced solid dispersions of felodipine by CSE and
pulverized the product using a mill to reduce the particle size.

2.3.4 Selecting Appropriate Conditions

In the SAS equipment used in this work, our findings indicated that to produce
ibrupofen sodium salt particles with a low residual solvent and high precipitation
yield, the process must operate at CO2 flow rate of 800 g h−1, solution flow rate of
1 mL min−1 and concentration of ethanolic solution of 0.04 g mL−1, which exper-
iment 32 yields satisfactory results for all these response variables. However, flake
and needle-like particles were obtained at this condition (Fig. 2.3h).

The particle morphology has been shown to affect the flow properties and tablet-
ing performance. Small particles with an adequate morphology could improve the
bioavailability. Historically, compounds that exhibit a needle-like crystalline shape
have showed poor flow properties, and ibuprofen is not any exception to this obser-
vation. Sheet-like particles show improved flow and tableting properties compared to
needle-like particles [25]. Homogeneous sheet-like micronized particles were pro-
duced at experiment 6 (Fig. 2.3b),with also low residual solvent content (4.7mgkg−1)
and high precipitation yield (70%).
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2.4 Conclusions

Ibuprofen sodium salt was successfully micronized by SAS using experimental
equipment designed and constructed by our research group. When the ethanolic
solution comes into contact with supercritical CO2, both are expanded, inducing
phase separation and supersaturation of the ibuprofen sodium in supercritical CO2,
leading to its nucleation and precipitation. The influence of the operating param-
eter during ibuprofen sodium salt SAS micronization was investigated in deep by
means of experimental design and proper statistical analysis. The CO2 flow rate
influenced the precipitation yield at statistically significant levels meanwhile none
operating parameters did influence the residual solvent content in the micronized
particles. Selecting appropriate process conditions (using the T-fitting at a tempera-
ture of 313 K, pressure of 10 MPa, CO2 flow rate of 800 g h−1, solution flow rate
of 0.5 mL min−1 and ethanol solution concentration of 0.02 g mL−1) has shown
to facilitate the production of homogeneous sheet-like microparticles of ibuprofen
particles, the best for tableting purposes, with low residual solvent (4.7 mg kg−1)
and high precipitation yield (70%).
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Chapter 3
Precipitation of Particles Using
Combined High Turbulence Extraction
Assisted by Ultrasound and Supercritical
Antisolvent Fractionation

3.1 Introduction

Annatto (Bixa Orellana L.) seeds contain the carotenoids bixin, norbixin, and
norbixinate [1]. Annatto preparations are used to impart distinctive flavor and color
to foods and are a primary colorant in dairy foods such as cheese and butter [2].

The lipid-rich fraction of annatto contains a large amount of δ-tocotrienol, which
can also be effective in the prevention of lipid peroxidation; probably, the tocotrienols
combined with bixin act synergistically to protect the unsaturated lipids from oxi-
dation [3]. In addition to the presence of carotenoids and tocotrienols, annatto seed
extracts also contain phenolic compounds, namely hypoletin as the major compound
and a caffeoyl acid derivative as the minor derivative [4].

Industrial processes of annatto pigment extraction commonly use alkaline solu-
tions of sodium hydroxide and potassium hydroxide. In the industrial process, bixin
pigment reactswith the basic solution,modifying its structure to norbixin [5]. Besides
of this, traditional methods to extract colorants are time-consuming and require rel-
atively large quantities of solvents [6].

Ultrasound-Assisted Extraction (UAE) is a recent and versatile process employed
as complement methods to extract bioactive compounds with the aid of acoustic
energy and solvents to extract bioactive compounds from plant matrices [7].

Recently our research group developed a novel selective extraction method to
produce active solutions with from the semi-defatted seeds of annatto entitled and
High Turbulence Extraction Assisted by Ultrasound (HTEAU). The HTEAU process
combines the use of two types of commercial equipments and technologies. The first
is Ultra-turrax® rotor-stator technology, which produces high turbulence in the plant
material bed by high extracting solvent circulation flow rate (until 2000 cm3/min) and
the second is ultrasound technology, which is recognized to improve the extraction
rate by the increasing the mass transfer and possible rupture of cell wall due the
formation of microcavities [8].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2019
D. T. Santos et al., Supercritical Antisolvent Precipitation Process,
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Supercritical FluidExtraction [9] andSupercriticalAntisolvent FractionationSAF
[10] are clean and efficient alternatives to fractionate target compounds from plant
extracts.

The versatility of supercritical fluids in green technology has led to inno-
vative approaches for the design of micro- and nanoparticles [11]. Numerous
techniques have been developed for particle formation, encapsulation, impregna-
tion, and drying using supercritical carbon dioxide (SC-CO2), demonstrating the
flexibility in such technologies while offering advantages in terms of the control of
particle size, size distribution and morphology that cannot be matched by conven-
tional technologies [12].

In this context, we combined HTEAU-SAF to obtain particles from a bioactives
solution (BS) produced with annatto extracts to provide a value-added product with
enhanced purity in carotenoid bixin and phenolic compounds that serves for appli-
cation in food and non-food industries.

3.2 Materials and Methods

3.2.1 Raw Material

The semi-defatted seeds of annatto, variety Piave were purchased from Estação dos
Grãos Ltda. (São Paulo, Brazil).

3.2.2 Experimental

3.2.2.1 Supercritical Fluid Extraction

The process for semi-defatting the seeds was performed in the SFE pilot unit (Thar
Technologies, SFE-2× 5LF-2FMC, Pittsburgh, USA), using CO2 (99% pure, White
Martins, Brazil). The following conditions were 313 K, 20 MPa, CO2 flow of
200 g/min, and solvent to feed ratio(S/F) of 11.

3.2.2.2 High Turbulence Extraction Assisted by Ultrasound

Bioactives solution (BS) composed of annatto extracts and ethanol (Synth, lot
180675, Diadema, SP) were obtained from high turbulence extraction assisted by
ultrasound (HTEAU). The HTEAU equipment consisted of an Ultra-turrax® (Ultra-
turrax®, DijkstraVereenigde, IKA® mag LAB®, NJ Lelystad, Holland) extraction
equipment (Fig. 3.1) combined with ultrasound equipment (Unique, Indaiatuba,
Brazil).
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Fig. 3.1 Ultra-turrax® equipment. Available from IKA [13]

In Ultra-turrax® 2000 mL/min was used as solvent flow and rotational velocity
of 26,000 min−1. The equipment consisted of two continuous mixing, which is by
recirculation plus the rotor speed or only by the speed of the rotor (in this study the
first option was used).

In Fig. 3.1, letter (a) outlines the Ultra-turrax® equipment in the integral config-
uration, letter (b) represents the dispersion apparatus, letter (c) is the Micro-Plant
module with its interior configuration in letter (d). The letter (e) represents the stator
and rotor and in letter (f) the velocity profile is drawn in the axial and radial direction
through which the SA flows. The BS was obtained with the equipment shown in
Fig. 3.5. The Ultrasound was applied, by inserting the tip of this equipment into the
Ultra-turrax® vessel.
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Initially, the semi-defatted annatto seedswereweighed using an analytical balance
(Sartorius GMBH, model A200S, ±0.0001 g, Gottingen, Germany) inside baskets
of 7 cm diameter × 10 cm in length, made of polyester 150 wires per cm2 (Silk
Screen Brasil, Campinas, SP). The mass of the ethanol was also weighed, resulting
in solvent to feed (S/F) ratios of 7.8, 3.9 and 1.6, respectively.

3.2.2.3 Supercritical Antisolvent Fractionation

A schematic diagram of the equipment used to perform the SAS precipitation exper-
iments is shown in Fig. 3.2. In the CO2 cylinder (1) exit, the SAF apparatus config-
uration recommends the use of a cooling bath (5) in order to control the temperature
of CO2 at the moment it is pumped by an HPLC pump (6), in order to avoid cavita-
tion. This pump guarantees the maintenance of pressure conditions above the critical
point of the SC-CO2-organic solvent mixture meanwhile SC-CO2 flows through a
heat exchanger (7) to increase the temperature also above the critical point. In the
same way, inside a recipient (8) the BS is pumped through an HPLC pump (9), which
enters in contact with SC-CO2. These fluids are mixed through an injection system
(10) which is in some cases constituted by an adaption of stainless steel nozzle and
connectors which facilitates the fractionation of the compounds of interest. In other
cases, the injection system is defined as a three-step fractionation column, whose
operational detail is described in the following section. Inside this injection system,
complete solubility of the organic solvent is reached in SC-CO2 phase (depending
on the injector dimensions, a previous fractionation process is possible), following

Fig. 3.2 Schematic steps for annatto extract fractionation using Supercritical Antisolvent Fraction-
ation (SAF) process
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Fig. 3.3 Modification of void space in the precipitation column cover with addition of Teflon plug

its passage into the precipitation column (12), when the atomization or expansion of
fluids occurs, resulting in the fractionation of the mixture through the precipitation
of the purified compounds.

A stainless steel filter (14), with porosity usually ranging from 0.1 to 1.0 μm is
situated in the inferior part of the precipitation column, in order to recover the highest
proportion of powder solids. Leaving the column is the mixture (organic solvent +
SC-CO2 + non-precipitated compounds). A line filter (15) can help retain part of the
sol-ids that were not precipitated into the precipitation column. A preliminary exper-
iment was developed for the obtaining and concentration of precipitated particles
using a SAS unit and a bioactives solution (BS) obtained from ultrasound-assisted
extraction filter paper semi-defatted annatto seeds with a S/F ratio of 3.9. Afterwards,
a global precipitation yield (GPY) of 20.2% was calculated from a total solid mass
feed of 281.2 mg.

In preliminary assays, great quantities of solvent were used in the cleaning proce-
dure of SAS unit because of existence of spaces inside the lids occupied by retained
solids. In this case, a Teflon plug was inserted inside the lids in order to avoid
undesirable solid entrances (Fig. 3.3) in difficult places for the particle collection,
unnecessary solvent consumption in the lids washing, contamination of subsequent
procedures with residual material from predecessor procedures, and loses of material
for the calculation of GPY in each experimental procedure. This modification was
performed in both lids from the precipitation vessel. The filled space volume was
0.9 mL for each lid.

3.2.3 Chemical Composition

3.2.3.1 Phenolics Compounds

The total phenolic compound on precipitated particles was determined using the
Folin–Ciocalteu reagent, according to the protocol proposed by Singleton et al. [14].
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3.2.3.2 Bixin

Bixin was quantified by spectrophotometry. The absorbance was measured in a spec-
trophotometer (FEMTOmodel 800XI, São Paulo, Brazil) at 487 nm according to the
protocol proposed elsewhere [15].

3.2.4 Scanning Electron Microscopy

The structure of annatto particles was examined using scanning electron microscopy
(SEM). The samples were applied to circular aluminum stubs with double carbon
sticky tape and coated with 200 Å of gold using a sputter coater (EMITECH, K450,
Kent,UnitedKingdom). Themicrographswithmagnification of 300×were obtained
using scanning electron microscope (Leo 440i, Cambridge, England) at an acceler-
ating potential of 20 kV and current of 100 pA.

3.3 Results and Discussion

3.3.1 Global Precipitation Yield and Particle Distribution
in SAF System

Experimental design consists of 8 experiments (Table 3.1). Studied variable was
pressure (10 and 12 MPa), CO2 flow (500 and 800 g/h) and bioactives solution flow
(0.5 and 1 mL/min). The experiments were performed as 40 °C and nozzle length of
6.6 cm.

Table 3.1 Experimental design and precipitation yields

EXP Pressure (MPa) CO2 flow (g/h) BS flow(g/mL) GPY (%)

8 −1 −1 −1 80.5

7 −1 1 −1 77.2

4 −1 −1 1 78.6

3 −1 1 1 78.2

6 1 −1 −1 75.6

5 1 1 −1 72.2

2 1 −1 1 74.1

1 1 1 1 74.6
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Processing condition with lower global precipitation yield (GPY) corresponds to
12 MPa, 800 CO2 g/h and 0.5 mL BS/min, i.e., experiment 5. Precipitated particles
in base filter from this experiment were analyzed by scanning electron microscopy
(SEM).

Highest GPYwas obtained at 10MPa, 500 g CO2/h and 0.5 BSmL/min (Fig. 3.4),
i.e., in the lowest experimental conditions (experiment 8), because of lowest flow of
CO2 and BSminimize the dragging of particles out the precipitation vessel, similarly
to that obtained elsewhere for turmeric extracts coprecipitated with polyethylene
glycol in compressed CO2 [16].

In the range of pressures studied, it was observed that an increase in pressure
produced a decrease of GPY in the precipitation, on the contrary to those reported
elsewhere [17].

According to Table 3.2, increasing of pressure had a significant effect (pvalue =
0.039) on the GPY. Lowest GPY values were obtained at 12 MPa.

Mass of particles distribution in the precipitation system using a 6.6 cm capillary
nozzle is showed on Fig. 3.5.

Highest proportion of particleswas observed on the base of vessel (40%),while the
lowest proportions were found in the walls of vessel (10%). Distribution of particles
did not have the same behavior of bixin distribution. Particle distribution in the whole
SAS systems in all extraction conditions was evaluated considering the condition of
10 MPa (Fig. 3.6). It was observed that 40% of total feed bioactives were found in
the base of vessel and 10% at the wall, however with higher bixin content.

Fig. 3.4 Effect of pressure, CO2 flow and BS flow rate on precipitation yield
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Table 3.2 ANOVA for global precipitation yield (GPY)

Variable FD SQ QM F P

Pressure 1 40.682 40.682 259.77 0.039

BS flow 1 5.302 5.302 33.85 0.108

CO2flow 1 0.0004 0.0004 0.00 0.967

Pressure × BSflow 1 0.097 0.097 0.62 0.575

Pressure × CO2flow 1 0.381 0.381 2.43 0.363

BS flow × CO2flow 1 5.764 5.764 36.80 0.104

Error 1 0.157 0.157

Total 7 52.381

*FD: Freedom degree; SQ: Square; QM: Square mean; F: F statistical; P: p-value

Fig. 3.5 Distribution of particle weight (g/100 g bioactive) in the SAS system using the shortest
capillary nozzle length 6.6 cm

Fig. 3.6 Distribution of the mass of the particles in the SAS precipitation system at 10 MPa
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3.3.2 Total Phenolics and Bixin Distribution in SAF System

Supercritical antisolvent fractionation combined with HTEAUmethod increased the
content of total phenols from semi-defatted annatto seeds extracts in approximately
95%, when compared to HTEAU alone [8]. It was observed that highest concen-
tration of phenolics was found in the base of the precipitation vessel, considering
the condition of 10 MPa (Fig. 3.7).The content of total phenolics obtained in this
work is lower than the 100 mg/g gallic acid obtained from the rosemary extracts
coprecipitated particles [18], and similar to that found to the precipitates of yarrow
[17] and mango leaves extracts [19] obtained using the same conditions, i.e., 313 K
and 10 MPa.

Fig. 3.7 Concentration of phenolics in the particles (mgGAE/100mg particles) and the distribution
of total phenolics precipitated during the process, by sectors of the SAS system
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Fig. 3.8 Bixin precipitation yield (mg Bixin/100 mg of bioactives fed to the SAS unit) with three
nozzle lengths

In turmeric ethanolic extracts precipitates, the use of lower pressure of 10MPawas
attributed to the highest content of curcuminoids, the phenolic compounds from the
material used [20]. Considering a 6.6 cm nozzle, combined processes HTEAU-SAF
increased the content of bixin in approximately 170%when compared to the HTEAU
alone [8].Bixin precipitation yieldwas determined according to the inside andoutside
parts of the precipitation vessel with the capillary nozzle lengths (Fig. 3.8). It is
observed that decreasing of capillary nozzle from 8.6 to 7.6 cm, contributed to a
positive effect in GPY, since the higher proportion was observed on-base filter, vessel
base and vessel wall, and the lowest in the residual solution outside the vessel.

Decreasing of tube length from 7.6 to 6.6. cm enhanced the distribution of bixin
particles inside the vessel because lowest concentration of bixin was determined in
base filter. Furthermore, higher proportion of bixin was found at the walls of the
vessel.

It is worth mentioning that this work accurately shows the distribution of the
particulate content in the precipitation system. This kind of information is rarely
shown in the current literature.

Effects of the interaction of CO2 flow and vessel constituents on the content
of bixin are presented in Fig. 3.9. It was observed that the reduction of CO2 flow
increases the concentration of bixin in the particles in vessel wall. Uses of highest
antisolvent flows cause dragging of bioactives outside the column, because of lowest
contact periods between CO2 and the solubilized bioactives from BS. Furthermore,
use of lowest CO2 flows enhances the expansion of BS, decreasing the distance
between the atomization phenom from the nozzle to the bottom of the vessel, and
consequently, the atomized area has higher surface contact with the vessel wall.
Contrary effect was observed to the other sectors of vessel which bixin concentration
is similar considering 500 and 800 g CO2/h.
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Fig. 3.9 Effects of CO2 flow and the sectors of the vessel (fb—base filter; bc—base of vessel;
pc—vessel wall; sól. rec—recovered solids) on the recovery of bixin

According to theweight distribution of bixin inside thewall of precipitation vessel
(conditions of 12 MPa, 500 g CO2/h and 1 ml BS/min) was found up to 66% of
precipitated bixin probably because of its low solubility in CO2 base, which favors
its precipitation inside the vessel.

Higher CO2 density increases the solvent power towards small molecular weight,
non-polar or slightly polar compounds increases; therefore, larger quantities of unde-
sired compounds are extracted from the starting solution and, correspondingly, the
concentration of bioactives, such as phenolics, in the precipitates increases [21].

3.3.3 Scanning Electron Microscopy

According to the SEM photos, the particles present triangular morphology with sizes
ranged between approximately 10 and 100 μm (Fig. 3.10), comparable with the
particles from onion peels extracts [22] and differently from spherical particles from
mango leaves extracts (0.02–30μm) [23] and fromolive leaves extracts 300–1060nm
[24]. In literature, the effect of pressure on particle size using carbon dioxide as
antisolvent is not clear. In some cases smaller particles are formed with pressure
increasing [16, 23, 25], however in other cases opposite effect is observed [26]
Particles presented some aggregation (Fig. 3.10a), attributed to the prevention of
diffusion between solvent and antisolvent, accelerating the aggregation of particles
[27]. Microstructure of particles observed in A, B and C correspond to base filter
from experiment 5, which conditions were 12MPa, 800 g CO2/h and 0.5mLBS/min.
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Fig. 3.10 SEM of the particles formed under the conditions of 12 MPa, 800 g CO2/h and 0.5 mL
SA/min
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In literature the effect of pressure on particle size in the SAS process is not clear. In
some cases smaller particles are formed as the pressure increases [28], but in other
cases the opposite effect is observed [26].

3.4 Conclusions

The integrated HTEAU-SAF process resulted on annatto microparticles of triangular
morphology, little aggregation state and attractive composition in terms of bixin and
total phenolic content. The use of low antisolvent flow was associated with the
highest precipitation yield. The configuration of nozzle was the limiting factor in the
precipitation yield by this process. In this case small modifications made in the SAS
precipitation unit considering filling the void space and reducing the length of the
nozzle contributed to decrease the losses of product during processing, in such way
that the accurate distribution of the particulate content in the precipitation system
was carefully investigated. This kind of information is rarely shown in the current
literature.
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Chapter 4
Recent Developments in Particle
Formation with Supercritical Fluid
Extraction of Emulsions Process for
Encapsulation

4.1 Introduction

Themicroencapsulation in the food industry provides a protective barrier to sensitive
target compounds, masking unpleasant tastes and smells and stabilizing and increas-
ing the bioavailability of the bioactive compound [1]. Conventional techniques for
particle formation have been proposed in the literature (spray-drying, jet milling,
liquid antisolvent precipitation, solvent evaporation, emulsification, and lyophiliza-
tion). However, these methods suffer from many drawbacks, mainly lack of control
over particle morphology, particle size and particle size distribution (PSD), diffi-
culty in the elimination of the solvents used and possible degradation due to high
temperatures employed [2].

Aspects regarding particles are a crucial factor for processing and consumption.
For instance, particles should be around 0.1–0.3μmfor intravenous delivery, 1–5μm
for inhalation delivery, and 0.1–100 μm for oral delivery [3].

Emulsion freeze-drying and solvent evaporation are expected to be fabri-
cation techniques of drug or polymer suspensions. However, both techniques
require huge amounts of organic solvent, that limits the production of suspen-
sions, because of high costs with energy and removal of solvent, and purification
of the suspension [4].

As an alternative to conventional particle formation processes, the described class
of hydrophobic target compounds is suitable for crystallization by the use of through
solvent extraction from oil in water (o/w) emulsion. The hydrophobic compound
is first dissolved in a suitable organic solvent, and the solution is then dispersed in
water, so as to form an o/w emulsion [5].
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Fig. 4.1 Pressure-
temperature phase diagram
of a single substance

Afluid is defined as supercritical when its temperature and pressure exceed critical
values (Fig. 4.1). Its solvency power is enhanced due to its higher density, which is
very similar to those of liquids (0.1–0.9 g cm−3 at 7.5–50 MPa). The advantages
on the use of CO2 as solvents are its non-toxicity, non-flammability, low critical
temperature and pressure (T c = 304.2 K, Pc = 7.38 MPa), low cost, and it is a
GRAS (Generally Regarded as Safe) solvent [6].

Supercritical fluid extraction of emulsions (SFEE) combines conventional
emulsion processes with the unique properties of supercritical fluids to produce
tailor-made micro- and nanoparticles. The basis of this process relies on the use of
supercritical CO2 to rapidly extract the organic solvent from an oil in water emulsion,
in which a target compound and its coating polymer have been previously dissolved.
Once the solvent is removed, both compounds precipitate, generating a suspension
of particles in water [7].

4.2 Supercritical Fluid Extraction of Emulsions (SFEE)

In the SFEE, an oil in water (o/w) emulsion is formulated by the dissolution of target
compound of interest (solute) in an organic solvent. This solution is dispersed by a
surfactant material in a continuous aqueous phase. Then the emulsion is contacted
with a supercritical fluid, in order to rapidly extract the organic phase from the
emulsion. The supercritical fluid must be chosen to have high affinity for the organic
solvent, meanwhile negligible affinity for the active compound. Due to the rapid
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supersaturation of the dissolution medium by the active compound, this compound
is precipitated in sub-micrometric scale, encapsulated by the surfactant material [8].

The SFEE is an evolution of supercritical antisolvent (SAS) process because
it is specifically suitable to encapsulate poorly water-soluble drugs in an aqueous
suspension, through the combination between emulsion techniques and the SAS
precipitation [9].

Emulsion techniques generally require large quantities of organic solvents, and
their removal involves additional separation techniques and the use of high temper-
atures. In addition, SAS is not able to produce particles within the nanometric scale,
and the resulting products have an increased tendency for particle agglomeration
[10]. To overcome these disadvantages the removal of organic solvents during the
process enables the production of nanoscale particles that improve the solubility of
the aqueous solutions [11].

Perrut et al. [12] proposed and patented the processing of a water-in-oil emulsion
that is the reverse of Chattopadhyay et al. [11] patent, which use SC-CO2 to eliminate
the organic solvent from oil-in-water emulsions. Furthermore, the process/proposed
by Perrut et al. [12] uses SC-CO2 to remove the organic solvent and the water.

The SFEE process developed by Ferro Corporation [13] has been validated
through a myriad of successful feasibility projects and it is available for licens-
ing. SFEE expands on established emulsion-based particle precipitation process/SCF
extraction technique by combining particle engineering flexibility with the efficiency
of large-scale continuous SCF extraction to produce 10 nm to 100 μm particles of
small actives, lipids, polymers and some biologicals for controlled release, improved
dissolution, nano-suspensions, and injectables.

Della Porta et al. [14] proposed, by using a countercurrent packed column, the
SFEE process in a continuous operating mode for the production of polylactic-co-
glycolic acid (PLGA) microparticles. This process design takes advantage of the
large contact area between the SC-CO2 and emulsion enabling the control in particle
formulation into narrow size distributions in only a few minutes.

The experimental setup and principles of the SFEE process are similar as those
of supercritical antisolvent (SAS), but in SFEE, the antisolvent SC-CO2 remove the
solvent from the droplets of an oil-in-water (O/W) or a water in oil (W/O) emul-
sion. The solute remains in a suspension stabilized by a surfactant agent to avoid
aggregation of droplets.

The differences between the SAS and SFEE processes are as follows: (a) in SFEE,
an emulsion containing the substance to be precipitated dissolved in its dispersed
phase is injected, whereas in SAS, a simple solution of the substances is injected; (b)
SFEE requires additional steps to produce a powdery product because an aqueous
product is formed; (c) the preparation of the initial materials is more complex in
SFEE; and (d) emulsion droplet size distribution is a controlling parameter in addition
to the other parameters involved in the SAS process (e.g., pressure, temperature, flow
rate, and solute concentration) [10].
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Using the samepressure, temperature, and solutionflow rate for both the SFEEand
SAS methods, Shekunov et al. [15] observed a substantial difference in the resulting
size and shape of the particles. The SFEE produced prismatic crystals with a volume-
weighted diameter typically between 0.5 and 1 μm, whereas SAS produced longer
crystal dimensions of between 20 and 200 μm and a volume-weighted diameter
above 10 μm. Thus, a 10-fold reduction in the particle size was achieved using
SFEE compared with the particles produced using SAS.

4.2.1 SFEE Procedures

Before initiating the SFEE process, an O/W or W/O emulsion must be prepared
with the aid of surfactants. The emulsion should be stable, avoiding the coalescence
phenomenon. A phase equilibria study of the complete system should be performed
to know the proper operation conditions that should be carried out in the biphasic
zone, to create a stable emulsion with no aggregation of particles [16].

The surfactant materials must serve in the SFEE process as surfactant to stabilize
the emulsion and as coating material in the dried particles. When using a polymer
devoid of emulsification properties as a coating material, such as poly-lactic-co-
glycolic acid (PLGA), the use of surfactants is necessary to stabilize the emulsion.
Polyvinyl alcohol (PVA) is the most popular surfactant used in the production of
PLGA-stable nanoparticles in the SFEE.

There are a number of mechanisms available for the production of emulsions.
High-speed stirring mixers, high-pressure homogenization, and ultrasonication have
been used to form fine emulsions for use in the SFEE process [17, 18]. Microflu-
idization is an additional alternative for preparing submicron emulsions.

The prepared emulsion is injected in the SFEE apparatus, which can be performed
in the same apparatuses used for SAS process (presented in Fig. 4.2), after slight
modifications. As soon as the emulsion is introduced into the SC-CO2 phase, the
mass transfer of the organic solvent proceeds by two parallel pathways: (1) by direct
extraction upon contact between SC-CO2 and the organic phase and (2) by diffusion
of the organic solvent into water followed by consequent extraction of the solvent
from the aqueous phase into SC-CO2. There is also an inverse flux of CO2 into the
droplets leading to expansion of the organic phase and creating local supersaturation
and precipitation of solutes [15]. The final product of SFEE consists of aqueous
micro- or nanosuspensions.
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Fig. 4.2 Schematic diagram of the SFEE apparatus. 1—CO2 cylinder; 2—CO2 Filter; 3—Block-
ing valves; 4—Manometers; 5—Cooling bath; 6—CO2 pump; 7—Heating bath; 8—solution
(solute/solvent) reservoir; 9—HPLC Pump; 10—Thermocouple; 11—Precipitation vessel; 12—
Temperature controllers; 13—Filter; 14—Line filter; 15—Micrometering valve with a heating sys-
tem; 16—Glass flask; 17—Glass float rotameter; 18—Flow totalizer

Water can subsequently be removed by conventional drying processes, such as
spray drying, lyophilization, and microwaving. The high temperature used in most
conventional dryers is unsuitable for drying suspensions of some target compounds
because it degradates such compounds. This step can also promote destabilization
of the nanoparticles dissolved in water, increasing the particle size. The final particle
size is controlled mainly by the properties of the emulsion, and not by the operating
parameters of the SFEE process, such as pressure, temperature, processing time and
solvent/antisolvent flow rates.

4.2.2 Applications

Supercritical Fluid Extraction of Emulsions (SFEE) is an encapsulation technology
that combines conventional emulsion processes with the unique properties of super-
critical fluids to produce tailored micro- and nanoparticles [7, 9]. Process optimiza-
tion has been investigated for the effective encapsulation of valuable constituents,
like fish oil [19, 20], pharmaceuticals [21, 22] and edible oil [23] (Table 4.1).
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4.2.3 Effects of Operational Conditions in SFEE Process

4.2.3.1 Temperature and Pressure

Temperature may change the hydrophilic character of the surfactant, or even the loss
of its surfactive character [28]. The stability of the emulsion may reduce when the
pressure is increased. Although the temperature has a minor effect, stability is related
to the creaming effect.

The operating pressure and temperature conditions are selected to facilitate the
maximum extraction of the organic solvent of the emulsion with minimal loss of the
solute and polymer due to dissolution in CO2 and to avoid the loss of any emulsion
that may wash out in the CO2 stream. For instance, high temperatures and pres-
sures modify the surfactant-organic phase interactions, affecting the stability of the
emulsion [11, 14].

Depending on the system studied, process conditions should be applied carefully.
For instance, Falco et al. [29], Della Porta et al. [30] andCricchio et al. [26] performed
experiments with poly-lactic-co-glycolic acid (PLGA) emulsions at 80 bar and 310K
to enhance the extractionof the oily dispersedphase of the emulsion.These conditions
assured the complete miscibility of ethyl acetate in SC-CO2 whereas, the continuous
phase of the emulsion (i.e., EA-saturated aqueous phase) is slightly soluble in SC-
CO2. Moreover, using this process conditions, the difference in density between the
emulsion and SC-CO2 is very large (~1 g/cm3 for the liquid phase, 0.310 g/cm3 for
CO2), favoring the counter-current operation in the packed column.

4.2.3.2 Emulsion Properties

The primary parameters responsible for particle size control are the emulsion droplet
size, solute/solution concentration and organic solvent content in the emulsion [15].
The stability of the emulsion is associated with interfacial tension. For instance,
increasing the interfacial tension increases the mass transfer of CO2 to the drop, and
the emulsion becomes destabilized.

Contact between the emulsion and CO2 to achieve precipitation through the anti-
solvent effect must occur over a short period of time to minimize the emulsion
destabilization prior to precipitation. However, the removal of the remaining organic
solvent may be slower because emulsion destabilization is no longer an issue after
the particles have been produced [31].

The increase in solvent concentration in the emulsion increase aggregation of
droplets, resulting in larger particles. The increase in particle size based on the solute
concentration is likely due to an increase in the surface tension of the organic solution,
resulting also in emulsions with larger droplets.

The increasing of surfactant concentration decreases the particle size. However,
continuously increasing the amount of surfactant in water decreases the polydisper-
sity index of the final product [17].
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The average particle size may also decrease with an increased emulsion stirring
rate, whereas the particle size distributions generally became narrower [14].

4.2.3.3 CO2 and Emulsion Flow Rate

TheCO2 flow rate during SFEEprocess is directly related to the rate of solvent extrac-
tion from the emulsion droplet and solute/polymer losses, which have a significant
effect on the encapsulation efficiency and final particle size [18].

Higher CO2 flow rate induces the emulsion wash out from the extraction vessel
and part of the water as well as some particles might be lost in the downstream sepa-
rator (Della Porta et al., 2008). High emulsion flow rate induces high encapsulation
efficiency when processing a solute with low solubility in SC-CO2. However, when
the solute has high solubility in CO2 the encapsulation efficiency is decreased, due
to dissolution in the CO2 plus solvent mixture.

In the nanoencapsulation of vitamin E in polycaprolactone was observed that an
increase in CO2 flow rate led to a higher solvent (acetone) extraction rate. Larger flow
rates enhanced Reynolds numbers and superficial solvent velocity, which benefited
turbulence and external mass transfer. On the other hand, larger flow rates reduced
contact time for acetone extraction [28].

4.3 Concluding Remarks

Supercritical Fluid Extraction of Emulsion (SFEE) was recently proposed for the
production of biopolymer particles by several authors from oil-in-water emulsions.
From a scientific point of view, particle design using the SAS precipitation and
SFEE process are sustainable options to obtaining particles with no toxicity, besides
controlled particle size and morphology, narrow size distribution and acceptable
residual organic solvent content.

The main advantages of these processes are: (a) the processes can take place
at near ambient temperatures, thus avoiding thermal degradation of the processed
solutes; (b) they are adaptable for continuous operations being possible large-scale
mass production of fine particles; (c) they allow solvent (CO2 and organic solvent)
recycling. Few reports have compared the particles obtained by both processes, oth-
erwise, it is expected that smaller particle size is obtained by SFEE process with the
adequate selection of the process for water removal. On the other hand, several stud-
ies have demonstrated the same trend: solute processing by SAS or SFEE improves
its dissolution rate.

Themost obvious drawback of SFEE is that the resulting suspension is an aqueous
product instead of dry particles. Additional steps are required to produce a powdery
product if required, which can lead to an increase in particle sizes due to agglomera-
tion. Another limitation of this technique is that it is only suitable for the encapsula-
tion of hydrophobic compounds. Differently of SAS, SFEE is not a one-step process.
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A previous step is necessary for obtaining an emulsion and a step after SFEE have
to be added to produce a dry product if such product specification is required. An
advantage for SFEE implementation in the industry site is that both steps could be
done in the already available emulsification and drying equipment, sharing part of
the possible existing infrastructure.
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Chapter 5
Supercritical Fluid Extraction of
Emulsion Obtained by Ultrasound
Emulsification Assisted by Nitrogen
Hydrostatic Pressure Using Novel
Biosurfactant

5.1 Introduction

Recently, there has been increasing interest within the industry in replacing synthetic
ingredients with natural “label-friendly” alternatives [1]. The choice of the surfac-
tant and method used to produce emulsions is crucial. The formation of an emulsion
includes the mixing of the immiscible liquids and the time for surfactant molecules
to organize at the interface of the two phases [2]. Saponins are natural surface-active
substances (surfactants) present in more than 500 plant species. Due to the presence
of a lipid-soluble aglycone and water-soluble sugar chain(s) in their amphiphilic
structure, saponins are surface-active compounds with detergent, wetting, emulsify-
ing and foaming properties [3].

Ultrasound is one means among others of mechanically producing emulsions [2].
On the other hand, few studies have been evaluated the ultrasound-based emulsifica-
tion process under pressure. In this work, the influence of hydrostatic pressure levels
(up to 10 bars applying nitrogen), oily phase type and surfactant type were evaluated.
In addition, the effect of saponin-rich extract solution concentration obtained from
Brazilian Ginseng (Pfaffia glomerata) roots using hot pressurized water as extract-
ing solvent was also evaluated to further processing of this emulsion by Supercritical
Fluid Extraction of Emulsions (SFEE) process, using an oily bixin-rich extract from
annatto seeds (Bixa orellana L.) as core material (extracting solution from hot ethyl
acetate pressurized liquid extraction).
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5.2 Materials and Methods

5.2.1 Materials

Clove essential oil used in this study was obtained using supercritical carbon dioxide
as extracting solvent using a pilot-scale equipment. Operational conditions selected
were 40 °C/15 MPa, The composition of this essential oil is presented elsewhere
[4]. The n-octenyl succinic anhydride (OSA)-modified starch (HICAP), provided
by National Starch Food Innovation (Hamburg, Germany) was used as surfactant
material.

The evaluated alternative surfactant nonpurified aqueous extract from Pfaffia
glomerata roots were obtained employing pressurized water as extracting solvent
as described following. Dried and milled pieces of Brazilian ginseng roots (4.5 g)
were placed in a 6.57-cm3 extraction cell (Thar Designs, Pittsburg, USA) contain-
ing a sintered metal filter at the bottom and upper parts. The diagram of the PLE
system is shown in Fig. 5.1. The cell containing the sample was heated, filled with
extraction solvent (distilled water) and then pressurized. The sample was placed in
the heating system for 6 min to ensure that the extraction cell would be at the desired
temperature (60 °C) during the filling and pressurization procedure. After pressuriza-
tion, the sample with pressurized solvent was kept statically at the desired pressure
(120 atm) for the desired time (4 min). Thereafter, the backpressure regulator (BPR)
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4

Fig. 5.1 Schematic diagram of the PLE apparatus. 1 Solvent reservoir; 2 HPLC Pump; 3 Blocking
valve; 4 Manometer; 5 Temperature controller; 6 Extractor column; 7 Back pressure regulator; 8
Sampling bottle
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valve (Tescom, 26-1761-24-161, ELK River, USA) was carefully opened, keeping
the pressure at an appropriate level for the desired flow (1.4 cm3/min), to rinse the
extraction cell with fresh extracting solvent for 14 min (dynamic extraction time).
After pressurized liquid extraction (PLE), the extracts were rapidly cooled to−5 °C
in ice water using glass flasks to prevent extract degradation. The aqueous extract
was stored in freezer (Metalfrio, model DA 420, São Paulo, Brazil) at −10 °C until
the evaluation of its direct use as alternative surfactant. To estimate the concentration
of solids in the aqueous extract it was freeze-dried for 5 days at 60–100 µHg and at
−50 °C (Liobras, Liotop L101, São Carlos, Brazil).

5.2.2 Oily Bixin-Rich Extract Production

Four and one-half grams of annatto seeds were placed in the same PLE system
described before (Fig. 5.1), following similar extraction procedure. The cell contain-
ing the sample was heated at 80 °C by an electrical heating jacket for 6 min to ensure
that the sample reaches thermal equilibrium, and then filled with Ethyl acetate PA
ACS (Merck KGaA, K40235423, Darmstadt, Germany) and pressurized at 120 atm.
A volume of 18 mL of extract was collected into an amber glass vial immersed in ice
bath at ambient pressure to prevent bixin degradation. The oily extract was stored in
freezer (Metalfrio, model DA 420, São Paulo, Brazil) at−10 °C until the evaluation
of its direct use as core material in the emulsification system proposed in this study
(using nonpurified aqueous extract from Pfaffia glomerata roots as biosurfactant). To
estimate the concentration of solids in the oily extract the solvent (ethyl acetate) was
removed by using a vacuum-equipped rota-evaporator (Laborota 4001WB,Heidolph
e CH-9230, Buchi, Flawil, Switzerland) with water bath set at 40 °C.

5.2.3 Emulsion Preparation and Characterization

Oil-in-water emulsions were prepared by ultrasonication under hydrostatic pressure
by applying nitrogen pressure in a high-pressure home-made system, which allowed
the inclusionof a 125ml becker containing thematerials to be emulsified always in the
same set-up. Thus, the emulsification was done by the contact of an ultrasound probe
in the mixture prepared as described below under a nitrogen atmosphere regulated
its pressure by micrometering valves.

A surfactant suspensionwas initially prepared by dispersing themodified starch in
distilled water (100 g/ml). This first step was not necessary when using Brazilian gin-
seng roots aqueous extracts as surfactant. Afterwards clove essential oil, limonene,
soy oil or oily bixin-rich extract in the specified ratio was gradually added to the sus-
pension (volume fraction of oily phase of 2.5%). This resulting mixture (50 ml) was
then subjected to ultrasonication using a high-grade titanium alloy probe (UNIQUE,
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Indaiatuba, Brazil) for ultrasound generation at a power input of 800 W and a fre-
quency of 20 kHz during 2 min. Proper mixing of the phases gives good emulsion
which is white in color. The emulsion droplet size (expressed as the Sauter, [D 3, 2])
was determined by the laser light scattering method using Mastersizer 2000 with a
Hydro 2000MU as dispersion unit.

5.2.4 Supercritical Fluid Extraction of Emulsions (SFEE)
Process Description

The emulsion obtained by ultrasonication under hydrostatic pressure process con-
taining oily bixin-rich extract obtained using PLE technique and ethyl acetate as
extracting solvent and Brazilian ginseng roots aqueous extracts as surfactant was
added to a SFFE equipment in order to eliminate the organic solvent. A schematic
diagram of the SFEE apparatus used is shown in Fig. 5.2.

Carbon dioxide (99% CO2, Gama Gases Especiais Ltd., Campinas, Brazil) was
employed as antisolvent due to its very low solubility as a compressed fluid in the
temperature and pressure ranges investigated. The CO2 was cooled at −10 °C by a
thermostatic bath (Marconi, MA-184, Piracicaba, Brazil) to ensure the liquefaction
of the gas and to prevent cavitation, then it was pumped by an air-driven liquid pump
(Maximator Gmbh, PP 111, Zorge, Germany) to the precipitation vessel (volume
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Fig. 5.2 Schematic diagram of the SFEE apparatus. 1 CO2 Cylinder; 2 CO2 Filter; 3 Manometers;
4 Blocking Valves; 5 Thermostatic bath; 6 CO2 Pump; 7 Emulsion reservoir; 8 HPLC pump; 9 Ther-
mocouple; 10 Precipitation vessel; 11 Heating bath; 12 Temperature controllers; 13 Micrometric
valve with a heating system; 14 Glass flask; 15 Glass float rotameter; 16 Flow totalizer
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of 500 mL; 6.8 cm internal diameter) via a nozzle. The nozzle consists of a 1/16-
in. tube (inner diameter [i.d.]: 177.8 mm) for the solution extract/solvent, placed
inside a 1/8-in. tube for the CO2. Once the precipitation vessel reach temperature,
pressure and CO2 flow rate of 40 °C, 100 atm and 0.3 mL min−1, respectively,
the emulsion prepared by the proposed process was introduced into the vessel by a
high-performance liquid chromatography (HPLC) pump (Thermoseparation Prod-
ucts, ConstaMetric 3200 P/F, Fremont, USA) through the coaxial annular passage of
the atomizer. The vessel temperature was maintained constant at 40 °C by a heating
water bath (Marconi, MA 127BO, Piracicaba, Brazil). CO2 flow rate was measured
using a glass float rotameter (ABB, 16/286A/2, Warminster, USA) coupled to a flow
totalizer (LAO, G0, 6, Osasco, Brazil). When 20 mL of emulsion has been injected,
the HPLC pump was stopped and only the flow of CO2 was maintained for more
10 min for the complete removal of the solvent from the precipitator, which was
proven necessary by preliminary experiments. The produced suspension was main-
tained at the bottom of the vessel while the fluid mixture (CO2 plus ethyl acetate)
exited the vessel and flowed to a second vessel (100-mL glass flask) connected after
the micrometric valve. A heating system maintained at 120 °C was used to heat the
micrometric valve to avoid the Joule–Thompson freezing effect that can lead to clog-
ging of the throttling device during SFEE procedure. In the end, the high-pressure
vessel was slowly depressurized to atmospheric pressure and suspension without
the ethyl acetate solvent was collected and stored in the dark in a domestic freezer
(Double Action, Metalfrio, São Paulo, Brazil) at −10 °C until subsequent analysis
and characterization.

5.2.5 SFEE Product Characterization

Gas chromatography (GC)was used to determine the residual amount of ethyl acetate
in the emulsion produced. The residual solvent was analyzed using a Shimadzu gas
chromatograph (GC-17-A, Kyoto, Japan) equipped with flame ionization detection
(FID) system. The sample was dissolved in 1 mL of toluene with the aid of an
ultrasonic bath (Unique, Max Clean 1400, 40 Hz, Indaiatuba, Brazil). Sample solu-
tions (1 µL) were introduced by direct injection on a Zebron ZB-5 capillary column
from Phenomenex (30 m × 0.25 mm and 0.25 µm). The other conditions were:
injection temperature of 220 °C; detector temperature of 240 °C; helium flow rate of
28mLmin−1 and split ratio of 1:20. Helium served as the carrier gas, and the analysis
was performed using an oven temperature of 40 °C with a ramp of 20 °C min−1 until
a temperature of 180 °C was reached. The data were quantified using a calibration
curve that was constructed by measuring different known concentrations of ethyl
acetate in toluene.
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5.3 Results and Discussion

Using clove essential oil obtained employing supercritical carbon dioxide as extract-
ing fluid as model oily phase, oil-in-water emulsions (droplet size in the range
of 191–896 nm) were formed using N-octenyl succinic anhydride (OSA)-modified
starch as surfactant material. Low overpressures (�P) of up to 0.75 bar improved
the emulsification process, nevertheless, a further increase of pressure had a negative
influence. Furthermore, when the pressure was elevated up to 2 bars, formation of
emulsions stopped corroborating other authors findings (Fig. 5.3) [5].

Also using N-octenyl succinic anhydride (OSA)-modified starch (HICAP) as
surfactant material, Figs. 5.4 and 5.5 show, respectively, that the same behaviour
observed when Supercritical clove oil was used as oily phase was observed when
Limonene and Soybean oil were tested, indicating that independently of the oily
phase the optimum pressure added to the emulsion system should be found with
only a few increments (0.5–0.75 atm).
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Fig. 5.3 Influence of overpressure (�P) during ultrasound emulsification onmean droplet diameter
using Supercritical clove oil as oily phase, volume fraction of 2.5% (HICAP as surfactant—100 g/l)
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Fig. 5.5 Influence of overpressure (�P) during ultrasound emulsification onmean droplet diameter
using Soybean oil as oily phase (HICAP as surfactant—100 g/l)

Aiming at evaluating the potentiality of the use of aqueous extract from Brazilian
ginseng roots as an alternative biosurfactant in this alternative emulsification process
we tested the effect surfactant concentration (Fig. 5.6) for optimization purposes
and observed that a similar parabolic trend was also observed when this alternative
biosurfact concentration was increased. In addition, it could be observed that the
adjusted r-squared of this plotted trend is lower than the others, indicating maybe
this occurred due to the use of a nonpurified aqueous extract. This extract is rich in
saponins, a natural class of compounds used as a food additive for its amphiphilic
properties, on the other hand during the hot water extraction several non-desirable
compounds could be co-extracted.

What should be noticed is that using the same core material, supercritical clove oil
under the same volume fraction of oily phase similar results were obtained in terms
of emulsion droplet size approximately 0.2 µm (expressed as the Sauter, [D 3, 2])
using 100 g/ml of HICAP and only 0.02 g/ml, indicating the expressive surfactant
properties of this alternative biosurfactant.

0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9

1

0 0,02 0,04 0,06 0,08 0,1

D 
[3

, 2
] 

Biosurfactant concentration(g/ml)

R² = 0,365

Fig. 5.6 Influence of Brazilian Ginseng roots extract concentration during ultrasound emulsifica-
tion under pressure (�P of 0.75 atm) on mean droplet diameter (supercritical clove essential oil as
oily phase, volume fraction of 2.5%)
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Saponins are predominantly made of glycosides that possess one, two or three
sugar chains attached to the aglycones, also called sapogenins,which are the nonpolar
parts of the molecule [3]. The presence of hydrophobic and hydrophilic areas (the
aglycone and sugar resides) in the saponin molecules account for the ability of this
compound to reduce surface tension at phase boundaries [6]. These compounds have
been used in foods as natural surfactants; they serve as preservatives to control the
microbial spoilage of food. Because of consumer preferences for natural substance,
saponins have more recently been used as a natural small molecule surfactant in
beverage emulsions to replace synthetic surfactants such as polysorbates [7].

Based on the promising results regarding the use of aqueous extract from Brazil-
ian ginseng roots as an alternative biosurfactant and the use of emulsification under
nitrogen pressurized atmosphere we performed at the optimum biosurfactant con-
centration (0.02 g/ml), prepared dissolving the freeze-dried aqueous and hydrostatic
pressure a study of the use of the an oily bixin-rich extract from annatto seeds (Bixa
orellana L.) as core material obtained using as extracting solvent hot pressurized
ethyl acetate. The organic solvent ethyl acetate was chosen because it demonstrated
to be at least 2.3 timesmore selective than ethanol for bixin recovery using a lot of raw
material, since using ethanol the bixin content in the solid extract under optimized
conditions is 7.58 [8], meanwhile using ethyl acetate a value of 18.1 was obtained
using nonoptimized extraction conditions [9].

On the other hand, since ethyl acetate has a toxicological classification that should
be accountable for safety reasons the amount of it in the final food product we pro-
posed the further processing of this emulsion by Supercritical Fluid Extraction of
Emulsions (SFEE) process. Together with organic solvent elimination rate what can
be observer is a good collateral effect regarding a fractionation/purification of bixin in
thefinal suspension (productwith residual amount of organic solvent). The analysis of
the residual ethyl acetate concentration 9.4 ppm corroborating literature data, which
found a concentration commonly lower than 50 ppm when supercritical antisolvent
processes are used, while the conventional solvent evaporation results in a residual
content of around 500 ppm [10]. Regarding the a possible fractionation/purification
of bixin in the final suspension further studies will be done by our research group
in addition to the economics aspects regarding supercritical antisolvent-based pro-
cesses. On the other hand, regarding droplet size similar results were obtained for
the emulsion (549 nm) and the produced suspension (569 nm), which were 24.74%
lower that when no nitrogen atmosphere was used (730 nm).

SFEE combines the emulsion techniques and the SAS precipitation process.
Emulsion techniques generally require large quantities of organic solvents, and their
removal involves additional separation techniques and the use of high temperatures.
In addition, SAS is not able to produce particles within the nanometric scale, and the
resulting products have an increased tendency for particle agglomeration. To over-
come these disadvantages, Chattopadhyay et al. [11] combined the two technologies
and patented a new encapsulation method termed as Supercritical Fluid Extraction
of Emulsions (SFEE). This process is also called Supercritical Emulsion Extraction
(SEE). This method allows the removal of organic solvents during the process and
enables the production of nanoscale particles that improve the solubility of the food
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or pharmaceutical solutes in aqueous solutions, which increases their bioavailability.
Therefore, this work presents some important developments on the first step of the
SFFE process, proposing instead of the conventional emulsification processes the use
of pressurized nitrogen atmosphere to improve ultrasound emulsification during this
step and consequently obtain SFEE products with lower droplet size. This proposed
process we named as Ultrasound Emulsification Assisted by Nitrogen Hydrostatic
Pressure (UEA-NHP) for SFEE.

5.4 Conclusions

In this work, the influence of hydrostatic pressure levels (up to 10 bars applying nitro-
gen), oily phase type, surfactant type, and surfactant concentration were evaluated.
For all the oily phase tested, low over pressures (�P) of up to 0.5–0.75 bar improved
the emulsification process, nevertheless, a further increase of pressure had a negative
influence. Furthermore, when the pressure was elevated up to 2 bars, formation of
emulsions stopped. Similar parabolic behavior was observed regarding surfactant
concentration. Regarding, surfactant type, it can noticed that using the same core
material, supercritical clove oil under the same volume fraction of oily phase sim-
ilar results were obtained in terms of emulsion droplet size approximately 0.2 µm
(expressed as the Sauter, [D 3, 2]) using 100 g/ml of HICAP and only 0.02 g/ml,
indicating the expressive surfactant properties of nonpurified aqueous extract from
Pfaffia glomerata roots.

In addition, the effect of the use of this alternative biosurfact and emulsification
process was also evaluated to further processing of this emulsion by Supercritical
Fluid Extraction of Emulsions (SFEE) process, using an oily bixin-rich extract from
annatto seeds (Bixa orellana L.) as core material (extracting solution from hot ethyl
acetate pressurized liquid extraction). Since, the final product of SFFE achieved a
very low residual ethyl acetate concentration (9.4 ppm) and the regarding droplet size
similar results were obtained for the emulsion (549 nm) and the produced suspension
(569 nm), which were 24.74% lower that when no nitrogen atmosphere was used
(730 nm). Therefore, we named as Ultrasound Emulsification Assisted by Nitrogen
Hydrostatic Pressure (UEANHP) for SFEE (UEANHP-SFEE) this proposed com-
bined process.
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Chapter 6
Economical Effects of Supercritical
Antisolvent Precipitation Process
Conditions

6.1 Introduction

Processes that employ supercritical carbon dioxide as a solvent have been
successfully used by several researchers to micronize several food and pharmaceu-
tical pure solutes due to its high solubility in supercritical CO2. Kayrak et al. [1] and
Pathak et al. [2] obtained micro- and nanoparticles via RESS (Rapid expansion of
the supercritical solution) and RESOLV (Rapid expansion of a supercritical solution
into a liquid solvent); the details of these processes have been reported by Sun et al.
[3]. However, due to the low solubility of some high-added-value pure solutes used
by the food and pharmaceutical industries, such as bixin and ibuprofen sodium in
supercritical CO2, for example, processes that use supercritical CO2 as an antisolvent
must be employed, such as SAS (Supercritical Antisolvent) and SFEE (Supercritical
Fluid Extraction from Emulsions). Gomes et al. [4] have described these processes
in detail.

Bakhbakhi et al. [5] and Martín et al. [6] successfully micronized ibuprofen
sodium using the SAS process. Martín et al. [6] presented a study of the influ-
ence of different processes and operating parameters on the purity, particle size,
morphology and polymorphism of ibuprofen sodium. Because the authors presented
a limited parametric study, Bakhbakhi et al. [5] supplemented this study by increas-
ing its range. Moreover, the “in vitro” drug performance was tested. The results
obtained by the authors showed an improvement in the “in vitro” drug activity of the
SAS-processed ibuprofen sodium.

The present work reports a systematic energetic-economic study of a supercrit-
ical CO2-based micronization process using ibuprofen sodium as a model solute,
addressing its industrial application through simulations performed to estimate the
energy cost input required for the production of micronized food and pharmaceuti-
cal particles, such as ibuprofen sodium and bixin. The SAS process was used to
re-crystallize the ibuprofen sodium salt from ethanolic solutions. Therefore, the
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effects of several operational parameters (pressure, temperature, CO2 flow rate,
solution flow rate, injector type and concentration of solute in the ethanol solu-
tion) on the energy cost per unit of manufactured product were investigated. In
this work, two different injectors were used; a completely randomized experiment
would eventually require a modification of the apparatus after each experimental run.
To avoid this, the experimental runs were done accordingly with a split-plot experi-
mental design [7].

6.2 Materials and Methods

6.2.1 Materials

Ibuprofen sodium salt (BCBC9914V, India) was purchased from Sigma-Aldrich and
used as a model substance in the precipitation experiments. Ethanol (Dinâmica®,
52990, Diadema, Brazil), with a minimum purity of 99.5%, was used to prepare the
ibuprofen sodium solutions. Carbon dioxide (99% purity, Gama Gases Especiais,
Campinas, Brazil) was used as the antisolvent in the SAS process.

6.2.2 Experimental Procedure

A schematic diagram of the constructed experimental setup to perform the SAS
precipitation experiments on a laboratory scale is shown in Fig. 6.1. The procedure
was performed as follows: The CO2 from the container is cooled to −10 °C using a
thermostatic bath (Marconi, MA-184, Piracicaba, Brazil) to ensure the liquid CO2 is
being pumped by an the air-driven liquid pump (Maximator, M111 CO2, Germany)
in a 500 mL stainless steel (AISI 316) precipitation vessel with a 6.8 cm inner
diameter. The precipitation vessel is fitted with an electric heating jacket and a AISI
316 stainless steel porous filter (screen size of 2µm) fixed at the bottom of the vessel,
which is used to collect the precipitated particles.

Once the desired conditions of pressure, temperature, and CO2 flow rate are
achieved and remain stable, the ethanolic solution, which contains ibuprofen sodium,
is introduced into the vessel by a high-performance liquid chromatography (HPLC)
pump (Jasco, PU-2080, Japan), which allows a maximumworking solution flow rate
of 10 mL min−1. A volume of 43 mL is injected into the precipitation vessel, and
10 mL of pure ethanol is then pumped to clean the tubes. Depending on the solution
flow rate used, the time allowed for precipitation was 43 or 86 min.

In this work, two different injectors were used to mix CO2 and the solution at the
inlet of the precipitation vessel. The injector is placed at the top of the precipitation
vessel. A coaxial nozzle is used, which consists of a stainless steel tube with an inner
diameter of 1/16 inch. (i.d. 177.8mm) for the solution, placed inside a 1/8-in stainless
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Fig. 6.1 Schematic diagramof theSASapparatus. 1CO2 Cylinder; 2CO2 Filter; 3BlockingValves;
4 Manometers; 5 Thermostatic bath; 6 CO2 Pump; 7 Heating bath; 8 Solution (solute/solvent)
reservoir; 9 HPLC Pump; 10 Thermocouple; 11 Precipitation vessel; 12 Temperature controllers;
13 Filter; 14 Line filter; 15 Micrometric valve with a heating system; 16 Glass flask; 17 Glass float
rotameter; 18 Flow totalizer

steel tube for the CO2. A T-mixer is used, in which a 1/8-inch. stainless steel tube is
used for both the solution and the CO2. Figure 6.2 shows schematic diagrams of the
two injectors.

When the solution and CO2 are mixed, the ethanol is quickly solubilized by the
supercritical CO2, and this fluidmixture (CO2 plus ethanol) exits the vessel and flows
to a glass flask (100mL) connected to amicrometric valve. This valve ismaintained at
393K to avoid the freezing and blockage of the outlet caused by the Joule–Thompson
effect of the expanding CO2. Ethanol is deposited in the glass flask, and the gaseous
CO2 is discharged to the atmosphere. The temperature and pressure were measured
with instruments directly connected to the precipitation vessel with accuracies of
±2 K and±0.2 MPa, respectively. The CO2 flow rate is measured using a glass float
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iment
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rotameter (ABB, 16/286A/2, Warminster, USA) coupled with a flow totalizer (LAO,
G0, 6, Osasco, Brazil).

After the injection of pure ethanol, the HPLC pump is stopped and only CO2 is
pumped, using a minimum of 300 g of CO2 to ensure that all remaining traces of
ethanol present in the precipitation vessel are removed before depressurization. Sub-
sequently, the CO2 pump is stopped, the precipitation vessel is slowly depressurized
to atmospheric pressure and the particles are retained inside the precipitation vessel
by a porous filter fixed at the bottom of the vessel and another placed at the vessel
outlet (AISI 316 stainless steel porous line filter (Hoke, 6321G2Y, United States),
porosity of 2 µm). The particles are carefully collected with a spatula and stored at
ambient temperature in a glass desiccator and protected from light until subsequent
analysis.

6.2.3 Determination of Energy Cost Per Unit
of Manufactured Product

The energy consumption cost per unit of manufactured product was determined for
each SAS experimental process condition using the SuperPro Designer 6.0® process
simulator. This software allows the estimation of the mass and energy balance for
all streams of the process. The results were normalized to determine the energy
consumption (in terms of cost) per unit (1 kg) of manufactured product (particles
obtained by SAS). The SAS process developed in the SuperPro Designer consisted
of two pumps (one for CO2 and one for ethanol), one precipitation vessel and two
heat exchangers. The extraction procedure consisted of placing a known mass of
ibuprofen sodium particles in contact with supercritical carbon dioxide plus ethanol.

6.2.4 Design of the Experiment and Statistical Analysis

The experiment was conducted using a split-plot experimental design. The injection
type (T-mixer and coaxial nozzle) was applied to the whole plots with two repli-
cations and a 25−2 fractional factorial while considering the temperature (313 and
323 K), pressure (10 and 12 MPa), concentration of ethanolic solutions (0.02 and
0.04 g mL−1), CO2 flow rate (500 and 800 g h−1) and solution flow rate (0.5 e
1.0 mL min−1) applied to the sub-plots, which totaled 32 experimental units. Treat-
ments were deemed to be statistically significant when thep-value <0.1 (90% con-
fidence limits). A statistical analysis was conducted with the MINITAB Statistical
Software (Minitab Inc., State College, Pennsylvania). Table 6.1 shows the experi-
mental conditions used for the SAS experiments randomized by split-plot design.
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Table 6.1 Experimental conditions from split-plot design

Run Injector Temperature
(K)

Pressure
(MPa)

CO2 flow
rate (g h−1)

Solution
flow rate
(mL min−1)

Concentration
of ethanolic
solution
(g mL−1)

1 T-mixer 313 12 800 1 0.02

2 T-mixer 313 10 500 0.5 0.04

3 T-mixer 313 12 500 1 0.04

4 T-mixer 323 10 500 1 0.02

5 T-mixer 323 12 800 0.5 0.04

6 T-mixer 313 10 800 0.5 0.02

7 T-mixer 323 10 800 1 0.04

8 T-mixer 323 12 500 0.5 0.02

9 Coaxial 323 12 500 0.5 0.04

10 Coaxial 313 12 800 1 0.04

11 Coaxial 323 10 800 1 0.02

12 Coaxial 313 10 500 0.5 0.02

13 Coaxial 323 12 800 0.5 0.02

14 Coaxial 323 10 500 1 0.04

15 Coaxial 313 10 800 0.5 0.04

16 Coaxial 313 12 500 1 0.02

17 Coaxial 313 10 800 1 0.02

18 Coaxial 323 10 800 0.5 0.04

19 Coaxial 313 10 500 1 0.04

20 Coaxial 323 12 800 1 0.04

21 Coaxial 313 12 800 0.5 0.02

22 Coaxial 323 10 500 0.5 0.02

23 Coaxial 313 12 500 0.5 0.04

24 Coaxial 323 12 500 1 0.02

25 T-mixer 323 10 800 0.5 0.02

26 T-mixer 313 12 800 0.5 0.04

27 T-mixer 323 12 500 1 0.04

28 T-mixer 323 12 800 1 0.02

29 T-mixer 323 10 500 0.5 0.04

30 T-mixer 313 12 500 0.5 0.02

31 T-mixer 313 10 500 1 0.02

32 T-mixer 313 10 800 1 0.04
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6.3 Results and Discussion

The effect of the operating conditions on the energy cost per unit of manufactured
product was also investigated while focusing on energy savings. Figure 6.2 shows
the energy consumption (in terms of cost) per unit of manufactured product (US$/kg)
obtained in each experiment. The temperature and concentrationof the ethanolic solu-
tion influenced energy consumption at statistically significant levels, as observed in
Table 6.2. Furthermore, the statistical analysis indicated a second-order relationship
between both parameters (p-value = 0.097) and between the pressure and solution
flow rate (p-value = 0.070).

Figure 6.3 presents the concentration of the ethanolic solution as a function of
temperature and the solution flow rate interactions as a function of pressure. The
lowest estimated energy cost per unit of manufactured product was obtained for
an ethanolic solution of 0.04 g mL−1 due to the higher manufactured solute mass.
This result was independent of the temperature. Moreover, the lowest energy con-
sumption was obtained at 12MPa of pressure and a solution flow rate of 1 mLmin−1.
The higher energy consumption obtained at a solution flow rate of 0.5 mL min−1

Table 6.2 P-values obtained statistically for precipitation yield and residual solvent content

Energy cost per unit of manufactured product

Parameter p-value

Injector 0.147

Temperature 0.108

Pressure 0.894

CO2 flow rate 0.578

Solution flow rate 0.589

Concentration of ethanolic solution 0.000

Fig. 6.3 Influence of Temperature × Concentration ethanolic solution and Pressure × Solution
flow rate on energy consumption per unit of manufactured product (US$/kg)
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was due to a longer process. At 10 MPa, an opposite effect was observed due to
the higher precipitation yield obtained at this solution flow rate, which reduced the
energy consumption cost per unit of a manufactured product.

The cost of obtaining micronized solute particles is compensated by an improved
solute bioavailability [1, 8]. The lowest energy consumption cost per unit of man-
ufactured product (US$/kg) was obtained in experiments 2 and 32. Small micro-
and nanometer-sized particles have attracted growing interest in the pharmaceutical
and food industries because they endow materials with new properties that can be
adopted by these industries [9]. Notably, the energetic cost (cost of utilities) is one
of five factors used to estimate the cost of manufacturing (COM) according to a
methodology proposed to Turton et al. [10]. The COM is estimated as the sum of
the cost of investment, the cost of operational labor, the cost of the raw material, the
cost of waste treatment and the cost of utilities (energetic cost). More information
about each cost factor can be found in a paper by in Rosa and Meireles [11].

6.4 Conclusions

The effect of temperature versus concentration of ethanolic solution and pressure
versus solution flow rate interactions SAS micronization on the energy consumption
cost per unit of manufactured product was demonstrated, being the lowest estimated
energy cost per unit ofmanufactured productwas obtained using an ethanolic solution
of 0.04 g mL−1 at 12 MPa and solution flow rate of 1 mL min−1. This result was
independent of the temperature. Thus, the present work increases knowledge about
the energetic-economic aspects of the supercritical antisolventmicronizationprocess,
contributing to its further incorporation by the food and pharmaceutical industries.
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