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SupercriticBI Fluid ExtrBction (continued)

tlxlrlldion lo cilrus essential oil processing has been

dOHcrihed in a few literature references (Stahl and
Gora时， 1985; Coppella and Barton， 1987; Rοbeyand
Sunder， 1984; Gerard， 1984; Hagh， 1986).
The conventiona1 process for the recovery of cold­

pressed citrus oils results in the extraction of caz:o�­
noids and cuticular wax together with the essentia1 oil，

and considerable amounts of essentia1 oil remain in the
peel residue. Calame and Steiner (1982) described the
extraction of essentia1 oil from lemon peel with super­

critical carbon dioxide at 30 MPa and 40oC. They
obtained a 0.9% oil yield and its composition was quite

different from the commercially available cold-pressed

oil. The major differences were in the aldehyde and

alcohol contents. The CO2-extracted oil contained less
citral and more a1cohols.

Another application of supercritica1 carbon-dioxide
extraction for citrus processing was to remove limonin，

a primary bitter component in citrus juices (Kimba11，

1987). Using pressures between 21-41 MPa and tem­

peratures between 3ι60oC， a 25% reduction in tlìe
limonin content was achieved in 60 min with negligible

effects on the ascorbic acid， pulp， titratable acidity，

and total amino acids.

Recently， a patent (Japikse et al.， 1987) Was issued
for the production of citrus flavor and aroma composi­

tions from orange juice essences using carbon-dioxide

extraction. The extract produced was enriched in
desirable flavor and aroma compounds responsible for

fresh citrus juice flavor. These compounds have a
molecular weight less than or equal to that of limonene

and some of them are acetaldehyde， ethyl butyrate，

and ethy}-3-hexanoate. Carbon dioxide was used as a

solvent at a temperature between its critical tempera­

ture and 1000C and at a reduced pressure (extraction
pressure/critica1 pressure) between 0.56 and 1.31.
The objectives of this article are to describe a

pilot-sca1e SFE system for study of liquid foods testing
and to evaluate the extraction aml separation of aroma

and flavor compounds from citrus essentia1 oils.

Principles of SFE Technology Using C02

The critical temperature of a gas is the temperature
above which it cannot be liquefied， no matter how high

the pressure. Similarly， the critica1 pressure of a gas is

the pressure below which it cannot be liquefied， no
matter how low the temperature. The critica1 tempera­

ture and pressUJ;，e of CO2 are 310C and 7.3 MPa，

respectively (88叩and

(1) a solvent compres�or �r high�pre8sure pump; (2) ."
extractor or pressurized vessel; (3) a temperatur.1

tressure controlsystem;and (4)asepamtmor adaor，
er. A S!1percritica1 Extraction Screeñing System with
a30ü咀L extraction chamber designed and manufl\c，

tured by Autoclave Engineers， Inc. (Erie， Pa.) wω
selected for the study.

Preliminary experiments showed that it was neces.

sa!y to modify tþe basic unit for citrus oil applicationB.

After some modifications， the system Was used either

a，s a stB:�ic-<;.ell o�� a d�am��-flow �pp町atus. Figure 2
shows the flow diagram for the modiûed system:
Main modifications were as follows:

1. The amouIlt of tubing was minimized and only
bottom-to-top flow of carbon dioxide through the
ex�ractor was made .possible. Approximately 30-mL of

tubing was removed which Wa8 -equal to ío% of the
extractor volume.

2. Origina1 pump Was replaced with one that has a
higher capacity (46-920 mL/h).

3. A preheater was incorporated into the system by

making use of the heater around the extractor. Acoil
was formed from the tubing and it was wrapped around

the extractor vessel; then the heater was placed around

the extractor ancl the tubing. This madi it possible to

use one controller both for the extraétor and the
preheater.

4. The controller for the heater of the extractor was

replaced with one that could be adjusted. This adjust­

ment resulted in a narrower proportional band width

which gave better control of the extractor tempera­
ture.

5� After disconn(lcti.ng the origina1 preSsure gauge

on the extractor outlet line， a new gauge with a range of

20.7 MPa was placed directly on' the extractor. This

range Was sufficient since higher pressures were not
necessary when working with citrus oils.

6. Liquid- and critical-phase sampling va1ves were

placed on the extractor cell， faciIitatíng sampling
directlv from the extractor.

7. The origina1 separator unit was disconnected.
Instead， two glass tubes with side arms connected in
series were usetf and they were placed in -250C
propylene glycol bath.

8. The ring of sparger tube at the bottom of the

extractor cell was turned over so that the holes in the

tube would point downwards. As such， it Was possible
to operate the system with small amounts of feed
materia1 and still have good contact between the oil

samDle and carbon dioxide.
After these modifications， the system operated as

follows under a dynamic mode: Cold-pressed Va1encia

orange oil samples (10 mL) wer

:Supercritical
fluid

40

" 35
6

主30
、J

Q)' 25
L

; 20
ω

艺15
Q..
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吨3
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ω

Region of study

I I
员、Critical point

Fig. l-Phase Diagram of Car­

bon Dioxide. The supercritical

region of CO2 is shown by dotted

lines

-60 -40 -20 0 20 40 60 80

Tempera ture (C)

Pressure

7飞Pressure
Check valve

Liquid

sample kwmtL蝴刷CO2

Pump
Cold bath

Flow

句totallzerExtractor

Separator tubes

Fig. 2-Flow Diagram of Pil时-Scale Supercritical Fluid Extraction System

extract a10ng the interna1 surface of the outlet line and separator unit for a given amount of time was deter­
freezing of the micrometeri吨v4ve.Extracts were mined gravimetrically-After the extractwas collected，

collected in sep町�tor t�!>�s �l�，ced i� a -250Ç propyl- inl�t �d. outl，，:� op�nìngs.?f t�e tubes were �ealed �ith
ene glycol bat�. The .outlet of the micrometeriñg våÍve polyethylene filnî immëdiately to prevent losses from
was -connected to the sep盯atoI.:. tube with a short volã.tilization of the extract during weig1;ting. Then the
vertical tubing so. that c�bon dioxide had to move extract was analyzed by gas chromatography. Corre­
downwards aíter �eing .�epres��r�zed and any con- sponding volume' of CO; was measured wiih ã. wet-gas
densed extract on the walls would drain down iñto the meter. The instantaneous flow rate of the expanded
separatùr tube. The amount of oil collected in the • CO2 was measured with a bubble-flow meter at ïoo kPa
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and 250C. The original ßOW meter (range 0-14 L/min)

was replaced with a bubble-ßow meter sin四it w.幽
difficult to get an accurate reading when the system

operated at -a ßow rate of 50 ml./min.
To determine the amount of carbon dioxide solubi­

lized in the oil， pre困urized liquid-phase sampl倒were

taken and analyzed. A 2.5-mL sampling bomb was

fabricated for由ispurpωe. It was evacua饵d and filled

with liquid phase under pre困山e from the sampling

valve on theextraction vessel. There was no tempera­

ture change during sampling and the pr四sure drop was

from 0 to 5% at low to high extraction pressures，
respectively. The sampling bomb was left connected to

the extractor for 10 min allowing the system to equili­

brate. The bomb was weighed to âetermine the amount
of sample. The system used to determine the volume of
CO2 isdescribed as follows: A 2-L graduated cylinder

w皿filled with water and placed upside down in a
bucket of water. Tygon tubing was filled with water

and one end was hooked ωthe bomb and the other
inserted into the graduated cylinder. When the valve of
the sampling bomb was opened， pre回ure w幽reduced

resulting in the expansion of CO2• Carbon-dioxide

separated from the oil sample， bubbled through water，

and collected in the graduated cylinder. Volume of gas

collected was measured. Volume of carbon dioxide was

determined after subtracting the contribution of water
due to its vapor pressure at r∞m temperature. Weight

percentage of carbon dioxide in liquid phase was

calculated from its volume and the total weight of the

sample. Further details about the modifications and

operation of the system are given by Temelli (1987).

Fig.3臼'bo\IØ}-Solubility of Cold-Pressed Orange Oil in

Supercr忧ical Carbon Dioxide BS B function of press町'e Bt

diffi俐nt阳mp町atures: 40'Cω-jj}， 50'C (0-日1， (i()'C

(O-O)， Bnd 70'C !O-O)
100

，。

80
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o

c: 60

...
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·、。
_. 40
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Fig. 4 !Bbo四right}-Weight Percent of Oxygenated

Compounds in the Extract BS B function of pressure Bt

different temp町'Btures: 40'C (jj -jj) 500C汇']-OJ， 600C

(O-O}， Bnd 700C币。-O}

后'g. 5 (right}-Concentration of Carbon Dioxide in Oil

Phase BS B function nf pressure Bt different te，厅IperBtures:

40'C (jj-jj}， 500C 10-四， 600C (0-句， Bnd 70'C (O-O}
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deterlpining the extraction pressure is related to ec(

nomi�onsiderations， since construction and operatin

costs increase with higher sY8tem pre88ures. Tnereforl

12

Pressure (MPa)

10

'

pounds in the extract is plotted as a function of

pre_ssure at different temperatures and given in Figure

4. Since the purpose of the extraction was to remove
the terpene hydrocarbons and leave oxygenated com­

pounds behind， a minimum amount of oxygenated

compounds in the extract is desired. The amount of

oxygenates decreased as the temperature was
increased. However， this decrease was not statistically

significant for 40， 50， and 600C at pressures of 8.3，9.7，
and 11.0 MPa. The amount of oxygenated compounds
in the extract was significantly lower at 700C thãn that
at other temperat山倒. At constant temperature per­

centage of oxygenates passed through a minimum of

9.7 MPa， but this minimum was not significant. A

pressure of 12.4 MPa gave the highest amount of

oxygenates which was statistically significant at all

temperatures. As a result， the condition that gave the
lowest amount of oxygenated compounds was 700C and
9.7 MPa. Concentration of oxygenated compounds in

the extract at 8.3 MPa was not significant1y higher

than that at 9.7 MPa at 70oC. An important factor in

constant at 50 mL/min which was determined at 1lI0

kPa pressure and 250C. This ßow ra� w� c�osen 1.0
allow enough contact time between CO2 8!!d oil �o thal.
the system would approach equilibrium. Typical equi

librium ßow rates were reported to be 60-毛∞mLlmill
回determined at 1∞kPa and OOC (McHugh ancl

Krukonis， 1986). Based on the results of preliminary
experiments， 10 mL ofωld-pressed oil was used皿f侧i
mãterial. When higher amóu.nts of feed oil was used， oil
was carried out toge也er with carbon dioxide withoul.
any separation. Tliis was due to the large amount nf
CO2 being solubilized in the oil phase under thll

temperature/pressure conditions where the density of
CO2-was highest. Within the range studied， this co_ndi:
tion was 400C and 12.4 MPa. Extraction time was fixed
at 2 hr. Preliminary experiments showed that thll

concentration of oil in由rbon dioxide reached maxi­

mum at 2 hr and stayed con8tant after that. Duplicate
runs were made under each condition and there W8!1
less than 5% difference between the two runs. ResultH
were presented in Figures 3， 4， and 5. In Figure 3， best
fitting cu凹四were -drawn after regression analysis.

Curves were drawn by combining experimental data
points in Figures 4 and 5. Analyses of variance were

Performed for critical-phase， extract， and liquid-phase
compositions， expressing them as function� of teJ!lper­
ature and pressure. Mean squ盯e error obtained was
used for Düncan's comparison tests to compare each of
these p町ameters with respect to pressure at constant

temperature and with respect to temperature at con­

stant pressure at α= 0.05 level.

• Critical-Phase Composition. Solubility iso­

therms of cold-pressed orange oil in supercritical car­

bon dioxide are-given in Figure 3 as mg of oil/L of CO2

vs pressure at differenf temperatures. Solubility

increased slightly困pressure was increased at constant
temperature at 50， 60， and 70oC. The increase in

solubility was dramatic at 40oC， which was the temper­

ature c10sest to the critical temperature of CO2• Densi­
ty of CO2 was highest at 400C and 12.4 MPa within the
range studied and this resulted in the highest solubili­

ty. When the temperature wωincreased to 70oC， there
was an exponential increase in the vapor pressure of

the oil components. However， it was overcome by the

decrease in the density of carbon dioxide and the
solubility at higher temperatures was lower. Crossover
of the isotherms was observed. This behavior was also

reported by Robey and Sunde

• Extract Composition. Compositions of the

extracts were analyzed by g凶chromatography and

triplicate injections were made from each sample. To

compensate for day-to-day variation of the gas chro.

matograph， 99

standard. Weight percent of all the oxygenated com-

Solubility of Cold-Pressed 0诅

The extraction system described was used as a static
cell to study equilibrium between cold-pressed orange

oil and supercritical carbon dioxide. Critical- and

liquid-phase samples at 8.3 MPa and 700C were ana­

lyzed by gas chromatography and the chromatograms
were presented in Temelli et al. (l988). These chro­
matograms showed that the terpene hydrocarbons

were solubilized by carbon dioxide to a greater extent

and the oxygenated compounds were left in the liquid

phase. Terpenes， which are not polar， have smaller

molar mass， and larger vapor pressure， are more solu­
ble in supercritical carbon dioxide when compared to

the ßavor fraction. Using the system as a static cell to

obtain phase equilibrium data under supercritical con­
ditions was complicated because trapping small sam­

ples without disturbing the equilibrium is difficult and

the small sample size makes their analysis even more

complex.

Solubility of cold-pressed orange oil in supercritical
carbon dioxide was studied within the temperature and
pressure ranges of 40-70oC and 8.3-12.4 MPa， respec­

tively， and this region is shown in Figure 1. At temper­

atures above this range， citrus oils begin to suffer

thermal degradation. Stahl and Gerard (1985) used

pure essential oil components and showed that the

solubility of carvone， caryophyllene， and velaranone

approached that of limonene at pressures around 12

MPa. So， it is impossible to fractionate citrus oils at
pressures above 12 MPa due to increased density of
carbon dioxide which results in an increase in the
solubility of oxygenated compounds.

The extraction system was also operated under the

dynamic mode. Carbon-dioxide flow rate was kept

14JUNE 1988-fOODτECHNOLOGY
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higher mold and yeast counts owing to a tendency for
quicker deterioration of the fruit during storage at the

processing plant. .

Concentrate purchased from Brazil will be made
predominately{rom Pera-type oranges，_ and the ayer­
age ratios are generally町ound 13-15: 1. Most Brazilian
groves do not have the luxury 'of irrigationsystems so

they rely on rainfall to provide the necessary moisture.

It is critical that citrus trees receive adoouate moisture

duringthe blossom set and should rainfalIs not oc�ur， it
is likely that the trees will produce甲out-of-盹由on

blossom resulting i!l a percentage of out-of-season

fruit. As it is not norinallý practical to pick an orchard

more than once in the season， there is a possibility of

this immature fruit being mixed in with the deliverie�

to the proce回ors. If thisshould occur， an aftertaste of

bittemess can be characteristic of the resultant prod­
uct.

Wherever the source， the citrus-processing indus­
tries are fortuna16 in having available to them highly
efficient and well-engineered juice extractors from

F.M.C. Corp.， Lakelarid， Fla.， or Brown In16mational
Corp.， Covina， Calif. Although quite different in prin­

ciple， they both are capa61e of extracting all the

available juice. It is very important， therefore， that

these machines and theii respective air-loaded finish­
ers are not adjusted too tightly， resulting in ext刷刷us
flavors from the skin and larger amounts of pectins in

the juice. This becomes particularly important as the.re

i� now no longer a Florida S1816 restraint on the

percen18ge of juice that can be extrac16d. The. s.18te
does， however，-prohibit any use of pulp wash solids in

orange juice products.
Tlie concentration of the- orange juice. is generally

performed today on the TASTE I<:vaporator (Gulf

Machinery Co.， Clearwater， Fl:l.) This hi，�hly eflicient，

multi-effect falling film plam illCOI ，，()rah�s 11 t.uhulllr
s18bilizing unit that inactivatcs thc pcctincHtmllHI!

enzymos in the juice. It iH important thllt thCHll IlVllpO­

rut.orH Ilrll operat.ed wit.hin deHi�n CllplI(:it.y; with no

vllcuum IllllkH or inlldll(tUuI.I! (:oolinJ( ()f hllrmmltric

c:oDllcm时，r wlIlAlr. AII of thll IIfOll!fJlCmt.ionmJ will

咱Ilernll阳t.h们IAl刷III叫"1"川'吓刑刊rll川t
II们'咐H削‘钊圳ult.inll i川lIi川nc:r们川11川"削附.们刷'刊‘d t.hc们mnllll‘om川‘CI‘011 t.hf阳-刷'1:‘川11\阳u:‘刷mt.r阳al.lω!d
ju巴.刷，丁1'1吁飞u‘们， thc阳4们时'叮lrr口nll川111 or hOllt. loml of prO(:clHHC!d c:it.ruH

jllic:nH酬

Storøge temperature is one o( the

primary (actors affecting stability

C.E. si丁�er， P.L:Wøugh，

a且'lstam，αnd P. Ackermann

口THÊ APPROVAL of hydrogen peroxide as a chem­
ical sterilizing agent by the Food and Drug Administra­

tion in 1981 opened up a new market for chemically

sterilized， aseptic plastic cartons. Orange juice was one

of the products which benefited from the regulation

since it was thus possible to pasteurize， cool， aseptically

fill， and sωre the product at ambient temperatures.

The aseptic product was positioned皿an alternative to

pasteurized， refrigerated orange juice which had a
better flavor thanhot-filled juice.

However， in the six years following the introduction'

of aseptic orange juice， it has not achieved the consum­

er acceptanceand market penetration which was ini­

tially predicted. Although aseptic pr�essing produced

a high-quality product， the product 8s received by the

consumer was not alwa归国good as it could have been.
Loss of quality due to deterioration of the orange juice

under the conditions of storage and distribution was

responsible for the deterioration of the product.

The purpose öf this article is to examin� the factors

which influence the product quality and réport on new

research which may be used to improve quality and

extend the shelf life of础eptic orange juice in plastic

cartons.

Raw Materials and Thermal Processing

In the production of an accep18ble finished product

that can withstand the rigors of processing， packaging，

and distribution， raw material selection has been
regarded as a key factor. Since more than 95% of the

aseptically packed orange juice is made from reconsti­

tuted orange juice concentra16， the selection of the

appropriate orange juice concent.rat.e is impor18nt. The

type of oranges processed and， of course， their maturity

at thé time of harvesting must. be conRidered. If t.he
aseptic packer is working飞lVith U.S. raw material， then
a blend of a 50-60% midseason.and 4() !)()'Y" Valencia

varieties should be considered. A hiJ(hor pClr<:enl.aKe of

Valencia is always desirable， but， owinK to th(! RtJRce，，­
tibility of this variety to freezes， it. iR not. prndi<:1I1. It.
would therefore be advisable t.o pllrC:hllH们tJSI>A
graded orange concentrate which hl\R hc!cm刷:orClCl for

flavor， color， and defects.
For United States consumption， t.hl! mOHt d(lHiruhlo

ratio will be a brix/acid ratio of 16 - 17: 1. '1'0 wc疗k with
ratios greater than this can increaHcl t.he dUUlCOH of
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Maintaining Flavor

and. Nutrient Qlllllity

of Asep1ic Orange Juice
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countercurrent high-防部sure extraction column with
reflux. Robey and Sunder (1984) concluded that a
���tercw:.r�nt column operating at lD.3 MPa and
�OOC w�uld concentrate -oxygeñated éompounds in
lemon oil.

• Liquid-Phase Composition. The amount of car­
bon dioxide that is solubilized in the oil ph田e is very
iportant from the standpoint of deSIgn purpo
since i� w!.ll Aaff�ct the .e�rl!..ctor voluine�fot ;-��;�
amount of feed material. Concentration of càÍ'bon
dioxide in .oil pbase was determined刨出国cribed
earlier and the results are plotted in Figure 5. At
�onstant _ temperature weight percent of巳O2 in oil

increased. as pressure was -incrëased， and at cõnstaDi

p"�ess�re it }��reased as temperature was decreased.
That is，it followed the same trend as the density of
�arþon:，dioxide. More CO2 w田solubilized in the 011 at
high.er. �ensities of CO2. The'concentration of CO'} i;; oii
rea�hed困high阻93�_�t the highest density- �()�di=
tion of 400C and 12.4 MPa.
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