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ABSTRACT

The subject matter of this review is extraction of heavy metals from solid
matrices in the presence of supercritical fluids. Since solvent extraction of
heavy metalsis utilized on acommercial scale, the replacement of organic
solvents by Supercritical fluid (SCF) has been the major driving force be-
hind these research efforts. This review is prepared to highlight the areas
important for commercial scal e application of technology. Thisreview spe-
cially focuseson extraction of heavy metalsby using supercritical fluid and
applicationfield of SFE. Inpart 1 of thisreview, anintroduction to supercritical
fluid extraction technology isgiven. A brief introduction to instrumentation
of supercritical fluid extraction isalso presented in same part. The advan-
tages of supercritical fluid over conventional solvent extraction have been
also discussed in part 1. The second part of this review represents proper-
ties of supercritical fluids and important studies on SFE of heavy metals
from solid matrices. Applications of SFE technology in various field and
Raman shift study of CO, have been discussed in last section.

KEYWORDS

Supercritical;
Heavy metals;
Carbondioxide;
Solid matrices.

© 2010 Trade Sciencelnc. - INDIA

INTRODUCTION

Recently, increasing attention hasbeen directed to-
wards supercritical fluid extraction (SFE) asit offersa
promising aternativeto the conventional processbe-
causeof itsinherent potentia to minimizetheamount of
liquid wastegeneration and s mplification of theextrac-
tion process.

When agasis compressed to asufficiently high
pressure, it becomesliquid. If, onthe other hand, the
gasisheated beyond aspecific temperature, no amount
of compression of the hot gaswill causeit to become
liquid. Thistemperatureistermed asthecritical tem-
perature (Tc) and the corresponding vapor pressure as

thecritical pressure (Pc). These val ues of temperature
and pressuredefineacriticd point, whichisuniquetoa
given substance. A substance abovethecritica pointis
saidtoexistinthesupercriticd fluid (SCF) statel. SCF
has characteristicsof liquid aswell asgas.

The propertiesof SCF such asdensity, diffusivity,
viscosity and surfacetension areintermediateto those
of liquid and gas. From theextraction point of view, the
unique characteristic of SCF isitssolvating property.
This characteristic of SCF wasdiscovered by Hanny
and Hogarth? in 1879. Another unique characteristic
of SCFistenability of its solvating power by changing
the density of SCFsby varying pressure/temperature
conditions. Higher diffusivity of SCFthanthat of liquids
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facilitatesrapid masstransfer and faster compl etion of
areaction. Dueto low viscosity and surfacetension,
SCFscan penetrate deep inside the material matrix,
extracting the components of interest. Hence,
supercritical fluidsoffer faster, cleaner and more effi-
cient extraction.

In 1962, Lovel ock™ suggested the use of SCF as
amobilephasein chromatography. In 1962, Klesper
et a.l demonstrated chromatographi ¢ separation of
nickel porphyrinsemploying supercritica chlorofluo-
romethanes asthe mobile phase. Sincethen SCFshave
been widely employed in extraction and separation of
natural products. Carbon dioxide hasbeenwidely em-
ployed assupercriticd fluid owingtoitsmoderatecriti-
cal parameters (Pc = 72.9 atm., Tc = 31.3°C), non-
toxic nature, chemicd inertness, non-flammability, en-
vironmenta friendliness, radiochemicd stability, inex-
pensivenessand easy recyclability.

Inthe SFE of naturd products, predominantly CO,
isbeing used as SCF. However, SC CO, could not be
applied for metal ion extraction for alongtime, asdi-
rect extractionof metd ionsby SC CO, ishighly ineffi-
cient owing to charge neutralization requirement and
weak solute-solvent interactions. The credit for metal
ion extraction by SC CO, goesto Laintz et d % whoin
1992 demongtrated the extraction of Cu?®. Metd ions
werecomplexed with suitablecomplexing agentsso that
the metal complex could become quite soluble in
supercritica CO, fadilitating metal ion extraction. Dem-
ongtration of SFE of metd ionsopened anew redmfor
metd ion extraction. Subsequently, extractionsof many
metal ions were reported. In 1993, Lin et al.[¥ suc-
ceededin extractinglanthanidesand uraniumfromsolid
materidsby supercritica CO, containingfluorinated -
diketone. Next year (1994), Linetd . performed SFE
of thorium and uranium from solidand liquid materias
with fluorinated 3-diketone and tributyl phosphate.

In 1995, Lin et a.1® carried out SFE of uranium
and thorium from nitric acid solution from organo phos-
phorusreagent. Intheliterature, direct dissolutionand
extraction of Uranium compoundsby SC CO, hasbeen
reported®¥, Kumar et al.*12 have carried out the
SFE of uranium from atissue paper matrix. SC CO, is
expected to be used asaternative “green” medium to
organic solvent for extraction, separation, chemica re-
actions, and material processing™**. Asmentioned
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earlier thefirst paper dedingwith theapplication of SCF
datesfrom 18792, They discussed the ability of an SCE
to dissolvelow vapour pressure solid materials. Since
then asubstantial amount of work has been done by
many investigatorsto understand the basi c fundamen-
talsof fluidinsupercritica region.

However thework of Francies'® by far suppresses
thework of otherswhen one consider theextent of his
work. Inthesingle paper he present an extensive, quan-
titative study on the solvent propertiesof liquid CO,
with hundred of compound. Hiswork isprimarily con-
cerned on the phase behavior of ternary systemscon-
taining liquid CO, collected datafor 464 ternary phase
diagramsand determined sol ubility of 261 compounds
innear critica CO,,

Nearly haf of these compounds arereported to be
misciblewithliquid CO,. Heincluded many classes of
organic compounds, e.g. Aliphatics, Aromatics, Het-
erocyclicsand compound with large number of func-
tional group.

Although Frand esstudied sol ubility behavior in near
critica liquid CO,(25°C, 655 bar), hisresultsare gen-
erdly applicable. For examplehecompound solublein
liquid CO, will dsosolublein SC CO,,. Thereforefrom
hiswork it ispossibleto extract somegenera rulesof
functiond group.

Thelower weight aromatic compound such asBen-
zeneand Tolueneare compl etdly solublein neer critica
carbon dioxide, however by increasing the molecular
weight thesolubility will drop(Bibenzyl of biphenyl).

Aliphatic compoundsarecompletdy solublein near
critical liquid CO,, however solubility will drop with
increasein molecular weight

The unbranched heterocyclic components are
solubleinnear critica liquid CO, (furfurd, pyridineand
thiophene). The existence of group such asmethyl in
heterocycliclikepyrrole (2,5-dimethyl pyrrole) causes
the compound not to be completely solublein neer criti-
cd liquid CO,,

The low molecular weight carboxylic acids are
solubleinnear critical liquid carbon dioxide (e.g. Ace-
ticacid, Caproic acid). Thesolubility of aliphatic car-
boxylicacidwill bemargina when both carboxylicand
hydroxyl groupsare present in molecule or when mo-
lecular weight increases(Oleic acid).

Theha ogenated substitution showsno negetivein-
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fluenceon solubility acompound (aliphatic or arométic).
Ingenerd Metaposition of subgtitution inaromeatic com-
pounds show higher solubility than paraor ortho posi-
tion.

The low molecular weight nitriles such as
acetonotrilesand acrilonitrilesare solublein near criti-
cd liquid CO,.

Low molecular weight diphatic substitution seems
to enhancethe solubility of componentswhichwould
otherwise not besoluble. For examplethesolubility of
N,N-dimethylaniline, N,N-diethylacetamideand N,N-
Dimethylformamide show increased to completdy mis-
cible

Severd review articleshavebeen published to cover
numerousavailableliteratureson SFE processes and
itsapplication*”19, C.Erkey haspublished thefirst
review articleon the supercritical fluid extraction of
heavy metals. The author has mainly focused on ex-
traction of metalsfrom agueous sol ution. In present re-
view new classisadded to previousexisting class. The
new classincludedetailed description of Raman spec-
traof supercritical CO, it also contain some special
application of SFE techniqueinvariousfield.

Supercritical fluid extraction set-up

A schematicdiagram of the supercritica fluid ex-
traction set-up used for study isshowninfigure 1. The
set-up consists of a CO, delivery pump, amodifier
pump, athermostat, aback-pressure.

Regulator and acollection vessd . Eachunit canbe
independently controlled by inbuilt microprocessors. All
unitstogether (except the back-pressureregulator) can
also becontrolled through acomputer. Thethermostat
temperature control rangeisfrom room temperature—
15°C to ~80°C with atemperature control precision of

Thernngat

M mine Yeasel

Lol e
Back-miaim
Forebion Vessel r

Figurel: A schematic diagram of the SFE set-up
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+0.1°C. Theextraction vessel of a10 ml capacity is
cylindrical in shapeand madeup of stainlesssted. The
extraction vessel hasan inlet tube (0.5mm D) at the
top for allowing SCF to enter the vessel and an outl et
tube (0.5mm ID) for the transport of SCFto the col-
lection vessel.CO, isdeliveredto theextraction vessel
a adesired flow rate by the CO, delivery pump. From
thecylinder, CO, gasisfed totheddivery pump, where
CO, isliquefied by lowering thetemperatureto—10°C.

Themodifier pump isemployed to add adesired
percentage of thecomplexing agent totheliquefied CO,
stream. The CO, and complexing agent streams are
combined by aT-joint and fed to the extraction vessel.
Prior to entry intheextraction vessdl, thestreamisa-
lowed to passthrough a5m long spiral coil and then
throughacylindrical vessd (10ml capacity) containing
spherical teflon pebblesfor acquiring thorough homo-
genety. Thedesired pressureintheextraction vesse is
maintai ned by opening/closing of avariablestrokeneedle
valve of the back-pressureregulator. The pressure of
the extraction vessel can be varied from atmospheric
pressureto 500 atm. with apressure control precision
of £1 atm. The extract of the extraction vessel is col-
lected inthe collection tube at atmospheric pressure
while CO, escapes asgas. The CO, and sol vent flow
ratescan bevaried from 0.001 to precision of 0.001ml/
min. All theoperating parameters can be set, controlled
and monitored by meansof PC.

Propertiesand fundamentalsof supercritical flu-
idg20.21

Solvent strength

Thedendty of asupercritica fluidisextremdy sen-
sitiveto minor changesin temperatureand pressure near
thecritica point. Thedengtiesof thefluidsarecloser to
that of organicliquidsbut thesolubility of solidscanbe
3-10 ordersof magnitude higher. Theenhancement of
solubility wasdiscoveredin 1870’s for the potassium
iodide-ethanol system. The solvent strength of afluid
can beexpressed by the solubility parameter, 8, which
isthesquareroot of the cohesiveenergy density andis
defined rigorously from first principles. A plot of the
solubility parameter for carbon dioxideversus pressure
would resembleaplot of density versuspressure. This
confirmsthat the solvation strength of asupercritica
fluidisdirectly related to thefluid density. Thusthe solu-
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bility of asolid can be manipulated by making slight
changesintemperatures and pressures.

Another attractivefeatureof supercritica fluidsis
that the propertieslie between that of gasesand liquids.
A supercritica fluid hasdensitiessimilar tothat of lig-
uids, whiletheviscositiesand diffusivitiesarecloser to
that of gases. Thus, asupercriticd fluid can diffusefaster
inasolid matrix than aliquid, yet possess a solvent
strength to extract the solutefrom the solid matrix.

Phasebehavior

The phase behavior of ternary systemsof carbon
dioxide and the solubilities of over 260 compoundsin
liquid carbon dioxide were studied in amonumental
work published in 1954. Though thisdataisfor liquid
carbondioxide, it providesafirst gpproximationto solu-
bilitiesin supercritical fluids. Anunderstanding of the
phase behavior isimportant since the phase behavior
obsarved insupercritica fluidsconsderably differ from
thebehavior observedinliquids. Onesuch behavior is
the retrograde region. For an isobaric system, anin-
creasein thetemperature of asolution increasesthe
solubility of the solute over certain ranges of pressure
(consgent withthetypicd liquid systems) but decreases
thesolute solubility in other pressureranges.

Thisanomal ous behavior whereinthe solubility of
the sol utedecreaseswith atemperaureincreaseiscaled
theretrograde behavior. Thus, thefollowing generali-
zationsmay be maderegarding thesolutesolubility’s in
supercritical fluids. Solute solubility in SCF may ex-
ceed that of liquid solvents. Solubility generdly increases
with increasein pressure. Anincreasein thetempera-
tureof the supercritica fluid may increase, decreaseor
have no effect on the solubility of the solute depending
uponthepressure.

Carbon dioxideisnot avery good solvent for high
molecular weight and polar compounds. To increase
the solubility of such compoundsin supercritical car-
bon dioxide, smal amounts(ranging from 0to 20mol %)
of polar or non-polar co solventscaled modifiersmay
be added. The co solvent interacts strongly with the
soluteand significantly increasesthe solubility. For ex-
ample, addition of asmdl amount (3.5mol %) of metha
nol to carbon dioxideincreasesthesolubility of choles-
terol by an order of magnitude. Compressed gasesand
fluidshavetheability to dissolveinand expand organic
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liquid solventsat high pressures (50 to 100 bar). This
expang on usudly decreasesthe solvent strength of the
liquid. Eventudly themixture solvent strengthiscom-
parableto that of the pure compressed fluid. Knowl-
edge of when asolutewould precipitate can beimpor-
tant and hel ps one to determinewhen heavy hydrocar-
bonswould precipitatein an oil reservoir when carbon
dioxideisinjected. Thevery specia physical proper-
tiesof SCFdigtinguishit fromliquid and gases. An SCF
hasan liquid likedensity but itsviscosity ismorelike
that of agas, resulting inadiffus on coefficientsthat are
the phase behavior of binary systemsfollowsthetypi-
ca six classesof binary diagrams. TheClass| binary
diagram isthesimplest case. The pressure-tempera-
turediagram cons stsof avapor-pressurecurvefor each
pure component, ending at the pure component critical
point. Theloci of critica pointsfor thebinary mixtures
arecontinuousfromthecritica point of component one
tothecritical point of component two. More compli-
cated behavior existsfor other classes, including the
presence of upper critica solutiontemperature (UCST)
lines, two-phaseimmiscibility lines, and even three-
phaseimmiscibility lines,

Modeling of phasebehavior cannot bedoneusing
relatively S mplethermodynamicsbecauseextremenon-
idealitiesoccur in the supercritical region. Oneof the
simplest cases of phase behavior modelingisthat of
modding thesolubility of crystdlinesolidsin supercritica
fluids. Thermodynamic modelsare based on theprin-
ciplethat thefugacitiesof acomponent areequal for al
phases at equilibrium under constant temperatureand
pressure. Associationsresulting from hydrogen bond-
ing or donor-acceptor interactions can have a pro-
nounced effectson supercritical fluid phasebehavior.
Undergtanding of hydrogen bonding among mixturesin
supercritical fluidsisimportant because of theincreassed
interestin supercritica water solutions, andin polar co
solventsfor supercritical fluid carbon dioxide. Various
equationsof statesuch asthestatistica associationfluid
theory and thelatticefluid hydrogen bonding model are
often used to describethese associations.

Experimenta confirmation of phasebehavior isof-
ten necessary to account for unaccounted and complex
behavior that can not be modeled apriori. The most
useful tool for examining phase behavior isthe vari-
able-volumeview cell, whose contents can beviewed
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TABLE 1: Comparison of somephysical propertiesfor gas,
liquid and SCF

——— Review

TABLE 2: Critical temperatureand pressurefor various
compounds

Density Diffusion coefficient Viscosity

[kg/m3] [m%d] [Pa.s]
Gas(lbar, 20°C)  0.6-2.0 1-4x 10° 0.01-03
Liquid (20°C) 6001200  0.2-2x 10° 0.2-30
SCF 200-900 2-7 x 107 0.01-0.09

safely through asapphirewindow by meansof amirror
or avideo camera. The gpparatus containsapistonto
separatethe pressurizing fluid from thesampleand a-
lowsfor manipul ation of temperature, pressure, or com-
position. Thevery specia physica propertiesof SCF
digtinguishitfromliquid and gases. A supercritical fluid
hasaliquidlikedengty butitsviscosty ismorelikethat
of agas, resulting in diffus on coefficientsthat aremuch
higher thanthoseinliquid. TABLE 1 showsacompari-
son of this characteristicsfor agas, liquid and SCF
TABLE 2 showscritical pressure and temperature of
various compounds. Thesolubilities of SCF appear to
bevirtually exponentia in density, which mean smal
pressure change can resultinto enormoussolubility varia-
tions. Thisgivesthe opportunity to put chemicasinto
the solutionsor drop them out very selectively.

Advantagesof SFE over conventional solvent ex-
traction®9

In conventiona solvent extraction, sincethetarget
materia must beaccumul ated in the organic phasedur-
ing loading, theratio of the aqueousto the organic vol-
umes cannot usualy bemorethan: 10. Thisleadstothe
useof largevolumesof solvent, particularly when the
feedislean. Thisadverseeffect can possibly bedimi-
nated by the substitution of non-toxic SCFssuch as
SC CO, for organic solvents.

Residual contamination of the agueous solution by
the organic solvent may al so beeliminated by substitu-
tionwith SC CO,,

In solvent extraction of metals, the chemical reac-
tionsoccurring a theinterfacia plane may befast com-
pared to masstransfer processes. Thus, dependingon
hydrodynamic conditionsin the extraction vessd, the
observed kineticsof remova may becontrolled by mass
transfer. Sincethemasstransfer characteristicsof SCFs
are excellent compared to those of organic solvents
becauseof their relatively low viscositiesand high sol-
utediffusivities, theuseof SC CO, inplaceof organic

Critical Critical
pressur g[bar] temper atur g[°C]

Carbon dioxide 73.8 311
Ethane 48.8 321
Water 220.5 374.2
Benzene 48.9 289.0
Ammonia 111 133
Methanal 81 240

solventsmay enhancerates of extractionand stripping.

SCFsgenerdly haveamuch lower surfacetension
thantraditiona organic solvents, resultinginanincreased
dispersed phase surface area, which may reduce the
sizeof equipment required for aparticular solvent-to-
feedratio.

Thefact that thesolvency characteristicsof SCCO,
can bevaried with small changesin temperatureand
pressure may a so be exploited in the devel opment of
sdlectiveextraction schemes.

In some nuclear applications such asuranium ex-
traction, the sol vents are degraded by hydrolysisand
radiolysis and depending on the type of solvent; such
attacks produce nitrato esters, nitro compounds, car-
boxylic acids and ketones. Using SC CO, may be ben-
eficia duetoitsinert natureand may improve solvent
Quiality .Asaresult of thesefavorablepropertiesof SC
CO, asasolvent in extraction of metals, quiteafew
studieshave been conducted inlaboratoriesaround the
world.

Thechemicd structuresof extractantsusedin these
studies, together with their abbreviationsaregivenin
TABLE 3. Thesestudiesarediscussedinmoredetail in
the subsequent sections.

Proposed mechanism(??

In order to study the mechanism of SCFE using
ligand assisted SC CO,, thefollowing sequential steps
areconsidered essential:

1. Conversion/ionization of metal oxideto meta cat-
ions.

2. Complexation of meta cationswithligands.

3. Extraction of meta chelate/ adduct by SC CO.,,.

Itishypothesized that SCFE for the extraction of
metal ionsdirectly fromtheir oxidesinvolvessevera
sequential phenomenaof masstransfer and reaction
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TABLE 3: Chemical structuresand abbreviationsfor extractant usedin SC CO,

o]

O

Rl)J\/U\RZ

R;= CHs, R;= CHs Pentane = 2,4-dione ACAC
R, = C,Hs, Ry= C3F 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedione HFOD
R,=CF; R,=CF; 1,1,1,5,5,5-hexafluoro-2,4-pentanedione HFAC
R, =CF;, F, = CHs 1,1,1-trifluoro-2,4-pentanedione TFA
S

Ry= g\ /7 , R1=CF3 thenoyltrifluoroacetone TTFA

R—O

R—O—P=0 tributyl phosphate TBP

/

R—O
R = CH3(CH2)2CH2
R—O\P//o
rR—d \OH di(2-ethylhexyl)phosphoric acid DEHPA
R= |'|3C_(CH2)3—(|:HCH2

C2Hs
R—C//O
\OH pentadecafluorooctanoic acid HPFOA
R= CF3(CF2)7
R_O\P//S
VA
R—O SH
CH3z CH3z di(2,4,4-trimethyl pentyl)dithiophosphonic acid CYANEX 301

R= Hac_CH_CHz_?_CH3
CHj

kineticsgoverned by their respective phase and reac-
tionequilibria. When SC CO, ispassed through abed
of powdered metal oxide mixed withwater, carbonic
acidisformed thereby loweringitspH intheliquid film
around the solid particles.
Thiscarbonicacidispresumedtofacilitatetheion-
ization of metal oxideto metal cations. Thisphenom-
enonisexplainedas
CO, (scf) > CO,
H,O0()+CO, ()« H,CO, (1) > HCO () +H* (1) (4)
M.,On(s) +2nH* () = 2M™ (1) +nH, O (1)
Where (s) represents solid phase, (1) representsliquid
phase, (scf) represents supercritical fluid phase, MO
represents metal oxidewhere valence of metal is‘n’.
Thus, Step |, i.e., conversion of metal oxideto cations
inagueousfilm surrounding thesolid particleinvolves:

CHEMICAL TECHNOLOGY

e Dissolutionof SC CO, inwater.

e Formation of carbonicacid.

o Diffusionof carbonicacid and itsreaction with ox-
Ideat thesolid-liquid interface.

Recently many studies have been focused on the
production of high quality thin films by using
organometalic compound and SC CO, ascarrier me-
dium. Many researchers successfully applied the SFE
techniquefor theremoval of heavy measfrom solid
matrices such asfly ash, soil sample, solid tissue paper
and dudgesamples.

Shaofen and his co-worker? in 2008 carried out
thesupercriticd fluid extraction of chromate copper ar-
senate from wood waste. In this paper, SFE of Cr, Cu
and Asfrom wood wastes us ng organophosphorusre-
agent Cyanex 302, in SC CO, are surveyed and the
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extraction efficienciesof CCA with other chelating agent
arealso compared. Theextractionwascarried out in
different modei.e. single batch extraction, dynamicex-
traction and continues extraction. The extractor is
charged with 50mg of wood sampleand 1gm of cyanex
302 was loaded in asmall boat like glass container.
Theextractioninclude20 min static extractionfollowed
by 40 min dynamic extraction. 5% MeOH modified
CO, wasused asthe extracting fluid. The extracting
conditionswas 60°C temp. And 200 atm. Pressure.

Galy et a.[*in 2007 studied the decontamination
of solid substratesusing supercritical carbon dioxide
with trade hydrocarbonated surfactants. The solvation
of PEO-PPO-PEOQ trade hydrocarbonated surfactant
in CO, has been studied in thiswork by cloud point
measurement. Thisstudy improvetheknowledgeof the
surface active properties of a special kind of
hydrocarbonated surfactant inaSC CO, medium. at-
tention isfocused on aspecid classof pluronicsmol-
eculewhich contain acentral poly (propylene oxide)
block (PPO) or (PO)ywherey isinteger number aver-
age degree of polymerization of propylene oxidein-
serted between polyethyl ene oxide blocks.

PKumar and hisco-worker® in 2008 investigated
the extraction of Uranium and Thorium from solid ma-
tricesusing TBP-HNO, ascomplexing agent at 60°C
and 150 atm. Pressure. UO, and U,O, powder (0.02-
0.05) dongwith2ml of TBP-HNO, complex weretaken
in extraction vessel and CO, was fed until 150 atm.
Press. After 20 min of static extraction, dynamic ex-
traction is carried out by continuously flowing
supercritical fluid mixture of CO,and 10%TBP. Ura-
nium extraction efficiency for U,0,was97.05+3.73%
and for UO, was 98.07+4.76.

C.Kersch® reported on supercritical fluid extrac-
tion of heavy metd sfromfly ash usng Cyanex 302 and
TBP-D,EHPA as extractant. Extraction were con-
ductedin 12L revolving cylinder designed to work at
pressure unto 35 Mpa. Two different fly asheswere
used for the experiment: akaline CFPfly ash originat-
ing from an electric power plant in Netherland and
MSWI fly ash, whichwas supplied by amunicipa waste
incinerator. Themetalssuch asV, Sb, Ni, Mo, Cr, Co,
V, Pb, Mn, Cu and Zn could be removed efficiently.
Themaximum extraction valueswereobtained after 1h
for most cationswhenusing D, EHPA or TBP-D,EHPA

——— Review

mixture, an EE of morethan 90% was obtained for z
obtained for V, Sb, Ni, Mo, Cr, and Co whilefor Pb,
Mn and Cu only 40-60% was achieved.

Direct ingtu supercritical fluid extraction of Neody-
miumionfromitsoxideusng TTA-TBP-MeOH inca-
bon dioxide have been reported by T.Vencent?’. The
mechanism has been established by analyzing the con-
version of Neodymium oxideto Nd* and metal com-
plex. lonization studiesunder supercritical conditions
reveal that ionization isa P dependent process and
conversion of Ndintoionsincreasingin pressureand
decreaseswith anincreasein temperature. Parametric
dudiesonchdaionwith TTA-TBPshow that theamount
of adduct isafunction temperature, pressureand con-
tactingtime.

Coal treatment® for the removal of metd iscon-
Sidered to beachallenge over recent year. Supercritical
fluid technol ogy solved the problem of metal extrac-
tion. Many researchersused rd aively expensvechd a-
ing agent which may be difficult to beapplied for coa
treatment’® but Iwai et a carried out the extraction of
iron and cacium from low rank coa with supercritica
carbon dioxideand entrainer. The entrainer used was
Methanol, Ethanol, Acetic acid and Acetyl acetoneor
mixtureof Acetyl acetoneand water. Thelow rank cod
used inthisstudy was Berau coa from Indonesia. The
coa wasground and screened to prepare 18-30 mesh
sizeparticles. Theexperimentd conditionwere 313.2K
and 15.0 MPa. Theflow rate of CO, was 0.025 mol/
min. Author found that coupled entrainersof acetyl ac-
etone + water and acetic acid + ethanol areeffectivein
supercritical carbon dioxideextraction of Feand Ca,
Resp. Theflow rate of carbon dioxideand particlesize
of coal affected therecovery rate of Fe.

Recovery® of palladium from spent catayst with
supercritical CO, chelating agent have beeninvestigated
by lwao et al. the experiment werecarried out at pres-
sure and temperature ranging from 8 to 20 MPaand
313t0 333K resp. Theeffect of threedifferent ligands
wasinvestigated; acetyl acetone, Cyanex 302and TBP/
HNO,/H,O complex in which was prepared to have
1:1weight ratio of the TBPto HNO, solution. The ef-
fect of temperature, pressure, extractiontime, SC CO,
density and thetypeof chelating agent ontheextraction
efficiency of Pd were studied. Cyanex 302 gave the
maximum extraction efficiency of amost 100%in 10
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min at pressure and temperatureranging from8to 20
MPaand 313-333K.

Meguro et a .2 studied thenew method of extrac-
tion, reffered assupercritica CO, fluid leaching(SFL),
whichisbased on selectivedissolution of Uranium ox-
ide with the supercritical CO, fluid containing the
HNO,-Tri-n butyl phosphate complex the UO, and
U.O, powder efficiently react with the HNO,-TBP
complex in the supercritical CO, mediumtoforma
U(VI)-TBP complex, UO,(NO,),(TBP), which is
solubleinthe CO, phase. Therate of the complexation
of the UQ, or U,O, powder is high enough when the
content of HNO, inthe HNO_-TBP complex ishigh.
In particular, whenratio of molefraction of HNO, to
that of TBPislargerthanca.l.i.e, content of 2:1 com-
plex (HNO,), TBP becomeslarge, the complexation
rateincreases remarkably, the complexation rate de-
creasesdightly with anincreasesof thepressureinrange
between 12.5 and 25 M Pa. The water molecule con-
tained in the HNO,-TBP complex enhancethe com-
plexation rateof uranium oxides. Herewater dissolved
inthesupercritical CO, phaseisasacomponent of the
mixed complex of HNO,-TBP-H.O. Large produc-
tion of UO,(NQ,),(TBP), aswell asthe HNO_-TBP
complex remained with thesynthetic solid wastesample
after the SFL at 12.5M Pathough morethan 99.4% of
Uo2 or 99.8% of U, O, wasreacted to the complex.

Shimizu et d .2 successfully applied thetechnique
of supercriticd fluid extraction for theremovd rareearth
element fromluminescent materid inwastefluorescent
lamps. Rare earth element were extracted from [umi-
nescent material in waste fluorescent lamps using
supercritica carbon dioxide (SC-CO,) containing tri-
n-butyl phosphate (TBP) complexeswith HNO, and
H.,O. The CO,—soluble TBP complexes, however, is
problematicinthat an excessamount of water isgener-
ated from thereaction of complex with metal oxide.
The complex isprepared by avigorousmixing of TBP
and concentrated nitricacid, whichisamixtureof HNO,
and H,O, therefore, the complex gets saturated with
water. Theexcesswater separates, forming small drop-
letsinthesupercritical fluid . whenthemetal ionsare
distributed into thedroplets, effective extractionisnot
achieved. Dropletsformation was prevented by con-
trolling of themolecular ratio.

Fox et al.®? studied the Holmium nitrte

CHEMICAL TECHNOLOGY

complaxationwithtri-n-butyl phosphatein supercritica
carbon dioxide. When TBPis added to SC CO, and
the organophosphorousrate reagent contactsthe solid
Holmium nitrate, achemical reaction occur leading to
formation of Ho-TBP complexes. Astheamount of a
TBP added to the system increases , the amount of
complexed holmium nitratedissolvedinthesupercritica
fluid phaseincreases. The complexation reaction be-
tween Holmium nitrateand TBPwasstudiedin SCCO,
at 308K and found to produce Ho-TBP complexes
having 1.2 and 1:4 stochiometries. Conditional extrac-
tion coefficient were cal culated from uv-visdata. The
value for log k_, = 5.8+0.1 and value for logk_,=
3.1+0.1, giving a value of logk_ = 8.9+0.1 where K
istheextraction coefficient. Theresult foundinthisstudy
demonstrate that metal complexation reaction in
supercritica fluid solvent can produce multipleML
complexes. Thedifferent ML _speciesformed area
function of thesystem.

Y.Takeshitaand Y.Satol*¥ constructed anew flow
typeapparatusto measurethe solubility of solid samples
insupercritical fluid. Author ascertained thevaidity of
thisgpparatus and procedure by measuring the solubil-
ity of naphthaenein supercritical CO, at 508 K and
from 9.8t0 24.5 MPa Thesolubility of naphthaenein
supercritica carbon dioxidewasdetermined by thefol-
lowing equations.

v _ (W2/M2)
27 {(p=py)V./RTI+(W2/M2)

Where W, isthe weight of the trapped naphtha-
lene, p the atmospheric pressure, p,, the vapour pres-
sureof water, V, thegasvolumemeasured by the meter
a temperature T, Rthegas constant, and M, themolar
mass of ngphtha ene. Author mainly focused on copper
compounds and used aflow type apparatus to mea-
surethesolubility of amodel copper compound fixed
inwood. Themode compound used inthisstudy was
CuH_SO,, whichisbelieved to existin CCA-treated
wood. The CUHASO, solubility wasof theorder 10°.

Chang et a *¥ designed and synthesized new CO,
soluble, 4-aminopyridinederivativesachelating agent
by modifying conventiona chelating agentswith ‘CO,-
philic’ moieties, such as carbonyl, ether, and fluoroalkyl
or amidegroup. Comparison of tertiary amidegroup
moi ety with secondary amide group moiety of amide
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group containing pyridinederivativesfor CO, solubility
and theextraction of Copper, Cobalt, Zinc newly and
Strontiumwith newly synthes zed pyridinederivativeinto
SC CO, aredescribed. Newly prepared pyridinetype
chelating agent show good or moderate extraction effi-
cienciesfor several metal ions(Cu?*, Co?*, Zn*, Sr)
in50-90% yield with Co-ligand.

Joung et d . reported theextraction of lanthanide
ionsfrom agueous sol ution by modified supercritical
CO, with Tri-n-butyl phosphate and bis-2-ethyl hexyl
phosphoric acid. Tofind information of phasetrangtion
from subcritical to supercritica phaseof TBP+CO, and
B2EHPA+CQO,, phase behavior of this mixture was
measured at varioustemperature (313.15, 323.15and
333.15K) and pressure (ambient to 25 Mpa). It was
found that a single phase was easily reached for
TBP+CO, even at low pressure. However in case of
B2EHPA+CO, system, the phase behavior wasvery
complicated by variation with pressure. By avariable-
volumeview —cell apparatus, the phase transition pres-
sure of each system were measured. Theeffect of con-
ditions such astemperature, pressure and concentra-
tion of HNO, on SFE of Lanthanide have been stud-
ied.

Yamini et d .9 successfully applied theorthogond
array design for the optimization supercritical carbon
dioxideextraction of Platinum (IV) and Rhenium (V1)
from solid matrix. OAD istypeof fractiona factoria
designinwhich orthogonal array isusedto assignfac-
torsto series of experimenta combinationwhoseresult
can be analyzed using common mathematical proce-
dure. Recently severa application of thismethod have
been reported . More detailed description of an OAD
wasreported by H.B.Wan. effect of five experimental
factors: pressure, temperature, volume of 20% (w/v)
cyanex 301 solution in methanol, static and dynamic
extractiontime on SFE of theseionswere studied and
optimized. Theeffect of thisparameter wereinvesti-
gated using theanalysis of variance (ANOVA). The
result showed that Pt (1) and Re (V1) could be quan-
titatively extracted from solid matrix at 308 K, 202 bar.

C.Kersch and hisco-worker™ further studied the
leachability of heavy meta sfromfly ash. After leaching
of heavy metals from fly ash they carry out the
supercritica fluid extraction. Paper focusesonthemeta
leachability and theeffect after extractioninal2l re-

——— Review

volving vessdl with supercritical CO, withfly ashfrom
municipa wasteincinerator asmodel compound. Pre-
leaching removed the major part of thewater soluble
compound whilethe undesired removal of heavy met-
asthrough pre-leachingwas|ow for thestudied fly ash.

To use SFE asaanaytical or industrial scale pro-
cess, both theextraction and collection efficiency of the
procedure need to be determined. M.D.Burford and
his co-worker’™® performed detail ed study to evaluate
both the extraction and collection efficiency. Thenon
fluorinated metal 3-diketonsand dithiocarbamates had
a greater tendency to dissociate and /or degrade in
supercritical fluid than the corresponding fluorinated
metal complex. Thecollection efficiency (per cent re-
covered inthe collection solvent) isassessed by spik-
ing theanayteto be coll ected onto aninert matrix and
extracting thesamplewith CO,.

C.Y.Tai, GS.Youand S.L.Chen®¥ performed the
kineticsstudy on supercriticd fluid extraction of Zinc(11)
ionfrom aqueous solution. Thiswork studiesthekinet-
icsof metal ion extraction using anin situ chelation-
SFE method. Theextractionwascarried outin 1.3dm3
batch stirred tank. The effect of pressureand stirring
ratewereinvestigated. Theresult show that theextrac-
tionrateof Zn(ll) ionwithincreasein stirringrate, but

Mormalized intensity

[ 300

Figure2: Raman spectraof CO, in neat sc-CO, measur ed at
40°C under variouspressures. (a) 8.0M Pa, (b) 9.0M Pa, (c)
10.0M Pa, (d) 15.0M Pa, (€) 20.0M Pa, and (f) 25.0M Pa
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decreaseswith pressure. The effective masstransfer
coefficient at 313K and 8.3 MPavariesfrom0.45t0
2.6x10%s* whenthe stirring rateincreasesfrom 7.2 to
17.7s.

Glenon et d havereported theextraction of Au(lll)
from cdllul ose paper using new fluorinated macrocyclic
reagentsbased on caixarenemolecul ar baskete*?. High
extraction percentage were obtained at 60°C tempera
tureand 200 atm pressure. Wai et.d . have described
the extraction of Au(l11) from cellul ose paper using
bistriazol o-crownsin supercritical CO, inthepresence
of 5% methanol as a modifier and the addition of
microlitre quantitiesof water, up to 80% of the spiked
gold wasextracted.

Vencent et d .Y successfully sudied thein-situ che-
lation and extraction of heavy metal oxideusing modi-
fied supercriticd carbondioxide. Cerium oxidehasbeen
considered asacandidate materia to carru out feasi-
bility studiesaong with TTA aschelating agent for ex-
traction. Solubility of Ce(TTA),-chelate hasbeenin-
vestigated in the pressure range of 150-350 bar at
400°C. itisnoted that Ce(TTA)-chdateisquitesoluble
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Figure3: Plotsof wavenumber sfor v, and v, bandsof neat
SC-CO, (0) and SC-CO, containing Hacac (®), Htfacac (),
and Hhfacac (®) of 1.310*moves. Density experimental con-
ditions: temper ature=40°C; pressure=8.0-25.0 M Pa
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in SC CO,,

T.WangandY.Guanin 2003“? investigated thenew
method for theremoval of thearsenicintheform of
anionssuch asarseniteand arsenate, from solid sample
by supercritical carbon dioxide coupled withion pair-
ing . Tetrabutylammonium bromide (Bu,Nbr) wasused
astheion pairing reagent. Bu,Nbr isinsolublein SC
CO,. Thearsenicintheform of anionfrom solid sample
can be effectively removed by supercritical CO, ex-
tractionwithion pairing.

Raman spectral shift of CO,

Inorder to study theintermol ecul ar interactions of
SC CO, with solute, Kachi et a .* have measured the
Raman spectraof CO, in neat SC CO, and SC CO,
containing B-diketons[ acetylacetone (Hacac),trifluoro-
acetylacetone (Htfacac), hexafluoro- acetylacetone
(Hhfacac)], uranyl B-dikatanato complex [UQ, (hfacac),
DM SO] (DM SO:dimethyl sulfoxide) by changing the
pressurefrom 8.0to 25MPaat 400 (density ingm/cm?®
: 0.28 author have also observed Raman spectra of
CO, in SC CO, containing compounds [acetic anhy-
dride (Ac,0), methyl acetate (MeOAcC), ethanol
(EtOH), N, N dimethylformamide (DMF), Dimethyl
sulfoxide (DM SO), tetramethylurea (TMU),
Hexamethyl phosporamide (HMPA), and Acetonitrile
(AcN)] with different donicity or (DN) to understand
strength of their CO, philicity.

Raman spectraof CO, in SC-CO, and SC-CO,con-
taining B-diketones

The Raman spectraof puregaseous CO, arewell-
known to have two narrow bands at about 1286¢n*
(v,) and 1388cm™«, ), which are due to a Fermi reso-
nance between the harmonic 2v, of the bending mode
and the symmetric stretch v[**1. Author measured
Raman spectraof CO, inneat SC-CO, at 40°Cinthe
pressuresrangefrom 8.0to 25.0 MPato examinethe
dependence of v, and v, bands on density. Theresults
areshownfigure2. Theplotsof v, and v, bandsversus
density areshowninfigure 3. Asseenfromfigure 3, the
peaks of v, and v, bands of sc-CO, shift linearly to
lower wavenumberswithincreasingintensity, i.e., the
red-shifts are about 3.0cm™*for v, and 1.5cm™ for v,
Theseresultsare cons stent with those reported previ-
oud y*4 and indicatethat the experimental methodiis

Au Tudian Yourual



CTAIJ, 5(1) June 2010

Shweta Umale and P.A.Mahanwar 35

effective. Onthe basisof confirmation for validity of
experimental procedures, authorsmeasured theRaman
spectraof CO, in SC-CO, containing Hacac, Htfacac,
and Hhfacac of 1.3 x 10*M (M: mol dm®) to examine
effects of added solutes on the structures and vibra-
tiond motionsof sc-CO,,. Figure 3 displaystheplotsof
wavenumbers corresponding to thev, and v bands of
sc-CO, containing 3-diketones against the densities of
SC-CO,. Both bands are found to shift to lower
wavenumbersas asin neat SC-CO,, that is, the red-
shiftsfor the _| and v, bands are about 2 and 1cm,
respectively.

Furthermore, it wasfound that thev, and v, bands
of SC-CO, containing B-diketones areobserved a dif-
ferent wavenumbersfromthose of neat SC-CO, inthe
low density region, and approach to those of neatsc-
CO, withanincreasein density. These phenomenasug-
gest theexistenceof solute-solvent interactions such as
the LA-LB interactions and OH~O and/or CH--O
proposed by Wallenet al. The C = O bond length of
CO, moleculesshould becomelongwithanincreasein
theinteractionsof 3-diketoneswith CO,accompanied
by the LA—LB interactions between the C = O oxygen
atoms as el ectron donor and the carbon atom of CO,
mol ecul es as el ectron acceptor.

The C =0 bond of CO, moleculeisalso affected
by the OH O hydrogen bonding between enolic pro-
ton of 3-diketoneand theoxygen atom CO, henceitis
considered that thered shift from wavenumber of nest
SC CO, inlower density region showninfigure3is
duetotherelatively larger ratio of B-diketoneto CO,
moleculesinteractingwith B-diketoneisrdativey larger
than that in higher density region.

Application fieldsof supercritical fluid technology

Experience accumulated in recent yearsontheuse
of SCF and SCF process havereached the step that it
ispossibleto exploreand envision their uses beyond
the common practice of extraction. In recent year
supercriticd fluids (SCF) havegained considerableim-
portance asmediain variousfield of application such
asextraction, fractionation, chemica and enzymaticre-
action.

Sarrade et a.5% in hispresentation reviewed the
new ideasrecently proposed inthefield of supercritica
fluid and membrane coupled processes or membrane

——— Review

preparation one of the most important applicationin-

clude coupled supercritical CO, extraction with

nanofiltration separation to purify low molecular weight

compounds. another moresignificant potentia gpplica

tionindudes:

e Ceramic filtration membrane prepared using
supercritical CO, route.

e Solvent recovery or separation of CO, from com-
plex mixtures.

e CO, extraction coupled with. Crossflow filtration.

e CO, fludificationof viscousfluidsduring crossfil-
tration.

e Membrane cofactor/ reactor operated under SC
CO, conditions,

Carbon dioxideisthe only fluid which has been
applied in producing composite particle. M. Bahrami
and S. Ranjbarian®® have published thereview article
on the production of micro- and nano- composite par-
ticlesby supercritica carbon dioxide. Composite par-
ticleareproduced for many purposes such ascontrol -
ling therelease of active material in desired quantity
and | ocation, increasing the dissol ution rate of dightly
water solublemateria and modifying the surface prop-
ertiesof particlesused in pharmaceutics, cadysts, cos-
meticsand energetic materid. Severd review paper have
been published to cover numerousliteratureson par-
ticle design by SCF method.[5%%

Many nonvolatile solutesareinsolublein CO, be-
cause of theweak van der Waal forcesand lack of a
dipole moment. Thus many recent advancementsin
supercritica fluid scienceand technology sartinginthe
late 1980s have utilized collidein carbon dioxideto
take advantage of insoluble phases such aswater, poly-
mer |atexes, metal sand semiconductors. Water-in-CO,
(W/C) and CO,-in-water (C/W) microemulsionsand
emulsonshavetheability tofunction asauniversa sol-
vent medium by solubilizing high concentrationsof po-
lar, ionic and no polar molecul eswithin dispersed and
continuous phase'®®. W/C or C/W dispersionsin the
form of micro emulsionsand emulsions offer anew
possi bilitiesin waste minimization for the replacement
of organic solvent infield including chemica process-
ing, pharmaceutical's, microel ectronics, for solubiliza:
tionsand separation, particleformation, organometallic
catdys sand synthesisof polymer collideand inorganic
nanoparticles®+%IAdditiond goplicationsincudephoto
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resist drying(®®%7, and cleaning of low k dielectricsin
microelectronicg®®, emulsiontemplating in polymer-
ization™, drug ddivery!™ and enzymatic cataysig’> ™.

R.L.Smithand Z.Fangin (2009)!" have described
thenew areaof supercritical fluid technology. Inhisre-
view, diamond anvil typecells(DACs) arereviewed as
amethod for supercritica water system. Thediamond
anvil cel (DACs) isaremarkably devicefor studying
high pressure phenomenon that wasinspired by studies
of Bridgeman!™ who used large high pressure press
gpparatus. Theessentid feature of the DAC areamin-
iature mechanical pressthat appliesabalanced force
onto two opposing smal area(ca.1 mm diameter) an-
vilstypically madeof diamond and ametal sheet con-
taining aw holethat isplaced betweenthe anvils, which
alowsconfinement of liquidsand solutions. Figure 1a
showsasimplified diagram of the DA C proposed by
Basetteet d."® in 1993 and figure 1b shows an anno-
tated photograph.

Application of hydrothermal DAC

hydrothermal DA C has been used to study many
propertiesand phenomenonin geology, Physics, chem-
idry, engineeringand materid sciences. TABLE 4 shows
sel ected topicsin geology, biomass, energy, environ-
mentd, polymer and materid.

Besde above mentioned applications, largeamount
of literatureisavail able on application of SFE. To be
ableto handlesystematicaly thislargeamount of infor-
mation avallablein literature, thisinformationwill cat-
egorized under thefollowing application field of SCF.
1. Rateprocesses. Crystdlization.

2. Extraction processesinfood, Pharmaceuticalsand
environmenta applications.

Chemical reactions.

Polymer processing technol ogy.

Fractionation.

Analytical supercritical extraction.

Supercritica water oxidation.

Each applicationfidd will betreated in aseparate
paragraph and areview will begiven of sofar explored
informationin open literature. Becausemost of thein-
formation and research work foundinliteratureislim-
ited to technicd aspects and/or possiblenew applica
tionfieldsof SCF and doesnot treat the cost or indus-
trial experiences, thisaspect isnot included unlessit

No ko
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TABLE4

Conditions

Resear ch topics _—
T(°C) P(atm)

Polymer related

490 1<173
264-425 30-900
423-670 <2600
400-570 453-958
450-686 860-969
400-500 16-688

Depolymerization of polyethylene terphthalate (PET)
Depolymeri zation of Nylon66

Reaction of polyethylene

Decomposition of polystyrene

Liquification of styrene- Butadiene

Rubber degradation of polyvinylchloride

Material related

Formation of boehimite from Al(NOs)3 431
300

650

<850
<444
<1250

Formation of erbium nanoparticles

Formation of Zn,SiozMn?* (ZSM) phosphor

was mentioned. Finally an overview of possiblemath-
ematical methodswill be presented and discussed re-
garding the estimation and simulation of technica as-
pects of SCF such as the solubility, influence of
cosolvent, etc. whichareavailableinliterature.

Rate process
Crydtallization

Theparticleszeand szedistribution of solid mate-
ridsformedinindustrid processesisfrequently not the
Sizethat isdesired for subsequent reaction or the use of
thesematerids. Crushing, grinding, bal millingand pre-
cipitation fromthe solution are examples of themeth-
odsfor particlesizeredistribution gppliedto chemicals,
pharmaceuticals, dyesand polymers. Thereare many
solidsthat aredifficult to process by grinding or by so-
lution technigques for one reason or another. For ex-
ample certain dyes and explosive compounds. Theuse
of SCFinthisfield hasrecently been under the atten-
tion, especidly the GAS and RESS processaswill be
described below.

Gasanti-solvent (GAS) recrystallization

Gallagher et al.l"", describe anew processto re-
crystalizecompoundsinsolublein SCF, socaled GAS
(GasAnti-Solvent) Recrystdlization. Intheir study this
process has been used for recrystallization of
nitroguanidinefromn-methyl pyrrolidoneand N,N-dim-
ethyl formamideusing SCFs. Thetypeof SCFusedis
not mentioned in the paper. Theinvestigation wasdi-
rected to aspecific explosive, nitroguanidine, but the
process has been reported to begeneral initsapplica-
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tion. Inthisprocess, gasesthat are solubleinliquid can
be admixed through compl ete expansi on which causes
anextremely highlevel of super saturation and nucle-
ationrateresultingin theformation of extremely small
particleswhich arenot readily achievableby other pro-
cesses. Thisprocess can not be used to recrystalize
solidswhichare“too” soluble in the gas.

Crystallization through rapid expansion of
super critical solvent (RESS)

Inthe RESS process super saturation is caused by
amechanicd perturbation, contrary to the conventiona
process wherein super saturation is caused by a
thermal perturation. The speed with which perturation
propagates in the RESS process givesrise to a nar-
rower particlesize distribution compared to the con-
ventiond method. Haversonet d., investigatetheinflu-
ence of pre-and post-expansion condition onthecrys-
talinity and particlesizedistribution. Their sudiescon-
cern the continuous expans on of mixturesof naphtha-
lenein SC-CQ,, It seemsthat the particlesizeand shape
areasengtivefunction of preand post expansiontem-
perature and sol ute concentration in SC mixture. Al-
though the Gas Recrystallization and the RESS pro-
cessisindeveloping Satus, it ssemsto bean effective
processfor (re)crystallizing of solid material withina
controlled particlesizedistribution. Thereisnoinfor-
mation reported regarding the process conditions. Ap-
plication of thesetechniquesfor anew processshould
be subjected to acareful case-by-case evaluation for
itseconomicand environmenta factorscompared with
other recrystalization processes.

Extraction processesin pharmaceuticals, food and
environmental

In recent years much research has been done on
theapplication of SCFinthefood, pharmaceutical and
environmental field. Schaeffer et d .8, report extrac-
tion of pyrrolizidineakal oids (anti-cancer agent) from
seedsof Crotal ariaspectabiliswhichisdifficult to ex-
tract andisolatefrom the plant material without degra-
dation or use of toxic solvents. In this process oil of
crushed seeds of Crotal arias extracted using SC-CO,
with addition of ethanol and water asco-solvents. There
are no datareported regarding the process conditions
and/or the physical parameterssuch assolubilities. Ex-

——— Review

traction of chemotherapeutic agentsfrom the plant ma:
teridslikemaytansineandrolliniapapilliondawith SC-
CO, also has-been mentioned!®.

Useof SC-CO2 asareplacement of hexanein soy-
bean-oil extraction recently isbeing considered. Data
on theextraction and oil composition of soybean oil
have been described by Friedrich et a.[™® He showed
that the separation of oil from CO,-oil stream at 800
bar can be carried out by dropping the pressure by
only 150 or 200 bar at 70°C.

Other development work on a SC-CO, process
for extracting oilsfrom potato chipsand extension of
seed- and fish-oil extraction hasbeen reported® Itis
reported that potato chips containing about 45-50 wt%
oil can be extracted of about 50% of their oilswhile
retaining theorigind flavour andtexture.

Robey et al.* describea SC-CO, processto con-
centrate aromatic constituentsin lemon oil. The con-
ventional processwhichisbased oneither seam ditil-
lation or liquid-liquid extraction suffersfrom certain
drawbacks such as product degradation and require-
ment of subsequent removal of solvent. It isreported
that atenfol d concentration of aromeaticscan beachieved
inasingleextraction stagewith asuperior result con-
cerning the flavour compared to the conventional
method.

The extraction of acohol from water using SCF
has been described in some detail by Kuk et a3 |t
has been suggested that the compressibility of SCF
solvent and thedifferencesintheliquid phasenoided-
ity exhibited by the binary al cohol-SCF and a cohol -
water mixturesaretwo mgor factorsfor controlling the
sdlectivity andloading of the solvent. Thesetwo factors
determinewhether thed cohol water-SCF mixturewill
splitintoan LLV mixture.

Extraction of phenol from soil andwater using near
critical and SC-CO, has been reported by Roop et
al . They report extraction of phenol from water us-
ing SC-CO, at pressures up to 310 bar for isotherms
25 and 50°C. Benzene has been reported as suitable
co-solvent sinceitssolubility inwater isvery small and
it enhancesthedistribution of phenal intothe SC phase.
The presence of methanol wasfound to have no effect;
sincemethanol ispolar and compl etely solubleinwa-
ter, it favours the aqueous phase and therefore does
not change the characteristics of the SC phase. The
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two soil systemsthey haveinvestigated were contami-
nated dry and wetted soil. They found that the SC-
CO, was able to remove phenol from both systems
equally effectively. For contaminated soil both co-sol-
vents, benzeneand methanol, increased thedistribution
coefficient of phenol, whereas methanol hasbeen re-
ported by far themost effective. Thepresence of mois-
turein the soil wasfound to have no effect on the ex-
traction of phenol using pure CO,. Whiletheinfluence
of water has been shown to have adramaticimpact on
theeffectivenessof theentrainers.

The benzene/CO, has been reported to be ableto
removeall of the phenol from the wetted soil whilethe
methanol/CO, offered no enhancement over that of the
pure CO,. From theresultsit can be concluded that the
choice of aco-solvent isnot independent of the con-
taminated matrix or inthe case of soil, itsmoisture con-
tent. Dataregarding the process conditionsand physi-
ca parametersweremissinginthisreport.

Oudkerk et a. estimated the cost for thehandling
of 10tonsof sludge per hour, based on 5000 ha, to be
$ 26-53/ton with investment costs of about $M 3. It
concerns a continuous SC-CO, extraction process
where no co-solvent hasbeen used. Thesludgeisas-
sumed to be polluted with polycyclic aromatic hydro-
carbons(PAH’s), polychloric biphenyls and pesticides.

Chemical reactions

In the recent years much investigation has been
doneto understand theinfluence of SCF onthereac-
tion rate, conversion and reaction pathway!®+%l, The
major reasonsfor carrying out chemical processesin
SCF phaseare: Theavailability of an extended pres-
sure and temperaturerange providesthe opportunity
to operate the reaction under conditions which are
optimal with respect to kineticsand selectivity; The
Solvent propertiesare easily varied and may be ad-
justed to special requirements, e.g. homogeneity is
often easily reached. These makeit possibleto pre-
cipitate the product from the reaction mixture asthe
reaction proceeds. In this manner unwanted side-re-
actionsmay beavoided if the product speciesisim-
mediately removed from thereacting system asit pre-
cipitatesfrom solution.

The product recovery may be achieved by simply
decompressing the system; - The heat and masstrans-
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fer arevery efficient in SCF state.

Occhiogrosso et al.®” studied the oxidation of
cumeneinahomogeneous phasein SC-CO,. Theoxi-
dationreactionwhichisnormally carried outinthelig-
uid phase suffersfrom the occurrence of sidereactions.
Application of SC-CO, hasbeen reported to decrease
theformation of byproducts and enhancethe sel ectiv-
ity. The application of SC-CO, for the production of
furfurd from xylosehasbeenreported by Sako et a ..
Theconventiona method for the production of furfura
hasalow sel ectivity dueto the high reactive character
of furfural and so the appearance of sidereactionssuch
asdecomposition and polymerization. Use of SC-CQO,
makesit possibleto extract thefurfural out of thereac-
tor as soon as possibleand soincrease the selectivity.
Theauthorscarried out experimentsat 150°C and 200
bar.

Srinivaset a.® studied the oxidation of cyclohex-
anein SC-CO, for production of cyclohexanone and
cyclohexanal. Ingenera theoxidation of cyclohexanels
carried out intheliquid phaseat 393-413K and pres-
sures up to 20 bar with air or oxygen as co reactant
under severd oxidation conditions, such asuncatayzed,
catalyzed by transition metal s or promoted by initia-
tors. Thevapour phase oxidation requires high tem-
peraturesin the range of 320-340°C, which leadsto
degradative oxidation and formation of by-products.
The mechanismof oxidationreactioninaSC-CQO, is
proceeded by freeradical asinthe caseof liquid phase
oxidation. Thetemperatureand pressure effectsonthe
reaction rate constant are described by Arrheniustype
of equation.

Theconversion of oxidation reactionin SC-CO, is
low compared to the liquid phase oxidati on because of
dilute concentrations of the reactants. The cyclohex-
anoneismore selectively formed and favoured by in-
creasing of pressurethan cyclohexanol. Anincrease of
20% in pressureresultsin reduction of theinduction
period by 50%, an increaseinactivation energy, anin-
creasein thepreexponential factor by 5 ordersof mag-
nitude and anincreaseinthefirst order rate constant by
about 70%.

These studies show that the reaction rates can be
mani pul ated by adjusting the operating conditions of
temperature, pressure and feed composition near the
mixturecritica point.
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Useof an SCF reaction medium to lower the oper-
ating temperature of pyrolys sreactionismentioned by
McHugh et al.[® Use of SCF reaction medium sup-
pressestheformation of carbonthat occursat thehigh
temperaturesin pyrolysisreactions. Thereforean im-
proved yields, selectivity and product separation can
be attained ascompared to conventiond pyrolyssmeth-
ods. Koll etal., 1978, report the pyrolysis reaction of
cdluloseinthepresence of SC acetone(Tc=235.7°C,
Pc =47 bar) operating at 250 atm and 150-290°C. At
SCF conditions, theyield of glucosanisabout 38.8%
whichis72% higher than theyield obtained with con-
ventiona pyrolysis. Thisincreaseinyieldisexplained
by theincrease of density of thereacting mixturewith
pressure. At higher densitiestheintermolecular reac-
tion proceedsat amuch higher rate.

Titscher et a. describe the influence of an SCF
reaction medium on the activity of aheterogeneous
catayst. They studied the cata yticisomerization of 1-
hexene (Tc=231°C and Pc=30.7 bar) on 5-Al203
with 2-chlorohexane as a co catalyst where by cis
and trans-2-hexene are the desired products. The
catalyst normally isdeactivated after 1.5 hours (oper-
ating conditions: 250°C and 14.8bar) and amaximum
conversion of 20% has been reached. They show that
the conversion slowly dropsto 12% after 12 hours.
Thedeactivation of the catalyst isaresult of accumu-
lation of oligomeric compounds (C12-C30) on the
surface of the catalyst. By increasing the pressure up
to 493 bar the authors have observed that the con-
version increases up to 40% after 1.5 hours, and also
remainsat thesamelevd after 12 hoursreactiontime.

Alexander et al.[* described areaction/separation
scenario for the Diels-Alder reaction of isoprenewith
maleic anhydridein SC-CQO,,. They find that the prod-
uct precipates asasolid from thereaction mixture as
thereaction proceeds. Inthiscasethereactionisrun at
fairly low concentrationsof reactantsin SC-CQO,,

Useof SC-CO, for theneutralization and strength-
ening of old paper has been reported by Perre et al 1%l
Thefabricated paper fromwood pul p deteriorateswith
agethrough degradation of cellulose moleculesby oxi-
dation and hydrolysisreaction which resultsinto for-
mation of acid substances. To treat deteriorated paper
documents and reversethe damage, SC-CO, hasbeen
showed to offer many advantagescomparedtotheavail-

——— Review

able processes based on the use of organic solvents.
Thisnot only from theenvironmental point of view but
alsofromthequality of printed document (damage of
inksor bindings) and cost of operation. In the process
suggested by the authorsthe books (closed) are stacked
in the autoclave and submitted to SC-CO, at apres-
sure of 200 bar and atemperature of 40°C. Theflow
rate of SC-CO, isreported to be 25kg CO, per kg of
books. Theacidification treetment hasbeen carried out
using dissolved methyl ethyl magnesium carbonatein
SC-CO,. Residencetime of 4 hours has been reported
tobesufficienttoincreasethepH leve todkainerange
(> 8). Strengthening of the paper has been reported
through impregnation of paper with componentslike
grafted silica or polymers transported by SC-CQO,,.
Further detailsregarding thistechniquearemissingin
the paper.

Bhis&® describes amultistep processfor the pro-
duction of ethylene glycol in near-critical to SC-CO,,
whereby much less high glycol s have been produced
compared to the conventional method.

Poliakoff et al.[**! explored several organometal-
lic systemsin SCfluids. Organometallic complexes
areused in many homogeneousreactions, and vol atile
organometallic components may be used in chemical
vapour deposition processesfor the production of thin
filmsfor micro e ectrconic applications. Theinertness
of CO, and Xeand the complete miscibility with other
permanent gases such as N and H, offer significant
benefits. Both N, and H, are used in organometallic
chemistry. Thelimited solubility of thesegasesinlig-
uidslimitsthe generation of potential useful organo-
metallic componentsand limitstherateof reaction. In
addition since Xeiscompletely transparent for UV,
visibleand IR radiation, itispre-eminently useful in
Spectroscopic reaction studies. By performing there-
actionsin SC-Xe, high concentrations of both N, and
H,, could be obtained facilitating and stabilizing the
formation of new complexes. The progress of there-
action was studied using time-resol ved | R-spectros-
copy. The UV photolysis of n.-C.HM(CO)*withM
beingMnor Re, wasstudiedinasupercritical Xe/H,
mixture. Both complexesreacted differently. TheMn
complex formed adi hydrogen complex whereasthe
Re complex formed adi hydride complex. The Mn-
H, complex was stabilized by the presence of the
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hydrogen inthe reaction medium. Replacing H, with
N, leadsto arapid H.-N, exchangeinthe metal com-
plex.

Polymer processing technology

Themgor activitiesrelating use of SCF in poly-
mersrelatefrom the 1980s with one exception: poly-
ethylene. The development of the high pressure poly-
merization processin the 1940srepresentsthefirst com-
mercialized SCF process. Intherecent yearsagrowth
of activitiesin SCF-polymer processing technology can
be observed, asin other fields of application of SCF
processing. Thisinthelight of increas ngly stringent regu-
lationsand bansof organi ¢ solvent use(“‘motivation™).

Thedissolution of an SCFinto apolymer meltsre-
sultsin modification of both thermodynamicand rheo-
logical properties.

Recent activitiesontheuseof SCFinpolymer liein
two fields: fundamenta studiesand gpplied processde-
velopment studies. Thefundamenta studiesrecover the
following aress.

Thermodynamics (phaseequilibria, polarity effects,
reaction kinetics, co solvent effects, etc); Trangport prop-
erties(diffusion, viscosity, etc.); Predictivemodeing (bi-
nary diffus on coefficient, solubility, distribution coeffi-
cient, etc.); Equipment related (chromatography, mass
transfer, etc.).

Thegpplied process development studieslieinthe
fidd SCFfractionation of polymersand copolymershby
mol ecular weight and chemical composition. Bangert
et al.[* describeaprocessfor spinning polymer fibers
fromasupercritical solution. Thisprocessentailsdis-
solving apolymer inahigh pressurefluid and extruding
the gaseous solution through adie. Polymersstudied
are polypropylene, polybutene-1 and Nylon-6. The
solubilities of thesemateridsin CO, and n-butane are
shown TABLE 5. Diametersranging up to 25 microns
have been reported to spun from polypropylenedis-
solved insupercritical propylene. The pressurelevels
needed to dissolveapolymer aredirectly related to the
mol ecular weight of the polymer. Polymer solubility in
SCF isaso related to polymer tacticity Datais pre-
sentedinTABLEDS.

Thefractionation of ahigh molecular-weight sili-
coneail, apoly(dimethyl)siloxane using SC-CO, has
been reported by McHugh et al.[®8, The polymer was

CHEMICAL TECHNOLOGY

extracted at 80°C over apressurerangefrom 121 to
440 bar. Six fractions have been reported to be sepa-
rated from low molecular weight cyclic sand linersto
high molecular weight oligomers. Thereplacement of
methyl group in poly (dimethyl) siloxanewith phenyl
group lowersthe solubility dramatically. Inthe same
article, thefractionation of aperfluoroakylpolyether,
([CH(CF)-CF,QOInC,F), in SC-CO, has been re-
ported. Perfluoroalkyl polyether isresistant to corro-
siveor oxidizing materialsandisbeingused asadia-
phragm fluid, in computer disc lubricant and asaseal
fluid for computer disc drives. The fractionation of
perfluoroakylpolyether iscarried out at 80°C over a
pressure range from 81 to 271 bar. Further the frac-
tionation of polystyrene, photo resist polymer
(polysilastyrene, (CH3), S[CH.SICH,] x [CH_Si-
CH_ly Si(CH,),), polymeric surfactant (carboxylic
acid-terminated perfluoralkyl polyether, HOOC
[CH(CF,)CF,O]n C,F,) and polyisobutylene-succinic
have been reported®. M ore dataregarding these pro-
cessesaremissinginthearticles.

Reactivemonomerswhichareused in applications
that require high purity but which aredifficult to pro-
cesshy distillation because of their sensitivity totem-
perature, can be purified by SCF processing tech-
niques®. Oneof theexamplesissilicon monomer for
theusein soft contact lensesor BisGM Amonomer for
theuseinhard denta structures. Thesemonomershave
been purified with SC-CO, at 60°C and 94.6 bar. More
dataregarding these processesare missing inthear-
tide

Another field of application of SCFin polymers
arethe RESS and the GA Srecrystd lization techniques.
Thesetechniquesoffer preci pitation of polymerswhich
aredifficult to handleby traditional meansor provide
the possibility to alter the morphologiesof polymers
which can have advantage on further processing (e.g.
in membranes). Within this concept use of SCF for
modification of polymer surfaces can be mentioned.

Fractionation

Use of SCF for regeneration of activated carbon
is reported by McHught®, The advantages of SCF
regeneration of activated carbon arereported to be
lower energy requirements and carbon loss as com-
pared to thethermal regeneration process.
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Design procedure and economic attraction of the
use of SC-CO, for thefractionation of mixturescon-
taining ahomogenous series of hydrocarbonsat low
temperatures (25-100°C) ismentioned by De Haan.
As acase model he took a process with afeed ca-
pacity of 10 kton/year for the fractionation of amix-
ture containing 25 wt% tetradecane, hexadecane,
octadecane and eicosane into its 99wt% pure con-
dituents.

Thefractionation column used was equipped with
Sulzer BX gauze packing. Therequired vapour-liquid
equilibrium datawere either measured or cal cul ated
by Peng-Robinson equation of sate. The extraction of
thealkane mixtureiscarried out through three extrac-
tion units whereby tetradecane, hexadecane and
octadecane are obtained astop products respectively
and ei cosaneas bottom product of thelast unit. The
extraction temperature was set up on 80°C and pres-
sures obtained were 170 bar, 190 bar and 210 bar
respectively inthefirst, the second and thethird col -
umn. After extraction the CO, isbeing separated by
isothermal pressurereduction to 70 bar and recycled.

Inthefirst column thefeed is pumped up to the
extraction pressure (170 bar) and contacted counter
currently with the SC-CO,,. After leaving thetop of
the columnthe pressureisreduced isothermally to 70
bar to separate the CO, and the tetradecane. The
gaseous CO, is recompressed to 170 bar and after
being cooled to 80°C with cooling water, recycled to
the bottom of the column. Most of the produced
tetradecane, which contains 20 wt% CO, isreturned
to thetop of the column asareflux. The remaining
raffinate which containslessthan 1 wt% tetradecane
and 40 wt% CQO, isdrawn off from the bottom and
pumped to the second column. In this column the
hexadecaneis separated from the alkane mixture at
190 bar. Inthe third column apressure of 210 bar is
used to separate the octadecane and eicosane. The
produced eicosan isfirst expanded to 70 bar to re-
cover themajor part of thedissolved CO, andisex-
panded to 1 bar before further use. The gaseous CO,
from both stages was recompressed and recycled to
thefirst column. TABLE 5 showsthe pressures, tem-
peratures, flow rates and compositions of the most
important streamsin figure2.

The cost of fractionation of akanemixtureinto 99

——— Review

TABLES
. Polymer
Pressure Temperature Solubility . .
Polymer SCF [bar] [°C] [Wt%] meltl[r:?:]pomt
Polypropylene CO, 450-850 163-208 6-38 162-176
Nylon-6 CO, 400-510 233-241 13-16 212-225
Polybutene-1 CO, 300-900 131-150 6-38 126

167-190
166-186

5-21
5-20

126
162-176

Polybutene-1 n-Butane 120-170
Polypropylene n-Butane 130-190

Wt% pure congtituents comesfrom $0.65/kgto $0.71/
kgwhichismuch higher comparedtofor instancehigh
vacuum distillation (0.02 bar) of approximately from$
0.09t00.12/kg. However thedetailed design and cost
evauation of highvacuum digtillaionaremissinginthe
paper of DeHaan, he concluded that SC fractionation
of hydrocarbon mixturesisan expendvetechnique. The
only advantage of thistechniqueuponthedistillative
workupisreported to belower operating temperatures,
80°C compared with the range of 100-400°C, which
can beimportant for the componentsintegrity.

Supercritical water oxidation

Supercritica water oxidation (SCWO) isawaste
treatment technol ogy being devel oped for the ultimate
destruction of organic materials. Thetechnology in-
volvesthe complete oxidation of organic compounds
inan aqueous phaseat conditionsthat exceed thecriti-
cal point of water (Tc = 374°C, Pc = 218 bar).
Supercritica conditionsare attractive because organic
compounds, oxygen and water can existinasingle
homogeneous phase. Consequently the rapid oxida
tion reactions can proceed unaffected by the trans-
port limitationsthat may occur at sub critical condi-
tions. While SCW isastrong sol vent for organic com-
pounds, it isapoor solvent for inorganic salts. The
oxidation process produces CO, and water but no
NOx, SOx or dioxins. Compounds containing hal o-
gens, sulphur, phosphorus and nitrogen producetheir
corresponding inorganic acids (corrosion).However
nitrogen compounds can a so produce ammonia, ni-
trogen or N,O. The SCWO can handleawiderange
of aliphatic and aromatic organic compounds. For
exampl e polychlorinated biphenyls (PCBs), dioxins,
thepesticidesDDT and aldrin, etc. The SCWO can
proceed autogenously with no need for an external
energy supply at COD valuesof 5-10g/I.

Despite of two major drawbacks of the process,
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corrosion and precipitation of inorganics, this year
Texaco Chemical Company decided to start thefirst
SCWO plant worldwidein Texas. However MODEC
(Model Environmenta Cooperation’s) claims a new
typeof reactor which hasno zoneswhere solid depos-
itscanbuild up.

The reactor (Texaco) which is4 meter tall and 2
meter wide handles 1.5m?h of aqueouswaste contain-
ing some 10% organic compounds. Thedegreeof puri-
fication hasbeen reported to be higher than 99.5%. The
new SCWO plant isexpected to have apayback timeof
2years. Themain gpplicationfidd of SCWO isexpected
to befor agueouswastesthat aretoo difficult to handle
by conventiona methods or wastesthat aretoo exp.

CONCLUSIONS

Thefuture of SFE technology isvery bright and it
can beenvig oned that cond derableopportunity il exist
indevel oping unit operationsfor SCFandinthesynthe-
gsof new flow sheet. Asitisevident fromtheinforma-
tion presentedinthisarticle, the SC CO, extraction of
meta sfrom solid matricescanbeconsderedtoinvery
early stageof development. Theinsufficient solubility of
metal complexesin SC CO, formed by using commer-
cid extractantisamgjor driving forcefor thedevelop-
ment of new extractant, specificaly for SC CO,.Infu-
turearesearcherscanincorporateaCO, philicgroupin
common extractant and can enhancetheextraction effi-
ciency. Beckmen’s group have tried to accomplish this
by attaching fluoropol ymersto various chelating agent.
Theamount of metal extracted fromthe sample matrix
did not necessarily correspond to the concentration of
metal recoveredinthecollection sol vent, asthechel ated
metal complex could partialy degradeand/or dissociate
inthesupercritica fluid prior tocollectiontouse SFE as
anandytica or industria scaleprocess, both theextrac-
tion and coll ection efficiency need to bedetermined. To
obtain quantitativemeta recoveriesinan SFE goparatus
seriesof conditionsmust bemet, namely: (i) theligand
must besufficiently solubleand stableto be adequately
solvated inthe SF; (ii) themeta ionmust beefficiently
chdaed sothat chargeneutrdizationisachieved. (jii) the
resultingmetal complex must besufficiently solubleand
stablein the SFto berapidly extracted and effectively
swept out of extraction cell; and (iv) the complex must

bequantitatively trgppedin collection devise,
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