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ABSTRACT:

The way from fundamental properties to procesdieation for industrial application is most
important. It is shown how flexible supercriticilitls can be used for processing materials.
The application of supercritical fluids to massster processes, phase transition processes,
reactive systems, materials related processes,nand-structured materials as has been
reported in the last years shows a wide varietgrotessing steps, some already of industrial
capacity, many other still under development. Besdtraction this includes impregnation
and cleaning steps, multistage countercurrent agpar particle formation, coating and many
reactive systems like hydrogenation, biomass gasifin, and supercritical water oxidation.
Polymers are modified with supercritical fluids aodlloids and emulsions, as well as
nanostructured materials show interesting phenom#eh can be industrially exploited. To
succeed herewith, the properties of supercritib@il$ in combination with the materials
processed must be clearly determined and fundaimembavledge of the complex behavior
made easily available. Relying on a recent revidly flevelopment and application to
industrial processes in the context of own wortiscussed.

INTRODUCTION

Although the properties of supercritical fluids asell known, they are as yet not fully
exploited for industrial applications. The densifya pure supercritical fluid is easily changed
by relatively small variations in pressure and temafure. In many cases, release of pressure
drastically decreases temperature owing to theeJoabmson-effect, which induces effects
on phase behavior that can be the basis for maagtigal applications. The viscosity of a
supercritical fluid is quite low but may increaséhwtemperature. The surface tension of a
supercritical fluid is essentially nonexistent. fDgivity is high, which in combination with
low viscosity induces interesting transport phenoan@ condensed phases [1].

When very near to the critical point, fluids exhibubstantial deviations from normal
behavior. Making use of these phenomena is difficeatause control of process conditions to
1°C or 0.1 MPa is not easy to maintain. Furthermsuegrcritical fluids are generally applied
with other components to create at least a bingsyem that is far from the binary critical
point.

Supercritical fluids, in particular CQinfluence the properties of components with
which they are mixed. Supercritical fluids dissobsugostantially in condensed phases and are
able to dissolve compounds far beyond their vapasgure. Solubility in gaseous and
condensed phases is one of the main useful sujeatriluid properties, but to design
processes properly and to understand process pleer@oimhprocess conditions change, this
property must be seen in context with thermodyngphigse equilibrium. Supercritical fluids



drastically reduce the viscosity of condensed phasemetimes making it possible to handle
these materials in process equipment. The suréasadn of liquids also decreases drastically
with the amount of dissolved supercritical fluid,hish enables mixtures containing
supercritical fluids to move freely in small powesd tiny structures.

Advantages of processes using supercritical fldmprise the properties of the
product, processing conditions, handling of thevesal, expectations of customers and last but
not least the expected profit. Supercritical flumteduce practically solvent free products and
avoid deterioration. Process temperatures are towety moderate, and it is in all cases
feasible to create two phases. Solvent handlinfaysrable because it can be easily and
totally removed, it is readily available and cheamd it is accepted and part of the
environment (water, carbon dioxide). Even thenyea losses are minimal if compared to
ordinary men’s activities for these substancesgdine solvent is recycled.

A number of applications will be shortly addressdite nano-materials using
supercritical fluids, materials related procesddse polymer processing, application of
supercritical fluids in the field of emulsions, moeemulsions, and colloids. Phase transition
processes for particle formation, anti-solvent peses, encapsulation, and coating are further
fields for the application of supercritical fluid€hemical reactions provide another wide
field. Amongst the many reactions investigated ® darried out in supercritical fluids,
reactions with enzymes, hydrothermal and hydrolygiomass transformation to useful
products and oxidation in supercritical water (SC)W&eaning of soil and cleaning of bone
material will be addressed. Mass transfer processethe main field of application of
supercritical fluids. Supercritical drying, cleagjndegreasing, impregnation, dyeing, and
tanning are applications near-to or at industrise, ubeside the most important separation
processes. Processing at high pressures, contimxtnagtion, and large scale extraction will
be discussed for single stage extraction. Countexcu separation, chromatographic
separation, and separation by adsorption concheldiscussed applications.

NANOSTRUCTURED MATERIALSUSING SUPERCRITICAL FLUIDS

Supercritical fluids offer routes to functional mastructured films and materials for next-
generation microelectronic, energy conversion, s@asing devices, although no industrial
processes appear to have been carried out so Fa. physicochemical properties of
supercritical fluids will drive their use in devi€abrication, as the absence of surface tension,
favorable transport properties, and liquid-like siéas enable solution-based processes in an
environment that behaves much like a gas. Supestrifluids have been exploited for
synthesizing functional nanostructured materiathsas nanorods, nanowires, conformational
films, core--shell structures, supported nanoplagic polymers impregnated with
nanoparticles, and particles with organic coatingshibiting interesting properties for
applications in fields such as catalysis, electenenergy, and optics [1]. Supported metallic
nanoparticles or metallic flms are produced witlsugercritical fluid deposition technique
that involves the dissolution of a metallic precurs a supercritical fluid and incorporation
of the precurson on the substrate surface. Thenmitallic precursor is reduced to its metal
form in the supercritical fluid, e.g. with a redagiagent, such as hydrogen. It is expect that
supercritical fluids will soon be applied to indusk processes for manufacturing
nanostructured materials [1].



MATERIALS- RELATED PROCESSES

Polymers

The properties of supercritical G@nake it ideally suited to replace organic solveints
polymer processing. The miscibility, phase sepanatand morphological modifications of
polymer solutions in supercritical fluids at highegsures have been investigated and results
reviewed [1]. Carbon dioxide is an effective dituti agent for polymer melts that
significantly increase free volume and thus imprétwve ability to process materials through
reductions in viscosity and interfacial tension.rilaxamples in the literature demonstrate
the unique capabilities of GOwhich range from the production of fine partictesdiffusive
impregnation to continuous blending and extrusioocesses. Polymer foams created using
supercritical carbon dioxide as a processing sohN&ve been of interest for industrial
applications in recent years. An illustrative apation is CQ-assisted extrusion of polymers,
another one is supercritical G@ssisted melt spinning. In addition, supercritiC&, can be
utilized as a dispersion and transportation mediaommanufacturing films from particles.
Nano- or microparticles were dispersed in supecaltitCO, and sprayed on substrates to
deposit thin films. Polymer surfaces and templatesbe modified.

Emulsions and Microemulsions, Colloids

Attaining homogeneous solutions is a goal in indalsprocesses, including those with £0
However, emulsions, microemulsions, and colloidsevgte many more possibilities to
process insoluble compounds. In recent decadese tsteuctures have been investigated in
connection with supercritical fluids, and severasgible applications to production processes
have been identified [1].

Many nonvolatile solutes are insoluble in £@herefore, many recent projects have
utilized colloids in CQ to include insoluble phases. Whereas the solveength of CQ is
limited, water-in-CQ (W/C) and C@in-water (C/W) emulsions and microemulsions
solubilize high concentrations of polar, ionic, amahpolar molecules within the dispersed
and continuous phases. These emulsions may beasspa@asily for product recovery simply
by depressurization, unlike conventional emulsiaisC or C/W dispersions in the form of
microemulsions and emulsions offer new possibdifier replacing organic solvents in many
fields [1]. Colloids including microemulsions, emsigdns, polymer latexes, proteins, and metal
and metal oxide nanoparticles may be stabilizedupercritical fluids with a variety of
surfactants, adsorbed ligands, and patrticle staidi Particle-stabilized emulsions in £0
water systems may be used to produce particles wpcial morphologies such as
mesoporous hollow silica spheres. The stabilitthefdispersions can be controlled with O
density. Therefore, the micro-emulsions can be démokown simply by controlling the
temperature and pressure of the system, which leadisect deposition of nanopatrticles.

CO, can facilitate the formation of reverse micellégpolymers in organic solvents
[1]. Reverse micelles begin to form at a specilievated pressure defined as the critical
micelle pressure (cmp). The unique advantage af kmd of reverse micelles is that their
formation and breakage can be repeated easily laygihg the pressure. Splitting of
industrial emulsions was found to be effective wstibcritical, i.e., liquid, propane at 40--
80°C and 4 MPa. Very fast phase separation was olikeAfter removing propane from the
phases, water and the original organic mixturelmafurther processed.



PHASE TRANSITION PROCESSES

Supercritical fluids (usually C£) can induce phase changes. Phase transition pescesth
supercritical fluids aim to create more useful fafations than do conventional methods that
rely on solvents such as acetone, methylene cleloadd dimethylsulfoxide. Total or partial
replacement of these solvents provides a brigh$gact for the application of supercritical
fluids if the conditions of industrial applicatiocan be met. Particle generation using
supercritical fluids has pharmaceutical, neutracaltand food applications. It can also be
applied in materials science with the creationariaparticles or hydrothermal particles [1].

Particle Formation, Anti-Solvent Processes

Phase transition processes use a supercriticdliluttconnection with substances that are to be
brought by the supercritical fluid into a certaimpe and functionality for application. The
active components may be dissolved in organic stéveSuch systems consist of at least a
gaseous phase and a liquid phase. The liquid phagebe homogeneous, but all variations
including homogeneous liquids, self-structuringulas, (micro) emulsions, and suspensions
are possible. A substantial amount of the supralitfluid is present in all phases; by
changing its concentration (by changing temperatmessure, or the amount of supercritical
fluid in the phase) this phase is partly transfain@ the formulated useful solid form. The
driving force of this solidification is the highapid, and homogeneous temperature decrease
that occurs when a G&zontaining solution is depressurized to ambieasgure [1].

The variability in processing materials and comehsi, as well as the various carrier
materials available, has led to the developmemhany process steps. These include: Rapid
expansion of the supercritical solution (RESS) esaptical anti-solvent (SAS), fluid-assisted
micro-encapsulation (FAME), impregnation, concetettlapowder formulation (CFP), and
particles from gas saturated solutions (PGSS).

Phase transition processes for creating particleaguthe unique properties of
supercritical fluids are entering industrial apation on the basis of results from almost 30
years of basic research on thermodynamics and treasfer. Many process ideas have been
developed for solidification in the presence of exgptical fluids. Selected antisolvent and
PGSS processes have been scaled up and are sultgeggblied. New concepts had to be
generated for a successful introduction of new ¢sses in the food area. For drug
formulations based on supercritical fluid technglogpme innovative process steps have been
scaled up and may be introduced into industry, @afpe for manufacturing inhalable and
sustained-release particles [1].

Acceptance of particle generation with supercritit@ds is improved by the design
and operation of the necessary equipment in a gantpenvironment with clean room
techniques, efficient control, supervision and doeuntation, and protection of operators.
Preparation of clinical lots and scale-up in compte with GMP are possible [1].

Encapsulation and Coating

Many formulations are composites or encapsulatesposed of a core material (the active
component) surrounded by a coating material orieratypically a biopolymer or a fat).
Composites are frequently produced by simultangwesipitation of the core and coating
materials, which leads to a dispersion of coreigdad into a matrix of coating material,
whereas encapsulates are produced when the coaétegial is precipitated as a thin shell
around a core particle. A controlled delivery of tctive ingredients can be achieved [1].



A special aspect is the production of solid forniolas in a high-pressure fluidized
bed. Nearly all processes described here creaitk feoinulations by expanding mixtures to
ambient pressure. A fluidized bed, especially ghér pressures, created with the formulation
gas (CQ) offers numerous options for the process, inclgdimecipitation, encapsulation,
coprecipitation at controllable conditions, and tcwmous removal of formulated particles.
Furthermore, high values of heat and mass transf&ult in constant process conditions
throughout the receiving vessel. As a model systhta -particles and glass beads were
encapsulated with a wax, which is common in teciincoating applications [2]. In other
investigations, polymers and stearyl alcohol wexeduas coating materials. Solid proteins can
also be encapsulated. Two irregularly shaped pretebne model (BSA) and one
pharmaceutical (insulin), were coated by mixinghighly nonspherical protein particles with
lactose. Tests revealed a favorable (uniform, prgéal) dissolution time [3].

REACTIVE SYSTEMS

Reactions in and with supercritical fluids haveaatted special attention for approximately 25
years, but only a few reactions carried out at potidn scale have been reported.
Nevertheless, the largest production process isvileknown polymerization of ethylene at

high pressures to polyethylene. In the 1980s Miubntroduced the production of methyl-

ethyl-ketone (MEK) using supercritical butene agdisct and processing fluid.

Supercritical fluids can be used in many reactiassa reaction medium or as a
reactive component [1]. In many cases, phase bquiin determines which reactions occur.
Catalysis in supercritical fluids opens new oppaittas because supercritical fluids are able
to dissolve catalysts differently than typical me@e media. On one hand, enzymes can
catalyze reactions in supercritical fluids. On ttker hand, sub- and supercritical £€an
inhibit biological reactions and be used for sieaion. Supercritical fluids also have been
considered for recycling polymers. Hydrolytic angdiothermal reactions and oxidative
reactions in supercritical water (SCWOQO) are undemsaeration for waste treatment and
biomass processing. Hydrogenation is frequentlyduse the fine chemicals industry.
Problems arise because of the low solubility ofrbgeén in liquid substrates and the low mass
transfer rate. In combination with supercritical £@ydrogen is transported into the liquid
phase much more easily because,G&hich is readily soluble in liquid substratestsaas a
carrier. Hydrogenation of fatty acid methyl esteydatty alcohols is carried out in a single
gaseous phase by adding propane, which dissoltessbbstrate and hydrogen. A systematic
treatment of reactions with supercritical fluidssHaeen published by Jessop and Leitner [4]
and Arai et al. [5].

Reactions in supercritical fluids catalyzed by enzgs

Enzymes can catalyze reactions in supercriticaiglsee review by Knez [6]). The need of
technologies that allow to separate optical isom&rsicreasing. Enzymes can distinguish
substances on the molecular level very efficienilgey can catalyze a bio-transformation,
where basically one of the enantiomers is prefgrabemically modified. As a result, the

reaction products differ in their physical behaviowore than the educts. This difference can
be adjusted to the needs of subsequent separatmcesses by choosing appropriate
compounds for modification of the enantiomers. ligedn a subsequent isomerization step,
from the remaining enantiomer the original racenmtebtained, thus enabling a yield beyond
50 %. A complete process would then consist ofrayme catalyzed reaction followed by a
separation of the reaction compounds and an isaatemm. Using supercritical carbon



dioxide as a reaction medium it would be advantageo utilize the solvent power of carbon
dioxide to separate the reaction products immelgiafiéer the reaction.

Stability and selectivity in supercritical fluids & necessary condition. It was found
that monomeric enzymes lika-chymotrypsin and trypsin, and the oligomeric eneym
penicillin amidase in supercritical G@re partly denatured during the depressurizatiep. s
The degree of denaturation was larger in humid, @@n in dry CQ. Enzymes with S-S-
bridges (-chemotrypsion, trypsin) were denatured to a ledsegree than the enzyme without
cysteine (penicillin amidase). Results indicatedt tthe denaturation was caused by partial
unfolding during the depressurization step. [7, T8le stability of immobilized soybean
lipoxygenase-1 (LOX-1) LOX-1 was also significantiffected by the pressurization and
depressurization steps during reactions in Sg@@. during working in batch mode, while
stability was maintained during contiunuous feedamgl removal of substrate and products.
[9]. Under hydrostatic conditions, the enantioseNgy, stability and transferase / hydrolase
activity of penicillin amidase (PA) from E. coli.t/000 bar the activity of penicillin amidase
for the hydrolosis of 6-nitro-3-phenylacetamidoba@inzacid (NIPAB) was two fold higher
than at ambient pressure and was even higher atl#than at ambient pressure. Incubation
experiments under pressure showed that denaturatiocures at a pressure above 3000 bar
The enantioselectivity for the hydrolysis of D- akgbhenylglycinamide (PGA) and D- and
L-3-phenyglylamido-6-nitro-benzoic acid (PGNAB) atfte kinetically controlled synthesis
of amoxicillin were found to be markedly dependemtpressure [10].

The separation of the racemic mixture of (R,S) &mytethanol served as a model
system for testing enymes as catalysts, reactiomittons, and product separation. The
selective reaction of one of the isomers resulta iproduct mixture that can be separated
easier than the educt mixture. First, vinyl acetats chosen as a reactant. A commercial
enzyme, Novozym 435 proved to be the best enzyneatiélyst at constant pressure of 15
MPa with three times stoichiometric excess of viagktate the optimum reaction temperature
was 92°C, but the enzyme was active up to P87 At a temperature of 108 the same
reaction rate is obtained as at@D[10, 11]. The thermal stability of immobilized Wuzym
435 results from the low water concentration atolhihe reaction can be carried out in
supercritical CQand from the stabilizing effect of the solid sugpo

The product mixture of (R) 1-phenyl acetate, th@-reacted isomer ((S) 1-phenyl
ethanol), vinyl alcohol, not reacted vinyl acetated secondary reaction product acetaldehyde
was separated by stepwise depressurization ance egeration with hydrocyclones. But
solubility differences of the product substancesupercritical C@Qproved to be too low for a
sufficient separation by simply reducing the pressA more efficient separation process like
multistage counter current extraction would be nafequate. Other alternatives were to use
ionic liquids (IL) for selective dissolving producbmpounds and to change the acylating
agent [12]. In the IL--scCO-system one of the components should be preferakbdyned in
the IL phase. Among the several ILs studied, onsthyl-3-methy imidazolium ethylsulfate
(ECOENG 212) increased the separation factor fraim 2.4, still too low to ensure a viable
separation.

For the second alternative the acylating agent nmestrporate a long alkyl chain to
allow the separation of the ester product fromateehol with scC@ From reaction studies
with different vinyl and methyl esters using Novomy 435, the best proved to be vinyl
laurate. The two main products of the reaction whik ester are (S)-phenylethanol and (R)-1-
phenyl-ethyl laurate. The capability from sc£0 separate these two products was evaluated
by phase equilibrium measurements and calculati@ssyting in a separation factor as high
as 8. The reaction was carried out at 318.15 KIl&h¥Pa. The best separation results were



obtained using three separators at constant tetuperand decreasing pressure from 13.3
MPa in the first to 10.1 MPa in the third separatdbout 1% of the feed stream was

recovered as (S)-1- phenyl-ethanol as gaseous grdémaun the third separator with a purity

of 86.1% [12].

Hydrothermal Biomass Gasification

In the context of renewable resources, biomassdemuconsideration for the production of

energy and basic chemicals. Biomass can be gasdig@doduce synthesis gas or hydrogen,
which requires breaking down all the biomass compgsu Aternatively, biomass can be

liquefied to produce gaseous and liquid fractidrtee liquid fraction is sometimes called bio-

oil and could be used as fuel, but it would needdaefined differently than the current route
for mineral oil.

Hydrothermal biomass gasification processes ar@ruddvelopment and have reached
demonstration size, which is bigger than most pctdo processes for specialty chemicals.
Biomass containing its natural water content carcareverted to Bl CO, CQ, and CH.
However, technical solutions are needed beforeslaogle production facilities can be built.
Fast hydrolysis of biomass in sub- and superctiticter causes a rapid degradation of the
polymeric structure of biomass and leads, togethihr consecutive reactions, to a gaseous
product at relatively low temperatures. The highulsidity of the intermediates in water under
sub- and supercritical conditions inhibits the fatimn of tar and coke [1].

Compounds from Biomass

Plant biomass consists of a number of compoundshadan be processed by pressurized
hot water, like sugars, starch, cellulose, hemutmde, and lignin. Starch, cellulose, and
hemi-cellulose are sugar-polymers and can be wamsid to sugar-monomers. From starch,
mono-sugars are produced straightforward by migaasms or by hydrolysis and can be
further transformed to ethanol, which is of somenamn nowadays because of the
competitive situation situation to food. Celluloaed hemi-cellulose, being available from
agricultural sources without competition to foodnde transformed to mono-sugars, but so
far scientific and technological development hasled to a commercial process, which has
been installed. Nevertheless, this will be therifior bio-ethanol production [13].

Lignin: Lignin is also a major component of plant biomass.make available the elemental
chemical compounds of lignin for further applicatics still a task for research. During
studies on the liquefaction of biomass, it was tbtimat the biomass could be liquefied by
hydrolysis up to 70-80%. The effluents were subestiy treated by biological degradation.
Overall efficiency of COD removal increased to 99%2 No toxic effects on the
microorganisms were observed due to the prior Hytico treatment. The remaining
compounds were attributed to lignin-derivates. Theuld not be reacted with water.
Oxidation in near critical water by hydrogen ped&iconverted all solid material, mostly to
gaseous products. Only about 10% of the initiaboarload remained in the agueous phase,
with the main product being acetic acid [14].

Proteins, amino acid®roteins are the other type of important bio-paysn The reaction of

hot pressurized water can be of interest for produoligomers and amino acids as the
building blocks of the proteins. In the hydrolysesaction for proteins, first a proton is
attached to the nitrogen atom of the peptide bandiihis leads to a splitting of the bonding,
forming a carbo-cation and an amino group. In tlegtrstep, a hydroxide ion, from a



dissociated water molecule, attaches to the cachtion, forming a carboxy group.
Hydrolysis of a model protein (BSA, bovine serurnuathin) and sklero-proteins like feathers
and hair, carried out in a continuous plug-flowateg, resulted in a total liquefaction of the
proteins and in the formation of amino acids. Pobidm of amino acids depends mainly on
reaction temperature, with an optimum at 3CO Pressure in the range of 15-27 MPa had no
significant effect on the reaction. At 25C the amino acid yield increases up to a residence
time of 300 s and then decreases due to deconoséactions. Considerable quantities of
glycine and alanine were produced from decompasiticcomplex amino acids. Other amino
acids were only found in traces. Addition of carlboxide resulted in higher yields due to
acid hydrolysis of the peptide bonds. At 28D and 25 MPa an amino acid yield of 150.3
mg/(g BSA) was obtained by sub-critical water begagurated with C®to approximately
90%. The experiments with duck feathers (withow #udition of CQ) led to amino acid
yields (122.0 mg/(g DFK) at 900 s) higher than B8A without addition of C@due to the
shorter chain length of the sklero-keratin moleciileus, sub-critical water hydrolysis can be
an efficient process for recovering amino acidsnfrorganic protein-rich waste-materials,
such as hairs and feathers [15].

Oxidation in Supercritical Water

Supercritical water oxidation (SCWO) initially wasen as the best method to destroy toxic
and dangerous compounds and to clean liquids didbkserocess development and various
applications soon showed that several problemscammected with SCWO including salt
precipitation, plugging, and severe corrosion. SmHcipitation was treated by different
reactor designs, including a tank reactor withHregter introduced near the reactor walls,
tubular reactor designs with cleaning by balls aghhflow velocity, and reactors that
introduce fresh water at the internal walls (transg wall reactor). Corrosion was fought
using zirconium-based ceramics, nickel-based allogble metals, and other materials, with
no general success. Only in recent years has sgstemformation accumulated such that
measures can be taken against corrosion. The mwstescorrosion occurs in the heating and
cooling section of the plant, whereas the reaciselfi experiences much less corrosion.
Because there is no generally applicable solutmmthis problem, a corrosion-resistant
material must be chosen for each feedstock. Altemlg, existing SCWO plants need set
specifications for the feedstock and for fresh wétat detail the compounds or elements that
must be contained within certain limits or not b{H.

Cleaning of soil with supercritical water and supattical carbon dioxide

Cleaning of soil materials contaminated with hy@dmbons was effectively carried out with

supercritical water in different processing modés§][ In the semi-continuous fixed-bed

extraction, a variety of weathered and heavily aonbated soil materials were completely
cleaned. Supercritical carbon dioxide as an altermaolvent for the contaminants is only

effective for fresh contaminations of hydrocarbol$eathered soil materials cannot be
treated by supercritical carbon dioxide. A contimsi@xtraction with supercritical water in a

tubular reactor can be carried out co-currenthyr&ttion time needed for cleaning could be
reduced drastically, from 6 h for the semi-contimsi@xtraction to less than 1 minute in the
continuous extraction. At a temperature of 380 AG a retention time of 45 s a 98 % degree
of cleaning could be achieved. But solvent to festth must be kept high, greater than 100,
corresponding to about 1 wt.-% of soil materiathe agqueous feed suspension. Alternatively,
a longer tubular reactor (increased residence tone multiple treatment may be applied.
Mixed contaminations consisting of heavy metals &gdrocarbons can be cleaned with



water at temperatures of 250 to 3%D and a pressure of 25 MPa, if supercritical carbon
dioxide is dissolved in the liquid phase. Evaluatad the results of this cleaning process are
hampered by diverse analytical results. Fines, mailerial with particle diameters < @@n,
can be treated without additional problems and tighsame success [16].

For a destruction of the extracted contaminantsgffiluents were treated biologically.
From weathered soil the contaminants were only iglart degradable biologically.
Supercritical water oxidation proved to be a goltdraative. Oxidation of the hydrocarbons
in the extract in supercritical water is fast armh de led to total oxidation of the organic
compounds. Pro-ducts are confined to a controllaplgce. The necessary oxygen can be
supplied in-line in an upstream high pressure edgdis of water. The hydrocarbons
removed from the soil materi-als are effectivelyydised in supercritical water by the
electrolytically in-line supplied oxygen [16].

Cleaning of bone material
The organic matrix from animal-derived bone materém be removed with near-critical and
supercritical water in a combined extraction anactien process. The aim is a process to
produce a biomedical implant material from animahdé material and hydrolysis products
from collagen rich raw material. For milled boneteral and larger bone fragments the
residual protein and lipids content after the cametireaction and extraction at temperatures
between 200°C and 350°C under constant pressu2& MPa and at varying the extraction
time from a few minutes to hours, was below anefjtdetection limits [17].

For the reactor effluent the peptide and nitrogemcentration reveals that the rate of
the combined extraction/reaction increases withpenature between 200°C and 350°C at a
constant residence time of 22 min of water in #ector. The maximum peptide yield at this
operating conditions is 50 %. Comparing the pepyigdd between 250°C and 350°C it can
be seen that higher temperatures lead to incregmpgde yields while the total nitrogen
yield decreases indicating the formation of gasetmggadation products. The amount of free
amino acids in the reactor effluent at 250°C andn@fi was between 6 and 9.6 %. A
maximum in yield of 5.3% is obtained at 28D and 600 s, 12.6% after 120 s at 260 and
25% at 300°C and 90 s. After 180 s at 30C all hydrolysis products passed through a
membrane with 50 kD separation limit. Fractionatafnthe effluent by ultra-filtration into
four fractions of < 650 D, 10 kD -- 650 D, 50 kD18 kD, and >50 kD, revealed the variation
of the amount of fractions with temperature anddessce time [18].

MASS TRANSFER PROCESSES

Mass transfer processes comprise applications pégrsttical fluids to mass transfer
processes in separation processes such as extréwio solids, multistage counter-current
contacts, impregnation, dyeing, tanning of leathad cleaning [1].

Drying: Supercritical drying can advantageously producegeds, usually from silicon. An
organic substance, e.g., ethanol, is removed fioengel by supercritical carbon dioxide.
Disappearance of surface tension in supercritioad is essential for that process.

Cleaning: With the aid of supercritical fluids, substances d#@ removed from surfaces,
similar to an extraction process, but intended dmaning. The low surface tension of
supercritical CQ@ makes it possible to enter the smallest structut€® also reduces the



surface tension and viscosity of contaminating, aibich can then be removed in either
liquid or gaseous phases. This process has bedredpp the cleaning of semiconductor
wafers as well as to the removal of photosensitgns and residues following lithographic
steps.

DegreasingPure CQ, or CQ with a cosolvent are suitable solvents for a \warig cleaning
applications, e.g., cleaning metal parts. For 4 heyel cleaning, oxygenated solvents must
be added and used in combination with ultrasousdh ¢he degreasing system.

Impregnation with supercritical fluids:

The reverse direction to the removal of componé&ots solid materials also provides some
interesting applications for supercritical fluidscluding wood impregnation, fabric dyeing,
and leather tanning. Specific properties of supwralt CO, that allow a high and fast
penetration into the cores of solid materials idelits viscosity as low as T0to 9102 mPa
/s*, which is 30 to 100 times lower than the viscosifya liquid, and its high diffusivity
coefficient of 10% to 10" m? s™. The small supercritical fluid molecules diffusga porous
and natural materials, such as wood, cork, leatret,fabric fibers, carrying molecules such
as fungicides, polymers, and dyes.

Dyeing: The textile-finishing industry has investigatedeohg of poly(ethylene terephthalate)
(PETP) fibers in supercritical carbon dioxide faoeomic efficiency and practicality at least
at pilot plant scale. Natural fibers can be dyedupercritical CQwithout pretreatment of the
fiber using special compounds, e.g. 2-bromoacitid. Results were even better for protein
fibers.

Tanning: Compressed carbon dioxide can be used to shatening times, to reduce water
effluents and pollution, and to save leather-fimgkfats. Typically, are needed to tan skins
with chromium. The same tanning result is obtaimednly 5h, compared to approximately
30h in classical processing, if the process isquaréd with CQ at a pressure between 3 and
10 MPa. However, this process will be successfaiglied only if most of the process steps
can be carried out in the same pressure vessel.

Extraction

Beside well known processes for decaffeinationdpotion of hops-extracts, the extraction of
edible oils and of spices, fragrances, and contatioins, more recently there have been some
new applications in the field of oils, e.g. sesanigethe processing of rice, and the cleaning of
cork for cork-stoppers [1]. Some aspects of intemes discussed below: Very high pressures,
extraction profiles in a fixed bed extractor, laggale- and continuous-extraction.

Very high pressuregspplication of very high pressures (>100 MPa) imeoercial extraction
has been discussed recently with the goal of losavent ratios (Cgfeed), additional
fractionation during product recovery, and enharsmdbility of certain compounds [19]. For
example, in the extraction of rosemary, the comredioh of the main components does not
change much from 50 MPa to 150 MPa, with the exaepdf carnosolic extraction at 150
MPa. In this case, carnosolic acid could also heckeed from a 50 MPa-extract. In the
extraction of sliced nut kernelduglans regia) with an oil content of approximately 58 wt-%,
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the extraction rate increases with pressure, beityield does not change compared with
extraction pressures of 30 or 50 MPa, andg €&@sumption at 50 MPa is only 50% more than
that at 150 MPa .

Enhancing the extraction pressure must be consldeitt care. With higher pressures
the composition of the extract changes and mardifiom that for a known and expected
product. Whether higher pressures are advantageous canmedided technically. Rather,
the product must be accepted by customers andhsafitably.

Extraction profiles in a fixed bed extractor [2@xtraction curves representing yield are the
result of all the extraction processes in a fixed lextractor. In a plug-flow extractor, the
resulting extraction-yield curves should be indejfgm on the radius in the fixed-bed
extractor. Due to enhanced void volume at the rinthe fixed bed and inhomogeneous
distribution of the solid materials, significanffdrences in the loadong of the extracting fluid
can be determined. The higher the flow rate ofekiacting fluid, the more the extraction
profile is represented by plug-flow. Neverthelessar the rim, due to an enhanced local flow
rate, the loading is higher. In addition, chanmegllican be observed. Modeling of the
extraction can be achieved by applying a two-zooeehwith enhanced flow rate in the rim
zone. The problem is not very serious in practaggdlications since the extract from different
positions at the end of the extractor is mixed ealdulations are related to mean values of
flow parameters, where even substantial deviattansed by channelling are levelled out.

Continuous extractionExtraction results with supercritical fluids from fixed bed are
excellent, but extraction times may be very long, @p to 6 hours for decontaminating of
soil material with near- and supercritical-waterd][2Productivity may be improved by
continuous operation in co-current flow for solvearid soil material. Laboratory results
proved, compared to semi-continuous extractiondeese times can be reduced remarkably
by continuous operation. In the continuously opstadpparatus the degree of extraction can
be brought up to 100 % within a residence timerdf @8 s at the cost of a high solvent to
soil ratio. Due to extraction in the co-current rapdolvent to soil ratios must be high for a
high concentration gradient

Similar results were found for the extraction ofsofrom bleaching earth. This
material is a bulk waste that is dumped and casecawmwblems to self-ignition, beside others.
Although the solvent to feed ratio is much higher €¢ontinuous operation, the calculated
extraction costs are definitely lower. Thereforge ttontinuous extraction is an economic
alternative for fine-particle solids. The questiamether this conclusion is true for large scale
extraction led to the investigation of extractidrod from soy-flakes.

Large scale extractionFor huge quantities of solids, the literature déses continuous
processing. Continuous operation of equipment fatraetion from solids eliminates
downtime due to batchwise changing the substratéhénvessel and thus enhances the
production rate. Furthermore, the oscillation cgdgzure in the extraction vessel, which limits
the number of operation cycles, is avoided. Laigdesextraction of soy-bean flakes with
supercritical carbon dioxide was studied [22]. Boproduct rate of 120,000 tdpear” of
soy-bean flakes, operating conditions and severatgss configurations were calculated
using information based on long experience withdbwstruction and operation of large scale
extractions. Optimum extraction pressure for th€taglycerides) is 40 MPa at 100 with a
solubility of 0.02 kgiRgcos*, which is a compromise between economics and ptodu
quality. Solubility of the oil in CQincreases exponentially with pressure, thus lavgethe
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energy costs for the G&ycle but increasing the investment costs at #reestime. The
extracted oil was separated from £@ing reduction of density by reducing the pressar
20 MPa at 10TC. For these conditions an economic analysis oftdked extraction process
found the lowest costs by considering various nighior the product separation, including
isobaric separation and separation at pressurksvaas 6 MPa. At recovery conditions, the
residual loading of the GQs approximately 0.0003 kgkgco, . This value must be below
the limit for the allowable residual loading (fdrig case approximately 0.0007okégcos ),

as derived from the accepted oil content remainitigeé substrate at the end of the extraction
after the oil in the remaining G@n the substratehas been precipitated onto thetisue.

The process configurations includae) (several extractor vessels employing batch
extraction; b) an extractor that uses a carrier fluidj & large extractor vessel with smaller
feed and recovery vessels, as used for decaffemalti coffee beans; and)(a continuous
system similar to a chain extractor but modified figh pressures with special feed and
removal systems.

Calculations showed that the total costs are loviestthe continuous extraction
system, but the difference is small compared with ¢conventional batch extraction system
with three extractors. The complex continuous sgste not justified. Disappointingly, the
cost advantage of continuous operation found foallsetale processes was not transferable
to the large-scale extraction of oils from solidfie main reason is the larger amount of
energy needed to introduce and remove the soli@nabtat separate locations, necessary in
continuous operation, compared with the time-sege@roperation steps in a conventional
batch system.

The cost of the CO-extraction is 12 ¢/liter of oil, which is approxately twice as
high as that for hexane (approximately 6 ¢/literodj but still low. The CQ extraction
produces soy flakes (also known as white flakea) tdan be used for human food, whereas
hexane- extracted flakes can only be used for drfimoal. Because the oil removed is only
20% of the feed, the residue of 80% determinegtio®omics. Thus, because white flakes are
more valuable, the total extraction process with, @@y be economically feasible, at least
for the quantities needed for human food protein.

General Remarks on Extraction [1]:

e Extraction from solids is by far the most importaimidustrial application for
supercritical fluids, primarily C® Supercritical fluid extraction on a large scade i
well known, and design improvements are alwaysroggess; such changes include
those due to safety concerns and investigations tiné advantages of pressures
beyond 50 MPa.
= Multiple extractors of appropriate size provide thest economic way to extract

solids batch-wise.

» Sequential extraction (multiple-stage counter-auiriggeration) makes sense only
if the loading of the extracting supercritical fluis far from equilibrium solubility and
if the extract is used as a single product comagirall intermediate extract mixture
compositions.

» Continuous extraction is in general not advantageowing to the high effort
required to transport solids to and remove themnfeopressurized vessel. Nevertheless,
decontamination of fine soil particles has beeneadd successfully.

» Mostly the literature neglects that, in general ltiple compounds are extracted
together. This multi-component nature of the extras at least two main effects) (
During ongoing extraction the composition of thdrast changes; in favorable cases
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the extract can be used for fractionation, &)drbe composition of the extract depends
on the solvent-to-feed ratio because the equilibraolubility of the compounds in a
system containing more than two components dependthe solvent-to-feed ratio.
Modeling such an extraction requires including ttime-dependent composition
change.

» Extraction with liquid hot water beyond 1D (also known as subcritical water) is
under investigation and probably has been appheddustry, but little information has
been released. With liquid hot water, physical aotion is accompanied by chemical
reactions. The higher the extraction temperature,nhore reactions with water occur
until at supercritical conditions most of the orgamatter is broken down to simple
molecules.

» Extraction with other gases, e.g., propane, magdwantageous because of higher
solubility or selectivity with respect to their lewpolarity as compared with G(But,
contrary to CQ, after removal from the processing facility, theogucts must be
carefully degassed. Propane removal to a level bediw 100 ppm requires a vacuum
and many hours.

Countercurrent Separation

The use of supercritical fluids to separate mix@wecomponents with low volatility has been
developed to full commercial scale. The powerfupasation process is carried out at
moderate temperatures, thus avoiding thermal dagoad of components. Competitive
processes are vacuum distillation and short patildtion, which are well known and can be
ordered from various suppliers. Counter-current tistalge separation with supercritical
fluids, again usually C& however, needs to be designed for each specdiagm.

Capacity of a separation device with respect toughput, often determined by the
diameter of a separation column. This part is eelato hydrodynamic behavior in the
separation equipment and strongly depends on the ¢f the internal equipment of the
separation column and on the amounts of the couumtently flowing phases.

Flooding [23]: For the design of countercurrent columns knowled@eut the hydraulic
capacity and the flow regimes of the packed colismequired. Correlations would allow to
reduce experiments. Most sophisticated semi-mest@mnodels for the hydraulic capacity
use the interdependence of liquid holdup and presdtop to quantify the flooding point.
These models follow a modular approach. First ttyepdessure drop and the holdup below
the loading point are described. That means tledntion of a single phase with the packing
iIs modeled. Then the holdup beyond the loadingtpmml the pressure drop of the irrigated
packing are specified. These two phenomena arelemhuip €. the pressure drop depends on
the holdup since this determines the free arealadlaito the gas flow and the holdup
depends on the pressure drop because this is airedas the shear force the gas flow exerts
on the liquid. A consequence of the coupled equoatis, that the solution is cumbersome
because it involves iterations. Easier and moreessful is the semi-empirical correlation of
the flooding points as shown in the following egoias.

. . s u yo) o o)
=f with == | 6 and =t | — " (1)
Je (JL) Jo 2 gdH (IOL _po) h 3 gdH (IOL _po)
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With u_ for the superficial liquid velocity andthe fractional void volume which is unity for
a falling film column but smaller than unity for gkeed columnsjs andj_ are modified
Froude-Numbers rating the respective impact preskuthe difference between liquid head
and buoyancy.

Jie K/ =K, < i;:ﬁf @)

with K; andK; as dimensionless parameters.

The flooding points for a wide variety of geometrigsructured packings, random
packings and falling film columns), substances, astades (temperature, pressure) had been
determined experimentally. A liquid layer of 50 nmeight on the uppermost packing element
was the indicator for a flooding point. For the redation of the data the valu&g=0.4222
andK,=1.1457 resulted in a relative standard deviatib©986 (compared to 17.5 % for the
detailed approach).

Membrane Separation [24hkn unsolved problem of the SFE process remaingititeenergy
demand required to close the loop of the solvenlecyAfter lowering the pressure, which is
necessary to recover the extracted compound frarseéivent, the recycled Gas to be
recompressed to the desired extraction pressurecaoleéd to extraction temperature. The
relatively high energy demand for the regeneratbrCO, has a negative influence on the
competitiveness of the SFE process. In order toongthe economics of the this process, the
regeneration of COby means of membranes is an interesting altemasince the bulk
amount of CQ can be regenerated without an intense depressonistep. In order for this
process to be successful, a highly selective memebndnich at the same time exhibits a high
permeability to CQ@ as well as a sufficient stability under the supgcal operating
conditions would be necessary. Cellulose acetatieTaflon AF2400-PEI membranes were
identified as suitable membranes for the separati@ea buckthorn oil and rice bran oil from
supercritical CQ. Membrane modules for membranes with total acineas of 300 cm? and
0.4 m2 resulted in experimental data on which amnemical analysis was based, revealing a
50 % reduction in processing costs.

Enrichment of natural tocopherols and purificatioh synthetic tocopherolacetaténe
repeatedly investigated problem is the enrichmétdadpherols from natural sources, mainly
the distillates from edible oil processing, i.eepdorizer distillates (DOD). The enrichment of
tocopherols from deodorizer distillates using saptcal fluids has been commercialized
after extensive investigations. Tocopherols werecentrated from methyl-esterified DOD
with supercritical CQ in a semicontinuous countercurrent process usirfgaetionation
column. Fatty acid methyl esters were removed atMBa with a column temperature
gradient of 313--348 K, and natural tocopherolsO@% were obtained with high yield
(>80%). A commercial scale fractionation systenof 350 liters was erected in China in
2000 with an annual capacity of 750 tons of meésger-DOD [1].

The purification of synthetic tocopherols and tocenoh acetate using supercritical
fluids was developed long ago and is availablarfdustrial-scale operation [25]. Purification
of crude synthetic tocopherol acetate by means ugfersritical fluid extraction with
supercritical CQwas carried out with two fully automated colummpacking height of 13.6
m and diameters of 35 mm and 50 mm, equipped winlar packings, Sulzer CY (35 mm),
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Montz A3-500 (50 mm) at 323--343 K and 16--28 MBaude tocopherolacetate (TA) with a
content of 87 wt.-% TA was purified in a single extion step up to a minimum of 92 wt.-%
TA with a yield of 90-99 %. In a second separatitapsproduct of the first step was purified
up to a minimum content of 97 wt.-% with a yieldaff - 97 %. Production costs in this case
can be significantly reduced by adsorption of tihedpct on silicagel at high pressure and
producing a formulated high quality end-product.

Supercritical Fluid Chromatography

Preparative chromatographic techniques for the yrboh of substances with high purities
are well established. Nearly all of the preparaseparations are carried out using liquid
solvents as mobile phase. However, the used orgatients could be often replaced by
supercritical fluids, resulting in less costly seit recycling. The chromatographic separation
with supercritical fluids can be operated as a aiiouous Batch-SFC process or as a
continuous Simulated-Moving-Bed process (SMB-SH&) three of the four investigated
separation systems, the specific productivity & 8MB-process is significantly higher than
the productivity of the batch-process. Although e productivity is related to the same
amount of stationary phase in both cases, the aotalunt of stationary phase needed is about
4—6 times higher for the SMB-SFC mode than for bla@ch-mode. Therefore, economic
comparison of the two processes showed that theh{pabcess is less costly in the range of
the investigated production rates from 0.4 ané $26].

Although the separation potential of chromatograpbrocesses is very high,
productivity in general is very low compared toidlextraction or single stage fixed-bed
processes. Therefore, the separation with the asdlaf surfaces, as provided by adsorbents,
is worth while to be looked at. In most cases, pobslneed not to be really pure substances.

Separation by Adsorption — Desorption

Adsorption and following selective desorption insapercritical C@environment is a
separation process that can provide high selegtivitween groups of compounds. This
process was found feasible for the deterpenationitafis peel oils, i.e. the separation of
limonene from the original oils, increasing the cemtration of the fragrant oxidized
compounds [27]. In this process, the oil is adsoriand selectively desorbed with
supercritical CQ at varying conditions similar to solid extractiohhe components with a
higher affinity to the adsorbent are retained. Téedfoil can be directly mixed with the
adsorbent or first dissolved in G@nd then brought in contact with the adsorbent and
deposited. At different conditions to adsorptionxtraction with CQ induces selective
desorption.

Silica gel is a very versatile adsorbent. About%0of its surface is constituted by
polar heads via unreacted or residual silanols. dther 20 % are nonpolar methyl groups.
Polar compounds are adsorbed by the polar sites-gétar components can thus be
separated by extraction with G@r other supercritical fluids. The course of detorpis
analogue to an extraction from a solid matrix. Urchs a process, e.g. tocopherols can be
separated from sterols, or carotenes from tocophE26].

CONCLUSION
Supercritical fluids are a unique class of solvelmsombination with components occurring

in nature, in chemical processes, and in matedasgn, including all structures of matter
from gas to solid, from homogeneous to honhomogesebe variety of possible applications
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for supercritical fluids is endless. This review ldescribed many applications now under
development, used industrially or just before tktdage. It may be assumed that this
development will continue. The transfer of knowledgmcerning effects on the design of
process steps must be emphasized. The practicatapm of supercritical fluids requires

the design of technical components and plants fodyction. Compared with other technical
systems, supercritical fluid production plants egkatively simple from the mechanical and
control points of view. The background is complerwkver, and must be transferred to
process designers, process engineers, and all ward W use supercritical fluids for

production of a desired project.

But introduction of the technique will depend natlyoon excellent research results
but on scalability. This requires experts in othelds who are willing to cooperate and learn.
In the past, lack of knowledge hindered the trangfe supercritical fluid techniques.
Extremely flexible as this technique is, it requirksowledge of thermodynamics, in
particular phase behavior, of the properties ofestrtical fluids, and of the properties of
mixtures of the materials to be processed withstiygercritical fluid. In addition, knowledge
of the changes supercritical fluids induce on tmepprties of mixtures is necessary for
process design. Experts in process design haveshabgorbed this fundamental knowledge.

Furthermore, there are aspects of supercriticadslapplication which probably only
can be treated successfully in cooperation witltgse engineers. Some of these aspects are:

Combining classical separation processes with SFE,

combining two process steps in one SFE-plant,

effective regeneration of the supercritical salyand product removal,
effective integration of SFE-processes in a psecEheme.
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