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I n  1983-1984, Arizona and C a l i f o r n i a  produced annua l l y  over 106 kg  o f  
cold-pressed lemon o i l .  A f t e r  being concentrated by d i s t i l l a t i o n  o r  l i q u i d  
ex t rac t i on ,  lemon 011 i s  used as f l a v o r i n g  and/or f ragrance agent i n  beverages and 
cosmetics. D i s t i l l a t t o n  thermal ly  degrades lemon o i l .  E x t r a c t i o n  w l t h  organic 
solvents on l y  p a r t l a l l y  reduces thermal degradat ion ( s i n c e  the so lvents  must be 
recovered by d i s t i l l a t i o n )  and in t roduces so l ven t  contamination. E x t r a c t i o n  w l t h  
nonfermentative s u p e r c r i t i c a l  carbon d iox ide  near i t s  c r i t i c a l  p o i n t  (304.3 K. 7.38 
MPa, 0.467 g/cma) o f f e r s  a cheap, nontox ic  so l ven t  t h a t  does n o t  impar t  f l a v o r s  
nor thermal ly  degrade the  product. I t  can handle feedstocks w i t h  h igh  wax content  
because these cons t i t uen ts  can be so lub t l t zed  i n  s u p e r c r i t i c a l  carbon d iox lde.  
S u p e r c r i t i c a l  e x t r a c t i o n  i s  a hyb r id  u n i t  ope ra t i on  i n  the  domaln between e x t r a c t i v e  
d l s t l l l a t i o n  and l i q u i d  ex t rac t i on .  Solvent  recovery I s  accomplished by 
depressur izat ion a t  ambient temperature. 

Processes f o r  s u p e r c r i t i c a l  e x t r a c t i o n  o f  o i l s  have been described i n  numerous 
l i t e r a t u r e  references. Several recent ones a re  P a u l a l t i s  e t  a l .  (1983). E l y  and 
Baker (1983). Gerard (1984). Stahl  e t  a l .  (1984). and Robey and Sunder (1984). The 
l i t e r a t u r e  lacks d e t a i l e d  data on multicomponent e s s e n t i a l  o i l s  w i t h  s u p e r c r i t i c a l  
solvents i n  the p r o x i m i t y  o f  the so lvent  c r i t i c a l  temperature. Accurate p r e d i c t l o n  
o f  data i n  t h i s  reg ion  by equations o f  s t a t e  i s  l i m i t e d  t o  b ina ry  and te rna ry  
sys terns. 

The purpose o f  our research Is t h ree fo ld :  evaluate the f e a s i b t l t t y  o f  s u p e r c r t t t c a l  
carbon d iox ide  e x t r a c t i o n  o f  lemon o i l  near ambient temperature. generate 
e q u i l i b r i u m  data w i t h  carbon d iox ide  and multicomponent essen t ia l  o i l  const i tuents ,  
and evaluate the a b i l i t y  o f  the Peng-Robinson equat ion of  s t a t e  t o  model a reduced 
multicomponent s u p e r c r i t i c a l  system. 

CONCENTRATING LEMON OIL 

Starosc ik  and Wilson (1982) have quan t i t a ted  var ious lemon o i l s  and I d e n t i f i e d  38 
compounds. These compounds can be subdivided i n t o  th ree  major c l a s s l f t c a t i o n s :  
terpenes ( C ~ O  hydrocarbons), oxy ' s  (oxygenated C s - C i r  hydrocarbons), and 
sesquiterpenes ( C I S  hydrocarbons). A usual goal i n  concen t ra t i ng  lemon o i l  Is t o  
remove the  terpenes and sesquiterpenes f rom t h e  des i red  oxy f r a c t i o n .  

When concentrat ing the  lemon o i l  by mu l t i s tage  f r a c t i o n a l  d i s t i l l a t i o n  under vacuum, 
column o p e r a b t l i t y  coupled w i t h  condenser pressure, column pressure drop, r e b o i l e r  
design, and mode o f  operat ion (batch o r  continuous) d i c t a t e  the degree o f  thermal 
exposure. Overhead temperatures increase i n  the  range o f  320 t o  340 K. r e b o i l e r  
temperatures increase i n  the range o f  330 t o  370 K .  and exposure times o f  15 to  20 
hours may be expected dur ing batch d i s t i l l a t i o n .  I n  continuous d i s t i l l a t i o n ,  
exposure times a re  lower bu t  r e b o i l e r  temperature may be h igher .  

I n  e x t r a c t i v e  d t s t i l l a t i o n  w i t h  s u p e r c r l t t c a l  so lvent ,  v o l a t t l i t y  amp l t f t ca t ton  by 
the  so lvent  r a t h e r  than vacuum I s  used t o  g e t  t h e  components i n t o  the e x t r a c t  o r  
vapor phase. Operating temperature can be made lower than i n  conventional 
distillation, and the  hear t -cut  product  w i l l  have been subjected t o  l ess  thermal 
degradation. Carbon d i o x l d e  has a c r i t i c a l  temperature t h a t  meets t h t s  goal. 
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I n  order t o  make data c o r r e l a t l o n  t r a c t a b l e  I n  s u p e r c r l t l c a l  carbon d lox lde  
extraction, I t  l s  convenlent t o  represent  each major chemlcal c l a s s l f l c a t l o n  by a 
s l n g l e  compound. Each se lec t  compound should have a v a l l a b l e  good vapor pressure 
d a t a  and should be a predominant c o n s t l t u e n t  I n  t t s  group w l t h  regard t o  s t r u c t u r e  
and concentrat lon.  For c o r r e l a t l o n  purposes, we se lec ted  llmonene. geran la l .  and 
E-caryophyllene. Their  s t ruc tu res  a re  shown I n  F lgure  1. 

Stah l  e t  a l .  (1984) presented s o l u b l l l t y  data f o r  llmonene and caryophyl lene w l t h  
carbon dioxide; Gerard (1984) Inc luded carvone. Temperatures I n  the  range o f  279 t o  
377 K, and pressures I n  the  range o f  1 .5  t o  11 MPa were covered. Robey and Sunder 
(1984) provlded s o l u b l l l t y  and r e l a t l v e  v o l a t t l l t y  da ta  f o r  carbon d lox lde  w i t h  
fo lded lemon 011 and w l t h  llmonene and c l t r a l  ( g e r a n l a l / n e r a l )  a t  323 t o  353 K and 
9.4 t o  10.6 MPa. 

Gerard (1984) descr lbes a cont lnuous m u l t l s t a g e  Column process f o r  carbon d lox lde  
ex t rac t ton  ( d l s t l l l a t l o n )  o f  essen t la l  011s a t  amblent temperature and 8 MPa. w l t h  
s o l v e n t  recovery a t  273 K and 3 MPa. Robey and Sunder (1984) propose a lemon o l l  
f r a c t l o n a t o r  operated a t  333 K and 10 MPa wlth an e f f l c l e n c y  equ lva len t  t o  12  
stages, wlth so lvent  recovery a t  293 K and 5.5 MPa. 

EXPERIMENTAL SECTION 

Cold-pressed 011 from Arlzona e a r l y  deser t  lemons was suppl led by A. M. Todd 
Company, Kalamazoo. MI. Degassed lemon 011 and d r y  carbon d lox lde  were charged I n t o  
the  o n e - l t t e r  Isothermal cons tan t  volume c e l l  shown t n  F lgure  2. A f t e r  the  
opera t lng  temperature was reached, the  system was s t l r r e d  f o r  one hour, then allowed 
t o  s e t t l e  f o r  15 mlnutes be fore  sampllng. Experlmehts were performed a t  303 t o  313 
K and 4 t o  9 MPa. P a r a l l e l  phase v l s u a l l z a t l o n  experlments were conducted l n  a 
s l g h t  gauge t o  Insu re  opera t ion  I n  the two-phase reglon. 

A sample of  t h e  e q u l l l b r a t e d  l l q u l d  phase was removed ( a f t e r  purglng) by 
d e p r e s s u r l r a t l o n  through a va lve  and hypodermlc tub lng  I n t o  a two-stage t r a p  cooled 
by d ry  I c e  - acetone. A wet t e s t  meter measured the  carbon d l o x l d e  of f -gas. A 
sample of t he  vapor phase was then s l m l l a r l y  removed. Purge and sample s lzes were 
kep t  small t o  mlnlmlze d ls tu rbance o f  equ l l l b r l um.  Pressure changes I n  the  c e l l  
were 0-0.1 MPa du r lng  sampllng o f  l l q u l d  phase and 0-1.2 MPa du r lng  sampllng o f  
vapor phase. Speclal  h lgh-pressure sample valves w l t h  m l c r o l l t e r - s l z e d  t raps  were 
t r l e d  I n  an e f f o r t  t o  reduce pressure dlsturbance. b u t  r e l l a b l l l t y  was Inadequate. 

Estlmated r e l a t i v e  e r ro rs  a re  0.2% f o r  temperature, 5% f o r  pressure, 4% f o r  carbon 
d l o x l d e  mole f r a c t i o n  I n  t h e  l l q u l d  phase, and 10% f o r  lemon o l l  mole f r a c t l o n  I n  
the  vapor phase. 

The recovered lemon 011 samples were analyzed by gas chromatography. A 0.5 mn 1.d. 
x 30 m t h l n  f l l m  (0.1 m) SE-30 g lass  c a p l l l a r y  column (Supelco, Inc.. Be l le fon te .  
PA) was used utth a flame l o n l z a t l o n  d e t e c t o r  I n  a F M  810 chromatograph. The u n l t  
was f l t t e d  w i t h  a temperature p r o g r a m e r  (FM S c l e n t l f l c  Model 240), g lass- l ined  
I n l e t  s p l t t t e r  (JW Sc len t l c ,  Inc . ) ,  and I n t e g r a t o r  (Hewlett-Packard Model 33708). 
NO reference column was used. The f o l l o w l n g  c o n d l t l o n s  were employed: 27 cm/s He 
c a r r l e r  gas; 250 cmVmIn a l r .  40 cma/mln Np. and 55 cms/mln H2 t o  de tec tor ;  0.4 p l  

sample slze. 27/1 s p l l t  r a t l o ;  temperature program 348 K ho ld  8 mlnutes. 4 K/mln. 473 
K ho ld  15 mlnutes; l n j e c t l o n  p o r t  temperature 523 K; de tec tor  temperature 523 K; 
a t t e n u a t l o n  X l ,  range 102; s lope s e n s l t l v l t y  0.01 mV/mln; manual base l ine  rese t ;  
c h a r t  speed 1.3 cm/mln. Basel lne d r i f t  was 0.02 mV/125 K. Peak areas from the  
I n t e g r a t o r  were w l t h l n  5% o f  those determlned by c u t t l n g  and welghlng t h e  peaks. 
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Peak l d e n t l f l c a t l o n  was based on In fo rma t lon  o f  Supelco, Inc., A. M .  Todd Company, 
and Starosc lk  and Wllson (1982). S ta rosc l k  (1984) prov lded us u l t h  the  response 
Values used I n  h i s  work and we assumed t h a t  our de tec to r  would g l v e  p ropor t l ona te  
response. Starosc lk  found I n  h l s  work t h a t  r e l a t l v e  standard dev la t l ons  were 
genera l ly  less than 3%. 

-- RESULTS 

Lemon o i l -carbon d lox lde  e q u l l l b r l u m  was measured a t  303, 308, and 313 K and I n  the 
Pressure range of  4 t o  9 HPa. Below 6 MPa. the re  was l n s u f f l c l e n t  lemon o i l  I n  the 
vapor phase t o  a t t a l n  good samples f o r  ana lys l s .  Above 9.0 HPa a t  313 K, above 7.8 
RPa a t  308 K, and above 7.4 HPa a t  303 K, t he  system reve r ted  t o  a s l n g l e  phase. 
Nlne experlments prov lded two-phase, vapor - l l qu ld  e q u l l l b r l u m  data s u l t a b l e  f o r  
co r re la t i ons  and generat ing c o e f f l c l e n t s  f o r  t he  Peng-Robinson equatlon. Deta l led 
experlmental data can be found I n  Coppella (1985). 

The r e s u l t s  o f  an experlment a t  308 K and 6.98 HPa a r e  d e t a l l e d  here. The l l q u i d  
phase contalned 48 ut% (74 mole X )  carbon d l o x l d e  and the  vapor phase conta lned 99.5 
ut% (99.8 mole %) carbon d lox lde.  A gas chromatogram f o r  the lemon 011 from the 
l l q u l d  phase sample l s  shown I n  F igure 3. A chromatogram f o r  t he  lemon 011 I n  the 
vapor phase I s  shown i n  F lgure 4. Peak I d e n t l f l c a t l o n .  re ten t l on .  response value, 
and concentrat lon f o r  these t races are g lven I n  Table I .  Average molecular welght 
o f  lemon 011 I s  137.9 I n  l l q u l d  and 136.4 I n  vapor. 

The r e l a t l v e  v o l a t l l l t y  I n  the  presence o f  carbon d lox lde ,  o r  s e l e c t i v l t y  f a c t o r ,  
f o r  each component w l t h  respect t o  llmonene I s  a l s o  g iven I n  Table I. Rela t l ve  
v o l a t l l l t y  I s  def lned as the r a t l o  o f  e q u i l l b r l u m  vapor l za t l on  K f o r  component I t o  
e q u l l l b r l u m  vapor l za t l on  K f o r  llmonene. E q u l l l b r l u m  vapor l za t l on  Ki I s  def lned 
as mole f r a c t l o n  1 I n  the  vapor ( e x t r a c t )  phase t o  mole f r a c t l o n  1 l n  the l l q u l d  
( r a f f l n a t e )  phase. 

By comparlng the r e l a t l v e  v o l a t l l l t l e s  o f  var ious components, t he  ease o f  separat lon 
between these components can be determlned. The chromatographic column employed 
separates components I n  the order  o f  v o l a t l l l t y ;  thus, the f i r s t  c u t  p o l n t  I n  the 
separat lon should be between te rp lno lene  and adjacent  oxygenated compounds. The 
chromatograph doesn't  separate te rp lno lene  from l l n a l o o l  o r  nonanal. so the 
s e p a r a b l l l t y  o f  these compounds cou ldn ' t  be determlned. The nex t  ad jacent  
separat lon lnvo lves te rp lno lene  w l t h  a r e l a t l v e  v o l a t l l l t y  w l t h  respec t  t o  llmonene 
of 0.7 and c l t r o n e l l a l  w l t h  a r e l a t l v e  v o l a t l l l t y  w l t h  'respect t o  llmonene o f  0.4. 
The r e l a t l v e  v o l a t l l l t y  o f  t e rp lno lene  t o  c i t r o n e l l a l  i s  then 0.7/0.4 o r  2. For the 
l lmonene/geranlal pa l r .  the r e l a t l v e  v o l a t l l l t y  I s  1.0/0.2 o r  5. These separat lon 
f a c t o r s  f o r  t he  terpene-oxy s p l l t  a re  adequate. 

The second c u t  p o l n t  I n  the separat lon I s  between geranylacetate and 
8-caryophyllene. Thls separat lon f a c t o r  I s  0.06/0.07. o r  0.9. Thls I s  opposl te  
t h a t  o f  0.2/0.07 o r  3 f o r  ge ran la l  t o  8-caryophyl lene. 

There I s  some over lap I n  the  v o l a t l l l t l e s  o f  CIZ oxys and sesqulterpenes. uh l ch  
means t h a t  f o r  ex t rac t l ons  o f  lemon 011 w l t h  s u p e r c r l t l c a l  carbon d lox lde ,  some 
0-caryophyl lene w l l l  be ex t rac ted  I n t o  the  hear t -cut  oxy product .  Thls I s  t h e  
r e s u l t  of t he  nonpolar carbon d lox lde  p r e f e r e n t l a l l y  e x t r a c t l n g  the l ess  p o l a r  o f  
t h e  lemon 011 cons t l t uen ts .  

SOLUBILITY AND SELECTIVITY 

S o l u b l l l t y  dlagrams were prepared f o r  the phases t h a t  separated I n  t h e  lemon 011 
extractions performed l n  t h l s  study w l t h  carbon d lox lde.  Such dlagrams can serve 
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on ly  as guldes. s l n c e  s o l u b l l l t y  I s  composltlon-dependent and I s  a func t l on  of  
e x t r a c t i o n  seve r l t y .  The d a t a  a r e  shown l n  Flgures 5.  6. and 7 a t  303. 308. and 313 
K, respec t lve ly .  

Ex t rac t ions  o r  e x t r a c t l v e  d l s t l l l a t l o n s  w l t h  s u p e r c r l t l c a l  so lvent  need t o  be 
performed a t  as h lgh  a s  p o s s l b l e  a s o l u b l l l t y  o f  o i l  I n  the  e x t r a c t  o r  vapor phase 
I n  order t o  reduce the  so lvent  or c a r r l e r  gas requlrement. From our lemon 
011-carbon d l o x l d e  phase dlagrams, I t  appears t h a t  t h e  h lghes t  p r a c t l c a l  s o l u b l l l t y  
l e v e l  I s  0.9 mole % (2.8 ut.%) essen t la l  011. Thls I s  a t ta lnab le  a t  313 K. A t  
lower temperature, s e n s l t l v l t y  of s o l u b t l l t y  t o  pressure requ l res  t h a t  s o l u b t l l t y  be 
lower (e.g., 0.3 mole % a t  308 K ) .  

A t  313 K and 8.4 HPa. s lope of e x t r a c t  phase s o l u b l l l t y  versus pressure I s  0.06 
welght f r a c t l o n  oll/MPa. For  a 1 5  m t a l l  e x t r a c t l o n  tower operated a t  a dens l ty  o f  
0.5 g/cw. the  pressure a t  t h e  bottom I s  h lgher  than t h a t  a t  t he  top  by 0.025 
MPa. The s o l u b l l l t y  a t  t h e  bottom w l l l  then be 0.15 ut.% hlgher a l  the  bottom 
( l gno r lng  c o n p o s l t l o n  e f f e c t s ) .  A t  308 K and 7.69 MPa, an Increase I n  pressure of 
0.14 HPa causes the  two-phase system t o  r e v e r t  t o  a one-phase system. I t i s  
lmperat lve t h a t  temperature and pressure p r o f i l e s  I n  the  s u p e r c r l t l c a l  ex t rac t l on  
tower be malntalned accura te ly .  Wlndows a re  recomnended t o  conf l rm t h a t  opera t lon  
remalns I n  the  two-phase domaln. 

The s e l e c t l v l t l e s  I n  s u p e r c r l t l c a l  carbon d l o x l d e  e x t r a c t l o n  o f  terpenes from oxys. 
and oxys f rom sesqutterpenes. f o r  lemon 011 a re  shown t n  Flgures 8 and 9, 
respec t lve ly .  F igure  8 shows t h e  r e l a t l v e  v o l a t l l l t y .  o r  s e l e c t l v l t y  f ac to r ,  o f  
l lmonene t o  ge ran la l  as a f u n c t l o n  o f  011 s o l u b l l l t y  I n  t h e  vapor phase. Operatlon 
o f  t h e  ex t rac to r  a t  308 K and 1 ut.% s o l u b U l t y  provldes a r e l a t l v e  v o l a t l l l t y  o f  
2. Operatlon a t  313 K p rov ldes  a r e l a t l v e  v o l a t l l l t y  o f  1.4. The s e l e c t l v l t y  
f ac to rs ,  though adequate, are an order o f  m g n l t u d e  lower than the  vapor pressure 
r a t l o .  

F i g u r e  9 shows t h e  r e l a t l v e  v o l a t l l l t y  o f  ge ran la l  t o  8-caryophyllene as a func t l on  
Of  011 s o l u b l l l t y  I n  t h e  vapor phase. A t  313 K and 1 ut.% v o l a t l l l t y .  r e l a t l v e  
v o l a t l l l t y  l s  1.4. A t  308 K and 1 ut.% s o l u b l l l t y .  these cons t l t uen ts  a re  
Inseparable by s u p e r c r l t l c a l  carbon d l o x l d e  ex t rac t l on .  The r a t l o  o f  vapor 
pressures f o r  t h l s  p a l r  l s  l n  the  v l c l n l t y  o f  2. 

MODELING OF EQUILIBRIA 

The carbon dlox1de:lemon o i l  P-x behavlor shown I n  Flgures 5. 6. and 7 I s  t y p l c a l  o f  
b l n a r y  carbon dlox1de:hydrocarbon systems, such as those c o n t a l n l n g  heptane ( I m  and 
Kurata. 1971), decane (Ku lka rn l  e t  a l . ,  1972). o r  benzene (Gupta e t  a l . ,  1982). Our 
lemon 011 samples contalned I n  excess o f  64 mole X llmonene; so we modeled our data 
as a reduced b lna ry  o f  l lmonene and carbon d lox lde .  The Peng-Roblnson (197b) 
equat lon  was used, w l t h  c r l t l c a l  temperatures, c r l t l c a l  pressures, and acen t r I c  
fac to rs  obtalned from Oaubert and Oanner (1983). and Reld e t  a l .  (1977). For carbon 
d lox lde .  o = 0.225; for llmonene o = 0.327, Tc = 656.4 K. Pc = 2.75 MPa. I t  
was necessary t o  vary t n t e r a c t l o n  parameter 4 t h  temperature I n  order t o  c o r r e l a t e  
t h e  d a t a  s a t l s f a c t o r l l y .  The values o f  d12 a r e  reasonable (0.1135 a t  303 K. 
0.1129 a t  308 K. 0.1013 a t  313 K ) .  Comparlsons o f  c a l c u l a t e d  and experlmental 
r e s u l t s  are g lven I n  Flgures 5, 6. and 7. 

Attempts to model the  r e l a t l v e  v o l a t l l l t l e s  o f  t he  minor organlc cons t l tuents  t o  
llmonene uslng t h e  Peng-Roblnson equat lon proved u n f r u l t f u l .  
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PROPOSED PROCESS 

Lemon o i l  can be concentrated by s u p e r c r l t l c a l  carbon d l o x l d e  e x t r a c t l o n  I n  t h e  
temperature range of 308 t o  313 K.  Pressure I n  the  e x t r a c t o r  w l l l  be I n  t h e  range 
o f  7.7 t o  8.5 MPa. S o l u b l l l t l e s  o f  011 I n  t h e  e x t r a c t ,  or  vapor, phase w l l l  range 
from 1 t o  3 ut.%. S e l e c t l v l t y  f ac to rs  near 1.4 u l l l  be a t ta lned  f o r  t he  terpene-oxy 
s p l l t  and oxy-sesqulterpene s p l l t .  The opera t lon  I s  performed I n  a m u l t l s t a g e  
e x t r a c t o r  w i t h  re f l ux .  Operat lon can be e i t h e r  I n  the  ba tch  o r  cont lnuous mode. 
Solvent recovery I s  performed a t  cond l t lons  s l i g h t l y  below the  c r l t l c a l  p o l n t  o f  
carbon d lox lde .  

S o l u b l l l t y  l l m l t a t l o n s  requ l re  t h a t  t he  so lvent  t r e a t  be hlgh; an economlc a n a l y s l s  
I s  needed t o  es tab l l sh  process f e a s l b l l l t y .  
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i 
I 

TABLE I 
LEMON O I L  VAPOR-LIQUID ANALYSES AT E Q U I L I B R I U M  I N  CO, 

RETENTIONd WEIGHT 0 VOLAT IL ITY i 
PEAK RELATIVE TO RELATIVE MOLE X RELATIVE TO ' I  

NO. COMPOUND LIMONENE RESPONSE VAPOR L I Q U I D  LIMONENE 

r e f  
1 
2 
3 
4 

-- 
5 
6 

7 

8 
9 

10 

- 

- 
11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

- 

- 

acetone 
a-thu j e n e  
a-pinene 
camphene 
sabinene _ -  C-pineneJ 

myrcene 
octanal  
phel landrene? 
a- t e e e n e  - 

0.00 
.0.55 
0.58 
0.63 
0.76 
- 
0.79 
0.86 

0.92 - 
1 imonene 1 .oo 
v- te rp i  nene 1.09 

1.19 

nom& 

1.40 

te rp inolene  
l ina lool  

c i  t rone l  1 a1 
terpinenen-4-01 1.51 
a- terpineol  1.55 
decanal 1.60 

_. n e r a l  - -- 1.70 

geranial  1.80 
nonyl a c e t a t e  1.95 
nery lace ta te  2.12 
geranylace ta te  2.18 
6 -caryophyll ene  2.36 

I- - 

- - --- 

0.75 
0.75 
0.70 
0.74 - 
0.73 
1.17 

1.19 

0.75 
0.78 
0.78 

- 

- 
1.06 
0.92 
0.92 
0.97 
0.96 

0.96 
0.24 
1.02 
1.02 
0.78 

- 

0.61 
2.80 
0.09 

17.27 
- 
1.87 
0.09 

1.21 

67.14 
7.59 
0.47 

- 

- 
0.02 
0.02 
0.06 
0.01 
0.24 

0.29 
0.00 
0.03 
0.009 
0.013 

- 

- 
0.35 
1.68 
0.06 

13.06 
- 
1.59 
0.07 

1.10 

68.22 
8.45 
0.67 

- 

- 
0.04 
0.04 
0.20 
0.08 
0.92 

1.45 
0.03 
0.25 
0.15 
0.18 

- 

21 trans-a-bergamotene 2.40 0.78 
22 a-humalene 2.53 0.71 
23 6-bisabolene 2.60 0.77 

1.8 
1.7 
1.6 
1.34 - 
1 . 2  
1 .3  

1 .1  

1 .o  
0.91 
0.7 

- 

- 
0.4 
0.4 
0.3 
0.1 
0.3 

0.2 

0.1 
0.06 
0.07 

- 

0.016 
0.00 
0.013 

0.26 
0.05 
0.38 

0.06 

0.03 

a Retention time f o r  limonene averaged 8.7 minutes 
bPeak area m u l t i p l i e r  
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LIMONENE GERANIAL B - CAR-YOPHYLLENE 

Fig, 1. Key cons t i t uen ts  in lemon Oil .  

VACUUM PUMP 
\ 

PRESSURE 

OIL CHARGE AND 
DEGASSING VESSEL- 

SAMPLE OF GAS 

CHARGE TANK 

25 KQ BALANCE- 

I 
1.11 - LITER EOUILIBRIUH CELL 
HASTELLDY C 
RATING1 34 HPo AT 700 K 

Fig, 2. Vapor-l iquid equilibrium a p p a r a t u s  
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n .II) 0 0  2 s  

Fig. 3. Gas chromatogram o f  lemon oil in 
Iiquid phase sample 
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Fig. 4, Gas chromatogram o f  lemon oil in 
vapor phase sample 
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Ratio of vapor  pressures a t  392 K r 

0.1 0.2 0.4 0,6 1 2 4 

Solubility, w t  7. oil in vapor 

Fig. 9. Lemon oil : carbon dioxide vapor -  
liquid equilibria. a - 303 K. 
0 - 305 K. o - 313 K. 
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