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Abstract — A multi-purposeprocesslowsheetfor supercritical-CQ fractionationof the Essential
Oils (EOs) of origanum, tea-tree, and lemon is developed,simulated,and optimized using the
procesdlowsheetsimulatorHYSYS. Componentgonstitutingabout91% by weight of the EOsare
selectechndclassifiedas monoter penes (MTs) andnon-monoter penes (NMTS). The objectiveof the
processess set as the separationof the undesiredMTs from the more valuable NMTs without
employing temperatures higher than’65to preventlegradatiorof heat-labileEO componentsThe
proposed multi-purpose process flowsheet that is effective for all threadB{@se95% purity and,
depending on the EO composition, 79-91% recovery for the desired NMT compounds.
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INTRODUCTION

EssentialOils (EOs),alsoknown asvolatile or etherealils, are the concentrateéiromaticessencesf
plants.Over thirty families of plants,with someninety speciesrepresenthe main oil producinggroup.
Theseodorousproductsof complexcompositionare obtainedfrom the plant material conventionallyby
expressionwater or steamdistillation, solvent extraction, and recently by SuperCiritical-Fluid (SCF)
extraction. EOs may be found aeatractedrom variouspartsof plantssuchasthe petals(roseoil), wood
(sandalwoodbil), fruit (bergamonil), leaves(eucalyptuil), seed(carawayoil), roots(sassafrasil), and
resin (pine oil). EOs and their derivatives are important ingredients utilized by food, cosmetics,
pharmaceuticahndotherrelatedindustries. As mostnaturalextracts,EOsuponproperfractionationmay
yield more specialized productsof higher economicvalues.The componentf EOs are heat-sensitive.
Because of the higlemperaturemvolved,conventionalistillation may causeproductdegradationOn the
other hand, in conventional solvent-extractiormethods,possibleuse of toxic liquid solventsand their
removal from the final EO product introduce problems.

Thesedeficienciesof the conventionaimethodsand everincreasingdemandfor high-quality EOs have
resultedin considerablénterestand fosteredresearchin applicationof the SCFtechnologyto extraction
and fractionationof EOs. What renderthe dense-gagsub-/super-criticafluid) fractionationprocessas
valuable in application to natural extracts aethe flexibility it provides (due to sensitivities thfe solvent
power of SCFsto variationsin temperaturepressuredensity,and modifier concentration)n adjusting
operatingconditionsto preservedesiredproductqualitiesundervarying feedstockproperties b) its cost-
effectivenessespeciallyfor high-value-addegbroducts,and c) its favorableenvironmentalimpact. Thus,
SCF-aided fractionation, capitalizing on temperature and/or pressure efi@its @peratingconditions,is
consideredo be the mostadvantageoumethodfor the rectification and purification of higher-valueEO
fractions.

In this work, a multi-purposeprocesdlowsheetfor fractionationof threetypesof EOs(origanum, tea-
tree, and lemon oils) by supercritical CO, is developed,simulated,and optimized using the process
flowsheetsimulatorHYSYS (HyprotechLtd., Canada)9 to 14 componentgonstitutingthe bulk (about
91% by weight) of the EOs are selectedand classifiedas monaoterpene (MT) hydrocarbonsand non-
monoterpene (NMT) hydrocarbonsThe objectiveof the processess setasthe separatiorof the undesired
MTs that lower theralueof the EO by undergoingoxidationreactiondrom the morevaluableNMTSs; thus
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producing more valuable monoterpeneles®ils from the feed oils at mild operating conditions by
capitalizing on high solvent power yet relativédyv critical temperatur@ndpressuref CO, (T,=304.2K,

P=72.8 atm).

ESSENTIAL-OIL COMPONENTSAND PROPERTIES
Table 1. List of essential-oil components and their critical propertie:

The three types of EOs,

thatwill be usedasfeedstock ID Component Formula Mol. Class T, T. P I
for the multi-purposeprocess Weight (°C) (°C) (atm)
flowsheet,were selectedo be 1 1-octenol-3 CgH160 128 NMT 190353 29.0 0.803
the OO: Origanum Oil 2 a-pinene CiHis 136 MT 156358 28.5 0.323
(Origanum  Syriacum of 3 aromadendrene CisHaa 204 NMT 262469 19.4 0.434
Turkish origin), TO: Tea- [ &ePinens oo 154 NWT 217403 310 0700
. H FE a-terpineo 101 118! . .

Tree o||. (Australian origin), ¢ a-thqu)ene CiHis 136 MT 151347 29.0 0.350
and LO: Lemon Oil (Indian

origin); because of their 7 B-caryophlene CisHz4 204 NMT 263483 19.9 0.360
; 8 B-elemene CisHas 204 NMT 241441 18.1 0.389
different MT and NMT g 5 G o CiHis 136 MT 166383 28.2 0.250
contents.The compositionof 45y acrol CiHO 150 NMT 238450 33.9 0.581
the oils were takenfrom the 17 5 aginene CisHha 204 NMT 247439 19.3 0.501
ESO-97:  The Complete 15 gecanal CiHaO 156 NMT 208379 22.3 0.653
Database of Essential Oils 13 geranial CiHiO 152 NMT 229444 252 0.403
(BACIS, 1997),andonly the 14 geraniol CiHisO 154 NMT 230399 25.4 0.827
major componentg9 for OO, 15 geranyl acetate CioHogO, 196 NMT 242417 20.2 0.669
10 for TO, and 14 for LO) 16 y-terpinene CiHis 136 MT 183392 27.6 0.359
constituting the bulk (by 17 ledene CisHas 204 NMT 269475 19.8 0.466
weight: 91.3% for OO, 18 I?monene CioH1e 136 MT 176381 27.1 0.343
91.0% for TO, 90.7% for 20 o0 S 136 I 16v357 239 0364

myrcene 1011 . .

LO) of the EOswereselected 5/ "V CiHoO 153 NMT 225392 25.4 0.827
and classified as MTs and o5 oo vmene CiHis 134 NMT 177384 28.7 0.357
NMTs. The total numberof 53 terpinen-4-ol CiHi:0 154 NMT 209416 32.8 0.508
componentdn all three EOs 24 terpinolene CioHi6 136 MT 186396 27.8 0.347
is 25. Table.1l lists the 25 trans-sabinene hydraiCigH;sO 154 NMT 205 428 38.1 0.447

componentandsomeof their

propertieswhich are essentialfor

(weight %) of the three EOs.
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flowsheet simulations. Table.2 shows the normalized compositions
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Figure 1. The chemical structures of the components.
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The chemicalstructuresof the componentsshownin Fig.1, were obtainedfrom Adams(1995). The
critical temperatureandpressuresvereestimatedrom the Jobackgroup-contributiormethod(Reid et al.,
1987) that requiresaccuratenormal-boiling-pointdata. The experimentalvaluesfor the normal boiling
pointsof mostof the compoundsvere obtainedfrom the CRC Handbookof Chemistryand Physics(Lide,



1994), however,for four componentqID: 1, 8, 11, and  Table 2. Compositions of essential oils.

25), for which the experimental data wei available the 00 TO LO
normal boiling points were estimatedfrom the group- ID weight ID weight ID weight
contribution method of Constantinou and Gani % % %

(Constantinouand Gani, 1994) which can account for 6 241 2 242 9 4.41
isomerstructuresThe acentricfactorswere obtainedfrom 2 129 4 879 20  0.99
the Lee-Kesler correlation (Reid et al., 1987). All 240 16735 ;2 1222 ;g 52%;
thermophysicapropertiesjncluding normalboiling poi_nts, 16 613 22 650 13 276
of t_he EOcomponentganalsobe estlmateobnthe basisof 1 188 23 4399 21 1.65
their molecular(UNIFAC) structuresusing the property- 22 1347 5 439 19 1.65
estimationpackageof HYSYS, however,in this work, all 10 7021 11 4171 23 221

the propertieslisted in Table.1 along with the UNIFAC 25 1.31 3 352 5 16.54

structures of the EO agponents were supplied to HYSYS. 17 3.65 14 4.41

In the simulations,the Peng-Robinsorquation-of-state 12 0.88
option of HYSYS was usedfor both the liquid and gas 15 221
phases,and for enthalpies. However, for the vacuum- 8 1.10
distillation simulations,in which no CO, was presentthe ST 1314 3372 7 eggg
UNIQUAC optionwasusedfor the liquid phase Sincethe S NMT 86.86 66.21 39.47

binary VLE datafor the individual EO componentsand
CO, systemsare not presentin the literature (exceptfor few components)all the binary-interaction
coefficients, in the mixing rule for the Peng-Robinson equation of state, were set to zero.

FLOWSHEET DEVELOPMENT AND SIMULATIONS

Various processflowsheetscomposedof equilibrium-flash separatorsJiquid-liquid, and gas-liquid
extractorswereconceivedandtestedfor the purposeof separatinghe MT andNMT fractionsof thethree
EOsequallywell; i.e., with high purity andrecovery, andwithout employingtemperaturefigherthan55
°C to preventdegradatiorof heat-labileEO componentsThe proposediowsheetthat is effective for all
threeEOsis shownin Fig.2. The EO feed,labeledasF-OIL, andthe solventfeed, labeledas F-CO2,are
the inputs to process,and the streamslabeledas P-MT, and P-NMT are the MT-rich and NMT-rich
(monoterpenlessil) productstreamsUnits labeledas V1, V3, and V4 are equlibrium-flash separators,
whereasv2 and V5 can be consideredas expansiorvalves.Unit labeledas T-100 is the countercurrent
dense-C@ absorber(with 20 equilibrium stages),and due to inverse tempeature effects encountered
aroundthe critical point of the gas solvent, the absorberhas an inverse temperatureprofile (bottom
temperature is slightly lower than the top temperature).

For the OO, which containghe leastamountof the undesiredMTs amongthe threeEQOs, an alternative
flowsheetmay be used.In this flowsheetthat requireslessenergyconsumptionthe flash unit, V1, before
the absorber,T-100, is removedandthe EO is fed directly to the top of the absorberandthe fresh CO,
feedis mixed with S14 andthenfed to the bottom of the column. In this way, the solvent-recycldoop,
RCY3 (S19, S23, S22, S12), is completely removed from the base flowsheet.
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Figure 2. The proposed multi-purpose process flowsheet.



The operatingconditions (temperature pressure solvent-to-feedratio, solvent-recyclerate) that were
optimized partly by HYSYS and partly by trial-and-error,are listed in Table.3for eachstreamof the
multipurpose flowsheet, fahe basisof 100 kg/h of EO feed.The compositionf the streamsarereported
in Table.3 as MT and NMT weight %’s which are not normalized, hence the remaining pagt is CO

Table 3. Optimized operating conditions and stream compositions for the multipurpose process flowsheet.
QOil - 0]0) TO LO

Stream| T P Flow MT NMT|T P Flow MT NMT| T P Flow MT NMT
Label! |[°C atm kg/h wt% wt%|°C atm kg/h wt% wt%|°C atm kg/h wt% wt%

F-OIL | 20 1 100 13.1% 86.85 20 1 100 33.72 66.27 20 1 100 60.5z 39.48
F-CO2| 20 60 146 0.0C 0.00 20 60 279 0.00 000 20 60 138 0.00 0.00
S-CO2| 50 95 350C 0.02 0.01 40 97 3900 0.03 0.0 40 90 425C 0.05 0.01
S-1 | - - - -| 50 97 3807 0.63 090 43 85 392¢ 0.61 0.20
S-2 149 92 198 2.00 40.29 52 105 261 1.03 209§ 48 95 116 149 26.9C

S-3 |50 92 3408 0.31 040 54 105 4479 121 166 49 95 538 123 054

S-4 | 15 40 3353 0.02 0.0 20 40 8052 0.04 0.0 20 35 913¢ 0.05 0.01

S-5] 15 40 48 18.87 1469 20 40 92 33.57 1249 20 35 121 48.6 6.75

S-6 | 35 1 114 0.17 0.20 35 1 204 0.08 0.18 35 1 83 011 0.09

S-7 124 95 100 13.1¢ 86.85 27 97 279 0.00 0.00 26 90 138 0.00 0.00

S8 | - - - - -| 50 97 193 578 16.91 43 85 421 9.3 7.58

S99 | - - - - -| 51 105 193 5.78 16.91 45 100 421 9.3 7.58
S-10 | 30 1 7 11.1% 88.2§ 30 1 142 31.44 67.94 31 1 56 484z 50.95
S-11 | - - - - -| 20 40 4428 0.04 0.0 20 35 502¢ 0.05 0.01
S-12 | - - - -| 40 97 3621 0.04 0.0 40 90 4112 0.05 0.01
S-13 | 95 95 33583 0.02 0.01111 105 4428 0.04 0.034 120 100 502¢ 0.05 0.01
S-14 | 50 95 33583 0.02 0.01 50 105 4405 0.04 0.0 50 100 502¢ 0.05 0.01
S-15 | 30 1 3402 0.2¢8 0.21 30 1 8144 042 014 31 1 926C 0.68 0.10
S-16 | 34 95 7 11.1% 88.2§ 34 105 142 31.44 6794 34 100 56 48.42 50.95
S-17 | 40 95 7 11.1% 88.2§ 50 105 142 31.44 67.94 45 100 56 48.42 50.95
S-18 | 40 95 7 11.1€ 88.27 50 105 142 31.44 67.9¢ 45 100 56 48.42 50.95
S-19 | - - - -| 20 40 3623 0.04 0.0 20 35 4113 0.05 0.01
S-20 | 50 95 33583 0.02 0.01 50 105 4428 0.04 0.0 50 100 502¢ 0.05 0.01
S-21 | 60 40 3402 0.29 0.2 70 40 8144 042 0.14 60 35 926C 0.68 0.10
S-22 | - - - - -| 40 97 3623 0.04 0.0 40 90 4113 0.05 0.01
S-23 | - - - - -1103 97 3623 0.04 0.03 110 90 4113 0.05 0.01
S-24 | 27 95 146 0.0C 0.00 24 97 100 33.72 66.294 24 90 100 60.52 39.48
S-25 | 40 95 100 13.1% 86.85 40 97 279 0.00 000 40 90 138 0.00 0.00
S-26 |445 40 3402 0.29 0.21444 40 8144 0.42 0.14425 35 926C 0.68 0.10
S-27 | 25 1 33 0.76 0.30 20 1 50 049 0.09 25 1 54 083 021
S-28 | 50 95 146 0.0C 0.00 40 97 100 33.72 66.24 40 90 100 60.52 39.48
P-MT | 25 1 16 554t 43.77 20 1 43 72.2C 26.99 25 1 67 87.1¢ 12.04
P-NMT| 35 1 84 4.48 95.0§ 35 1 57 440 95.09 35 1 33 498 94.5C

Thepurity is defined as the ratio of the totahssof theNMT  Table 4. Purity and recovery of the

componentsto the total solvent(CQ)-free massin stream P- NMT components in P-NMT.
NMT. Therecovery is defined as the ratio of the totahssof the Oil % Purity % Recovery
NMTs in streamP-NMT to the total massof the NMTs in the in P-NMT in P-NMT
EO feed stream,F-OIL. The MTs are preferentiallysolubilized OO 95.5 91.3

by the denseCO, due to their low molecularweightsand high TO 95.4 81.5

vapor pressurescomparedto NMTs (Stahl and Quirin, 1987; LO 95.2 79.1
Platinetal., 1994;Kdéseetal., 1998),andthus,in the flowsheetthe gasstreamsarerich in MTs, andthe
NMTs concentratén the liquid streamsTable.4showsthe purity andrecoveryof the NMT components
for all three EOs in the desired-product stream, P-NMT.

The proposedprocessoperateswith relatively low fresh-solventto oil-feed ratio, however, relatively
high solvent-to-oilratiosare presentn the recycleloops. The trade-offbetweenpurity andrecoveryof the
desiredNMT componentg&sa function of the flowrate of the recyclestreamS-CO2(or, in the caseof the
modified flowsheetfor the OO, recyclestreamS14)is shownin Fig.3 for the temperatureand pressures
reported in Table.3. It is clear that for all EOs, considering % purity, the use of solvent-recycle rates greater
than about5000 kg/h is unneededWhen the operatingtemperature®f the flash units V1 and V3 are
increasedthe purity in productstreamP-NMT increasedut recoveryof the NMTs decreasesA decrease



in the operating pressure Wil causeshe sameeffectin stream 100 00

P-NMT. Similarly, the purity in product stream P-NMT g5 | ~ %Purity
increasesndrecoveryof the NMTs decreasesvith increasing | ~ — — o

pressure of the absorber T-100. 0 ~ YoRecovery

As canbe seenfrom Table.3,the temperature®f streams 85 - ~
S13,S23,and S26in the flowsheetis noticeablyhigher than 80
others due to heavy-duty compressorK1, K2, and K3.
However, such high temperaturesdo not affect the product 2000 4000 6000 8000
quality since streams S13 and S23 cortt@ineamountsof EO 4 S14 flowrate (kg/h)
components,and stream S26 carries mostly undesiredMT TO
componentsand CO,. The highesttemperatureencounteredn 90 /
the flowsheetis dueto compressoK3 which takesstreamS15 80 - ~
with a high flowrate from 1 atm to 40 atm. However,this is ~
unavoidablesince the pressureof the flash unit V3 must be 70 - =~
loweredto 1 atm, otherwisethe recyclestreamRCY1 will not 60
contain enoughamountof the NMTs, and thus, the overall
recovery is adversely affected. 2000 4000 6000 8000

The heating, cooling, and mechanical (pump and ;4. SCO2flowrate (kg/h)
compressor) energy requirements fotlaleeEOsareshownin
Fig.4. The energyuseof the processncreasesvith increasing
content of the undesired MT componentsof the oils (see 80
Table.2). The reasonfor significantly lower energy needfor 70 -
processingdf the OO comparedo thoseof the TO andLO is gq
partly dueto removalof therecycleloop, RCY3, from the base 50 | |
flowsheet.

Conventionally, EOs are fractionatedin atmapheric- or 2000 4000 6000 8000
vacuum-distillationcolumns the latter is preferredto avoid the SCO2flowrate (kg/h)
exposureof the heat-sensitiveEOs to high temperaturegsee Figure 3. Trade-off between purity ant
Table.1 for the normal boiling points of the components). recovery of the NMT components as i
Table.5showsthe purity andrecoveryof the NMT compounds function of the solvent-recycle flowrate
when the EOs are distilled under 0.015 atm vacuum

— e —

conditions in a single distillation column with 20 [l heating
equilibrium stages(no CO, is involved, UNIQUAC 5000 - _
option was usedfor the liquid phase).Comparedto the = |:| cooling |

proposed supercritical-CQ-fractionation processg 4000 - I:I mechanical
comparable purities and recoveries of the NMT

compoundscan be achieved however,at the expenseof §3000 |
exposingthe EOsto significantly highertemperaturesit @ 2000 -

the bottom section of the column. w

Carbondioxide is a non-polarsolventand dissolves 10 - _‘ . l
non-polarcomponentgpreferentially. Small amount (2-
5% by weight) of a polar co-solvent(entrainer)suchas 0 - ‘ ‘
ethanol can be mixed with G@ increase the polaritf 00 TO LO

the dense-gassolvent in order to dissolve polar Figure 4. Energy requirements for EOs.
componentsas well. To test the effect of the use of

supercriticalCO, dopedwith polar co-solventthe freshsolvent(F-CO2) was mixed with ethanolsuchthat
the concentratiorof ethanolreachedabout5% (by weight) in streamS-CO2. However,the simulations
showedthatthe useof polar co-solventadverselyaffectedboth the recoveryandpurity of the NMTs in the
product streamP-NMT; since the presenceof ethanolcausedthe polar MT componentso appearin
significant amounts in the liquid phases of all flash units.
Table 5. Purity and recovery of the NMT Simulationswith model EOs (with two or threeail-
components for vacuum distillation at 0.015 atrcharacterizingcomponents)instead of the real EOs
Ol TopT Bottoms T % Purity % Recovery (With full setof oil componentsjs the customaryway

(°C) (°C)  in bottoms in bottoms Of treatmentfor essentiabils in the literature.For all
OO0 46.2 87.8 95.0 94.1 three EOs, simulationsof model EOs with 3 pseudo
TO 526 85.4 95.1 90.4 componentsyielded results close to those of the

LO 50.5 91.4 95.1 922 simulations with full set of oil components.




Appropriateselectionof oil-characterizingcomponentsiada crucial effecton the results.The comparative

simulationsfor the LO with 2 and3 characterizingcomponentsllustratedthis effect. The simulationwith

only limoneneand a-terpineol,representinghe MTs and NMTs, respectivelyyielded 97.4%recoveryof

the NMT componentsas product with 95% purity, whereasthe addition of p-cymeneas the third

componentlecreasetherecoveryvalueto 83.8%.This differencewasdueto the fact thatthe volatility of

theNMT componenp-cymenewnassimilarto MTs andits presenc&hangedhe resultssignificantly. With

regard to energy consumptions, the results with the real and model essential oils did not differ significantly.
The sensitivityof the resultsto binary-interactiorparametersn the mixing rule for the Peng-Robinson

equationof statewastestedby repeatinghe simulationswith the parametergstimatedy the HYSYS; the

% purity values for all three EOs did not change more than 2-3%.

CONCLUSIONS

A multi-purpose process flowsheet that had the flexibility for fractionation of three types of essential oils
(EOs) (origanum, tea-tree, andlemon oils) by supercriticalCO, wasdevelopedsimulated,and optimized
usingthe procesdlowsheetsimulatorHYSYS. Componentonstitutingabout91% by weight of eachof
the EOs were classifiedas monoterpenes (MTs) and non-monoterpenes (NMTSs). The objective of the
processewasthe separatiorof the undesiredMTs thatlower the value of the EOsfrom the morevaluable
NMTs, equallywell for all threeoils, andthus,the productionof morevaluablemonoterpenelessils from
the feed oils at mild operating conditions by capitalizing on the high solvent powelagizely low critical
temperature and pressure of the supercritical-fluid solveat CO

The procesddid not employ temperaturedigherthan 55 °C to preventdegradatiorof heat-labileEO
componentsandwaseffectivefor all threeEOs.With the proposedorocess95% purity for all threeEOs
and91, 82, and79% recoveryfor the desiredNMT compoundsf the origanum,tea-tree andlemonails,
respectivelywereachieved At the optimizedoperatingconditions,the processemployedan oil-to-solvent
ratio of about1/40in therecycleloop, howeverthe sameratio for thefeedoil andfreshsolventwasabout
1/2.

It was observedthat the heating, cooling, and mechanicalenergy consumptionsincreasedwith
increasingundesired MT contentof the oils. The trade-off analysesbetweenpurity and recoveryof the
desired NMT components showed that, for all thHt€es,the useof solvent-recycleatesgreaterthanabout
5000kg/h did not havea noticeableeffecton purity, however the recoverywascontinuedto decreasavith
increasing recycle rate.

Comparablerecoveriesand purities of the NMT componentswere also obtainedin a 20-stage
distillation column operatingunder 0.015 atm vacuum conditions,however,at the expenseof reaching
temperaturess high as 91 °C at the bottomsend, leadingto the possibility of degradingthe heat-labile
NMT fraction of the oils.
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