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Abstract — A continuousadsorption/desorptioprocesscoupled with dense-CQ@
extractionis developedto improve the quality of origanumoil through selectively
removingits monoterpenéhydrocarbongdeterpenation)Enhancedractionationof
the oil is obtainedvia adsorptionat 40°C/7.5MPaand desorptionat 40°C with step-
wise pressureincreasemethod:first at 8.0MPato recoverthe monoterpengMT)
componentsthen at 14.5MPato collect the non-monoterpenéNMT) constituents.
The resultssuggesthat activatedcarbonis a promising adsorbentin deterpenating
origanum oil by supercritical-CO

Introduction

Origanumoil, like manyotheressentiabils, containMT hydrocarbonsvhich do not contribute
muchto the flavor andfragranceof the oil andarealsovery unstableio heatandlight. Thus,the
quality of essential-oilproductsdecreasesvith increasingfraction of the MTs [1]. The most
commonlyusedprocesseso concentratehe NMTs, mostly oxygenatedraction of essentiabils,

havethe drawbackof low yields,formationof thermaldegradatiorproducts,and contamination
with organic solvents. These deficienciesof the conventionalmethodsfostered researchin

application of the SuperCiritical-Fluid (SCF) technology as an alternative processfor the
deterpenation and purification of higher-value essential oil fractions [1,2].

SC-CQ is aprominentcandidateor fractionationof essentiabils, sinceCO, doesnot leaveany
residuein the productandthe separatiorcan be performedat low temperaturesHowever, it is

known that in asimpleSC-CQ extractionprocessit is oftendifficult to reconcileconditionsthat
leadto high recovery(yield) with thosethatresultin high selectivity[3]. An alternativeapproach
is the couplingof SCFextractionto an adsorptionprocesg4]. Basedon this idea,a continuous
adsorption/desorptioprocesscoupled with dense-gasextractionis developedin the aim of

obtaining an origanum-oil product possibly almost free of MT hydrocarbons.

Materialsand Methods

The origanumoil (Origanum Munituflorum), suppliedby Altes Ltd. Co., Ystanbul,was usedas
the feedmaterial.CO, (99.7%pure)wassuppliedoy Hergazinc., Ystanbul Activatedcarbon(35
mesh size and total surface area of 136@was used as the adsorbent.

The planof attackconsistedf a numberof experimentshatwereconductedn orderto remove
the MTs andleavethe NMTs behindi.e., on the activatedcarbon;hencea minimum amountof
NMT componentsn the origanum-oilproductwas desired.In eachcase,the evolution of the
processperformancewas obtainedby taking samplesat fixed time intervals (30 min) from the
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cold trap. This samplewas further diluted in ethanol
(Riedel de Haen, 99.9% pure), and the resulting
mixture was analyzedby GC/MS (HP 5890/5971).
The detailed description tie experimentahpparatus,
procedureandanalyseof sampleare given elsewhere
[5]. Here, the different forms of operationsadopted
are presented by simple diagrams, Figs.1-3.

First, simple SC-CQ extractionprocessvas executed
in the aim of fractionatingoriganumoil and isolating

its MT constituents. Two types of extraction
experimentswere performed,as shown schematically
in Figs. 1 and 2. The mixing cell (packedwith glass
beads)situated prior to the extractor, was used in

preparingthe feed solution through mixing the SC-

CO, andthe origanum-oilstreamsthis feed was then

allowed to enterthe extractor.In Figs. 1 and 2, the

overall compositionof the feed streamentering the

mixing cell is labeled as z.

As can be seenin Fig.1, if at 40°C/7.5MPa, the
origanum-oil/CQ system falls in théwo-phaseegion,
thena liquid-oil and a dense-gagphasein which CO,
and the dissolvedoil componentsappearare present.
In this case,equilibrium conditionsare attained,thus
the feed mixture entering the extractor (leaving the
mixing cell) has the equilibrium composition of
origanumoil in the dense-gaphasey*, andy*<< z.
This fact offers the advantagethat the feed mixture
enteringthe extractoris alreadyseparatednto groups
of component®f differing propertiegvolatility and/or
polarity) in the mixing cell. So, at this operating
conditions, the mixing cell acts as a flash chamber
addinganextradegreeof flexibility to the system.The
validity of this argument was established
experimentallyandthe SC-CQ extractionexperiment
performedat 40°C/7.5MPaconditionsconfirmed the
presence of a liquid-oil phase (residual oil)
accumulatedn the bottom of the mixing cell (CO,
continuously bubbled through it). The distinctively
differentcompositiond5] of the original origanumoil
andresidualoil further strengthenedthe validity of the
hypothesis that indeed two phases existed.

On the other hand, at 20/10.0MPa conditions (Fig.2), the origanum-oil/ystem is expected
to bein the single phaseregion. In this case,equilibrium conditionsare not attained,thus the
composition of the feed to the extractor is equahexcompositionof the feedto the mixing cell,
i.e., z is equalto y, and x is equalto zero (no liquid phase).The validity of the single-phase



occurrencewas also established,and the SC-CQ extraction experiment performed at
40°C/10.0MPa conditions confirmed that all the oil pumped (by the HPLC pump) was
completely miscible in CQ(since no residual oil was collected from the bottorthemixing cell
at the end of the experiment).

Next, SC-CQ adsorptiorfollowing the dense-gasxtraction(from now on, will be calledasSC-
CO, adsorption)was carriedout in the aim of enhancingthe separatiorbetweenthe MT and
NMT componentsof origanum oil. Two different forms of adsorption experimentswere
performed,asschematicallypresentedn Figs.1 and2. In the extractionruns,the extractorwas
packedwith 3 mm glassbeadswhereasn the adsorptionrunsthe samevesselwas packedwith
the sorbent.The adsorptionprocesswas performedon a fixed bed filled with activatedcarbon
with a continuousfeed of origanum-oil/CQ mixture. The adsorptionprocesswas expectedto
enhancehe selectivity accordingto the different affinities of the origanum-oilcomponentdor
the sorbent.

Last, SC-CQ desorptionfollowing the origanum-o0il/CQ adsorptioncoupledwith dense-gas
extraction(from now on, will be calledasSC-CQ desorption)wasexecutedn orderto recover
adsorbeccompoundgqFig.3). The desorptionwith pure SC-CQ was performedat 40°C using
step-wisepressurancreasemethod:first at 8.0 MPa for 240 minutes,thenat 14.5 MPa for the
subsequent 450 minutes of desorption.

Results and Discussion

Total MT andNMT hydrocarboncontentin the original origanumoil is 40.43%and 59.57%,
respectively.The classification,and normalizedweight percentagegnormalizedareacounts)of
the 12 key component®of the origanumoil andinformationon boiling points, vapor pressures,
can be found in [5].

The normalizedareapercentsfor MT (or, NMT) componentgroupsin the original oil, C% yr,
andin samplesCiur, were usedto calculatethe dense-gaphaseCO.-free relative-distribution
ratios of the MT cut, Ry, with respectto the original oil [Ryr = ZCiwr / ZC%ur i = 1,...,n
(i#CQOy)]. The R valuegreatethanonemeanghatthe MT-cut (or, the NMT cut) concentration
is morein the recoveredoil (in the samplecollector)thanin the original oil fed to the system.
The R valuesequalto one meanghatthe MT-cut concentratioris the samein the recoveredil
and in the original oil fed to the system.The R valueslessthan one meansthat the MT-cut
concentration is less in the recovered oil and in the original oil fed to the system.

The relative-distributiorratiosof the MT andNMT cuts,Rur and Rywr, wereusedto calculate
the separationfactor, a, [a=Rur/Rwur]. The value of the separationfactor is importantin
determiningthe degreeof the fractionation.lt is impossibleto separateMT hydrocarbonsn the
origanumoil from the oxygenatedlavor compoundsvhena equalsto one,becausen thatcase,
both MT and NMT hydrocarbonswill be equally soluble in denseCQO,. The condition for
desirabledeterpenationis at a values greaterthan one, where the MT constituentsof the
origanum oil are preferentially removed by £O

The experimentatesultsobtainedwill bediscussedn termsof the separatiorfactorandMT and
NMT fractionsof the oils collectedduring sampling.It shouldbe understoodhat the samples
collectedin all the experimentgFigs.1-3),arenot instantaneoubut integralsamplesTherefore,
andsincethe MTs areexpectedo appeatin the effluentearlierthanthe NMTs dueto their low



molecular mass, high vapor pressureand low polarity [1] (CO. is a non-polar solvent), the
fraction of the MTs in the samplescollecteddecreaseastheir amountin the original origanum
oil (in the streamgoingto the collector)decreasewith time. Consequentlythe concentratiorof
the NMTs in the integral samples increases with time.
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Fig.4 showsthe R-valuesof the MT
andNMT cutsof the extractsobtained
via SC-CQ extraction at 40°C/7.5
MPa. Clearly,the MTs were extracted
(R>1) by dense C£1o a greateextent
and the NMT hydrocarbons(R<1)
were left in the liquid-oil phase
remaining at the bottom of the
extractor (Fig.1), almost independent
of the extractiontime. The optimum
extractiontime for the fractionationof
origanum-oil components can be
estimatedas 480 min since after that
period,the compositionof the extracts
do not changesignificantly. Fig.4 also
givesthe evidencethatthe R valuesof
both MT and NMT cuts approachto
one, as time proceeds.

time (min) ) )
Figure 4: Relative-distributionratios of MT and NMT Fig.5 shows the change in the

cuts in the extraction run at 40°C/7.5 MPa. Separatiorfactor as a function of the
extractiontime. The GC/MS analysis

of theextractsrevealedhatunderthis operatingcondition, CO, hadsomeselectivitytowardsthe
MT hydrocarbons since-values wergreaterthanoneduringthe entirerun. Thereis a decrease
in selectivity as extractionproceededbput above480 min, a remainednearly constantat 1.25.
Hence,deterpenatiorof origanumoil with denseCO; is possibleat 40°C/7.5MPathroughthe
selectiveextractionof MTs from NMTs. Next, adsorptioranddesorptionstepswereincludedto
the simple SC-C@extraction system. The introduction of #i#gsorbenwasexpectedo increase
the selectivity of the fractionation process.
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Figure5: Separatiorfactor, a, in the extractionrun at 40°C/7.5 occurring during adsorption
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between the solute, the
sorbent, and the fluid phase.

Dealingwith a supercriticalmedium,vapor pressurepolarity and molecularmassare properties
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ratiosof MT andNMT cutsin the adsorptiorrun at &ffinity for  the  carbon in

40°C using 8 g activated carbon. conjunctionwith a high affinity
ge9 for the fluid phase, whereas

NMTs showedthe oppositebehavior.In this casethe R valuesof the MT cut weregreaterthan

unity indicating that MTs tendedto concentratan the dense-gaphase,whereasNMTs were
preferentiallyadsorbedbn the sorbentwith R<<1. This observatiomalso supportsthe argument
that the more solublethe componentsarein SC-CQ the lessstrongly they will be adsorbedn

the activated carbon.

The moststriking characteristien Fig.6 is that at 10.0MPa,the R-valuesof MT andNMT cuts
asymptotically approach tane.This is becausavith increasingpressurdfrom 7.5to 10.0MPa),
the effect of solvatingpower of the solventincreasesand the MT and NMT constituentsof
origanum oil becomeequally soluble in CO,. However, at the beginning of adsorptionat
10.0MPa,both MTs and NMTs were strongly adsorbedon the carbon.Then, MTs with weak
affinity for the sorbent (and high to Gmerged in the effluens NMTs with strongeraffinity
for the carbon(andlower to CO,) appearedn the effluent, the R valuesof the MT cut sharply
decreasednd that of the NMT cut sharplyincreasedAs also seenin Fig.6, adsorptionwith
origanum-oil/CQ feed mixture of compositionof y* (Fig.1) gave more diversified fractions,
whereasduring adsorptionwith the samefeed mixture in the single phaseregion, the process
selectivity with respect to the effluent composition was rapidly lost.

Fig.7 showsthe pressure-dependencéd the separationfactor againstthe adsorptiontime. As
clearly seen,comparedto adsorptionat 10.0 MPa, deterpenationof origanum oil via SC-
adsorptionat 7.5MPais more favorable since enhancedseparationbetweenMT and NMT
componentsis obtained. Therefore,the presenceof the flash chamberbefore the adsorber
maintainsan enrichmenin MTs overthe NMT hydrocarbonsThen,the origanum-oil/CQ feed
mixture compriseddf a high contentof MT componentganbe furtherfractionatedaccordingto
the differentaffinity of origanum-oilcomponentwith activatedcarbon.However,asadsorption
proceededhe degreeof fractionationdecreasedharplydueto the appearancef the NMTs in
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adsorbentenhancedthe deterpenationof origanum oil. However, the amount of carbon
introducedinto the columnis very importantsincethe breakthrough-timeof NMTs increaseas
theamountof carbonincrease$5]. Thereforein the aim of improving origanumoil quality, the
trade-offbetweeradsorptiondurationandeliminationof MT hydrocarbonshouldbe takeninto
consideration in optimizing the operating conditions.
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Figure 8: Relative-distributiorratios of MT and NMT cutsin distribution curves, but after a

the desorptionrun at 40°C with step-wisepressure limited time (480 min), the
increase from 8.0 to 14.5 MPa. curves flattened indicating that
no further appreciablegain was

accomplishedy increasingthe desorptionpressureThis observationsuggestghat adsorption-
equilibrium limitations were dominatingthe desorptionprocessand that the solubilities of MT
and NMT hydrocarbons in GQvere not controlling the transport mechanism.

As seenin Fig.9, desorptionat 40°C/8.0MPavia SC-CQ provedto be effectivein fractionating
origanumoil sinceat the end of this step, the separatiorbetweenMT and NMT cutsin the



desorbedraction was 4.2 indicatingthat MTs, being the most volatile substancesf origanum
oil, were selectivelydesorbedby CO,. However,increasingthe pressureto 14.5MPa,a large
decreasein desorptionselectivity was observed.This is becausesolubilities of essential-oil
componentgrow dramaticallydue to strongincreaseof solventdensity[1]. Hence,a greater
guantityof NMTs wasco-desorbedA decreasén selectivitywas expectedsincethe amountof

50 T
. 8.0MPa ! 14.5MPa
40 : 814
30+ . 67j -
a : 4T M
1 . 24 .
2 * S MERARIRAAAL
[} T T
101 . ' 100 250 400 550 700
* . é
0 I I I !" I L * e ? ® | ? * o o
120 240 360 480 600 720
time (min)

Figure 9: Separatiorfactor, a, in the desorptionrun at 40°C
with step-wisepressureincreasefrom 8.0 to 14.5

MPa.
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MT hydrocarbons on the
activatedcarbondecreasedvith
time. Consequently, the
concentrationof the harder-to-
desorbsubstancegNMTs, due
to high molecularmasscoupled
with their strongaffinity for the
sorbent) increased with time.
Therefore, in fractionating
origanum oil via SC-CQ
desorption andh optimizingthe
operatingpolicies, the trade-off
betweencomplete recovery of

NMT hydrocarbons and
selectivity of the processshould
be prudently taken into

consideration.

The SC-CQ desorption of
origanumoil performedby the
step-wise pressure increase
procedurewas terminatedafter
690 min, then the activated
carbon sample was removed
and washed with ethanol to
remove the strongly-adsorbed
fraction of the oil. Fig.10shows
the normalizedareapercentof
the MT and NMT cuts in the
fraction collectedat the end of
the low-pressure desorption
step, at the end of the high-
pressure desorption step, and
the ethanol-extractedactivated
carbonresidue.At the end of
the first step, the percent
content of MT/NMT cuts
(73.80/26.20) was different
from the one in the original
origanumoil (40.43/59.57)due
to thefactthatMT components
were desorbed faster than
NMTs as a consequenceof
higher vapor pressure, lower



polarity and lower molecularweight. Theseproperties,coupledwith the weak bondingforces
betweerthe activatedcarbonandMT compoundsimakesthemeasilydesorbabldy SC-CQ. At

the end of the secondstep (Fig.10), the solubility of NMT hydrocarbonsncreaseddue to the
increasedsolvating power of the solvent; hencelarge quantitiesof NMT constituentg60.7%)
were co-desorbedwith small quantitiesof MT components(39.2%). This evidence could
demonstratéhatthefirst stepperformedat 8.0MPaproducedhe selectivedesorptionof the MT

hydrocarbonandthe secondoneperformedat 14.5MPaassuredhe fastdesorptiorof the NMT

components.

Furthermorethelow MT hydrocarborcontent(1.8%) of the ethanol-extractedctivated-carbon
residue indicates that MGomponentsverealmostsuccessfullyeliminatedfrom the carbon,but a
smallquantitystill remainedon the sorbent.Hence,the minor contentof MT constituentsn the
residue indicates that perhapslonger processingtimes are necessaryto obtain a thorough
desorptionof thesehighly volatile compoundsHowever,an optimum shouldexist betweenthe
recoveredquantitiesand the processingime. On the contrary, the residue,which containeda
high-percentagef NMT compoundg98.2%),will havethe essentiabdor and propertiesof the
origanumoil. Therefore thesetwo stepsalloweda fastandquasi-completeecoveryof all NMT
constituentscontainedin this origanumoil. The proposedfractionation scheme(by SC-CQ
desorption)s not the only procedurethatit is possibleto apply. For example,a largerpressure
increase after 240 min of desorption could produce faster processing.

Conclusions

Fractionationandsuccessfutieterpenatiomf origanumoil wasachievedhroughthe continuous
adsorption/desorptioprocesscoupledwith dense-gagxtraction.The activatedcarboncolumn
provedto be very effective in enhancingthe selectivity of the process(maximum separation
betweenMT andNMT cutswasobtainedat 40°C/7.5MPawith 8 gramsactivatedcarbon).In
light of these experimental resuliscanbe concludedhatthe procesautilizing the mixing cell as
a flash chamberwas better in obtaining an origanum-oil product possibly free of its MT
hydrocarbons.
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