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A recent suggestion on the applicability of supercritical 
fluid extraction to the deacidification of olive oils of high 
acid content was based on solubility data in clear 
disagreement with the results of other authors. In this 
work, we measured the solubilities of substances chosen 
for their importance in that extraction process, namely 
pure glycerol trioleate, the most  abundant triglyceride in 
olive oil, and of a husk oil with a high acid content. Our 
results agree well with some of the previous reports on 
this subject. These seem to be a trustworthy data base, 
but more results are needed for a definite conclusion about 
the technical feasibility of the process. 

KEY WORDS: Deacidifieation, husk oil, olive oil, supercritical car- 
bon dioxide. 

The use of supercritical fluid extraction in the vegetable 
oil industry has been suggested by several authors. For 
example, Friedrich et  al. (1) and List et  al. (2) compared 
the composition and stability of vegetable oils either ob- 
tained by supercritical carbon dioxide (SC-CO2) extrac- 
tion or recovered and purified by conventional methods. 
Stahl and collaborators (3-5) performed extensive studies 
on the solubilities of soybean off up to very high pressures. 
Processes for deacidification and deodorization of natural 
fats and oils have been described in patents by Zosel (6) 
and by Coenen and Kriegel (7). Brunner and Peter (8) 
describe a deacidification method of palm oil using super- 
critical carbon dioxide as the solvent and ethanol as the 
entrainer. 

Brunetti et  al. (9) have recently suggested the use of SC- 
CO2 extraction as a deacidification method for olive and 
husk otis. Olive oil is a vegetable oil extracted by 
mechanical means from olives. Large quantities of oil are 
unsuitable for immediate consumption, due to a high free 
fatty acid content, and require refining. Conventional 
refining processes, however, may alter the nutritional 
qualities of the oil, resulting in a lower price product. On 
the other hand, about 15% of the triglyceride content of 
olives remains trapped in the solid matrix, from where it 
is usually extracted with organic solvents. The end pro- 
duct is husk oil, which has a triglyceride composition 
slightly different from olive oil, and a much higher acid 
content. If supercritical carbon dioxide could extract the 
acid without affecting the triglyceride content of the oils, 
this could become an economically interesting process. 

In their work, Brunetti et  al. (9) measured solubilities 
of some of the main components of these oils. Their data 
ar~ however, in notorious disagreement with other results 
reported in the literature, like those of Chrastil (10) and 
King e t  aL (11). On the other hand, Di Giovacchino et  al. 
(12) report preliminary measurements that seem to show 
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that  SC-CO2 is not selective towards the free fatty acids 
present in olive oil. 

Lack of agreement between literature reports of the 
solubilities in supercritical fluids of vegetable oil com- 
ponents is still quite frequent, reflecting the difficulties 
inherent to these measurements. The need remains, 
therefore, for additional work to be performed in this field. 

At the time of publication of Brunetti's paper, we were 
conducting a study on SC-CO2 of olive husk oils. The 
striking differences between their solubilities and our own 
led us to a literature survey and comparison of pub- 
lished results. 

In this work, we present measurements of the solu- 
bility in SC-CO2 of a pure triglyceride--glycerol trioleate, 
usually known as triolein, the main component of olive 
oil--and compare our results and Brunetti's with 
analogous results from other authors. The solubility 
behavior of triolein and oleic acid contained in a husk oil 
of high acidity was also investigated and a comparison 
of reported solubilities of oleic acid is presented. 

Additionally, the SC-CO2 extraction of husk oil direct- 
ly from the corresponding solid (husk flakes) was also pe~ 
formed and results are compared with similar data of King 
et  al. (11) for rapeseed. 

EXPERIMENTAL PROCEDURES 

Mater ia ls .  The CO2 used in this work was 99.5% (w/w) 
pure and supplied by Air Liquide (Paris, France), and 
glycerol trioleate (triolein) was 99% {w/w) pure, purchas- 
ed from Sigma Chemical Ca (St. Louis, MO). All solvents 
used in the chromatographic analysis were of analytical 
grade and obtained from E. Merck {Darmstadt, Germany}. 
The husk flakes were milled to a thickness of 0.5-1.5 mm 
prior to use. 

Solubi l i t ies  in supercr i t i ca l  carbon dioxide. The solu- 
bility measurements were performed in an apparatus 
which is an improved version of the one used in previous 
studies (13), and is similar to the apparatus described by 
Matos et  al. (14). The main piece of equipment is a static 
vapor-liquid equilibrium cell, approximately 30 cm a, im- 
mersed in a thermostatted water bath. 

A typical experiment starts with filling of the cell, at 
atmospheric pressure, with a small amount (about 2.5 
cm3), of liquid ~crude husk oil or triolein) or solid (husk 
flakes}. The C02 is then pressurized by a diaphragm com- 
pressor into the cell. After about 60 min of stirring (us- 
ing a magnetic bar) and about the same time of rest, the 
pressure is read on a Bourdon tube manometer, with an 
accuracy of _ 100 kPa, and the temperature is measured 
with a mercury thermometer of 0.1 K precisiorL A sam- 
ple is then taken from the top of the cell. 

The samples are collected in the thermostatted bath by 
depressurization and expansion into a glass trap con- 
nected to a large steel bottle of calibrated volume When 
the valve is open, the solute condenses in the cold trap, 
while the solvent gas expands into the steel bottle (with 
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a volume of approximately 1 dm 3, calibrated to _+ 0.1 
cm3). The pressure of the gas is read in a mercury 
manometer  with a precision cathethometer,  and is used 
to calculate the amount  of gas present in the sample The 
amount  of liquid is measured by weighing. 

The accuracy of the composition results obtained is 
l imited by d is turbances  in t roduced in the  phase 
equilibrium by the sampling procedure itself. A sufficient 
amount  of the fluid phase has to be withdrawn from the 
cell to deposit a measurable amount  of liquid in the cold 
trap. Observed pressure drops in the cell were between 0.2 
and 1 MPa, depending on the pressure at which the sampl- 
ing is performed. The mass taken out in each sample is 
no more than 3% of the total  mass inside the cell. 

Another source of error in this procedure is the existence 
of a dead volume between the sampling valve and the cold 
trap, where some solute may condense. To minimize these 
errors, a series of samples were successively taken in the 
same operating conditions and the average value of 
solubility was estimated. 

The standard deviations for each of the sets of 
measurements vary  from 0.7 mg/nL to 3.2 mg/nL; the 
average value is 1.8 mg/nL (1 nL = 1000 cm a at 1 bar, 
O~ = 1.977 g of CO2). 

Capillary gas chromatography. Gas chromatography 
(GC) of SC-CO2 extracted husk oil, and of other  oil 
samples we used for reference, was performed with a Carlo 
Erba  ins t rument  of the Mega Series, model 5300, equip- 
ped with a Carlo Erba  MFA 515 injector and a flame 
ionization detector (FID}. Quantitative calculations were 
made with a Shimadzu CR3A computing integrator equip- 
ped with a floppy disk unit and a CRT display. 

GC analysis of the samples were carried out in a home- 
made glass capillary, 25 m long, 0.25 mm i.d. column, 
coated with OV-17-OH. 

A detailed description of the method used here was 
given by Chaves das Neves et aL (15}, following Geeraert  
and Sandra (16). The injection was performed at  pro- 
grammed temperature  under the following conditions: 
F ID temperature, 400~ injector temperatures-- ini t ial  
temperature 100 ~ C, final temperature 390 ~ split of the 
solvent (n:pentane) during a period of 300 seconds. After 
the split period, the injector was ballistically heated to 
390~ and followed a splitless period of 180 seconds at 
this temperature. The split valve flow rate was 340 
mL/min. Aliquots 0.1-mL of the nonextracted oil samples 
and 3-mL aliquots of the SC-CO2 extracted oil samples 
were injected. Hydrogen at a pressure of 100 kPa was the 
carrier gas. 

The oven temperature  was programmed as follows: in- 
itially set at 150~ and after ballistic heat ing to 280~ 
it  was linearly programmed at  a heating rate of 8 ~ 
until  the final temperature  of 370~ was reached. 

The reproducibility of injection was tested with samples 
of nonextracted oil; aliquots of different concentrat ion 
were injected with eight replicates each, and the mean 
value deviation was of 1-2.5% at the higher concentra- 
tions and of 4-5% at  the lower concentrations. 

RESULTS 

We measured the solubility of glycerol trioleate in SC- 
CO2, at 308.1 _ 0.2 K, over a pressure range of 9.6-22 
MPa. The results are given in Table 1, where the solu- 

TABLE 1 

Solubility (S} of Glycerol Trioleate in Carbon Dioxide, at Pressure 
P and at 308.15 K {1 nL of CO 2 = 1.977 g) 

P S P S 
MPa mg/nL MPa mg/nL 

9.6 1.1 12.2 3.8 
9.9 1.9 14.0 4.4 

10.0 2.2 15.0 5.6 
10.3 1.9 18.9 6.2 
11.3 3.6 22.0 7.7 

bility units are mass of solute per normal liter of gaseous 
carbon dioxide (-- 1.977 g of CO2), and are shown in 
Figure 1. 

The solubility in SC-CO2 of crude husk oil (previously 
extracted with hexane from husk flakes) w a s  mea- 
sured at 308.6 __ 0.3 K and 313.6 + 0.1 K, in a pres- 
sure range of 9-22 MPa. Extract ion of the husk oil from 
the husk flakes was performed in a pressure range from 
10-18 MPa and at  308.6 K. The results of these 
measurements are presented in Table 2, and are shown, 
at 308.6 K, in Figure 2. 

We used capillary gas chromatography to obtain the 
composition profiles of some of the samples extracted 
from liquid husk oil. By the same method, we analyzed 
the composition of the crude husk oil from which the SC- 
CO2 extract ion was performed, and additionally a husk 
oil obtained by traditional refining processes and two olive 
oils with a good market  acceptance. Integrat ing the peak 
areas corresponding to the major groups of compounds 
present in the several samples analyzed, we obtained their 
relative concentrat ion in the samples. In all cases, these 
groups were triglycerides and free fa t ty  acids. 

The composition data  thus obtained and the cor- 
responding results for the oil solubility enabled us to 
calculate the solubilities of the free fa t ty  acid and of the 
triglyceride fractions of the oil, as a function of pressure. 
These are given in Table 3 and shown at 313.6 K in Figure 
3. In Figure 4, the solubilities of the free fa t ty  acid frac- 
tion are plotted together with results of other authors for 
oleic acid. 

The composition of the free f a t ty  acid and the 
triglyceride fractions of the SC-CO2 extracted husk oil 
were separated into their individual elements. The 
triglycerides are identified by a group of three letters cor- 
responding to the fa t ty  acid moieties, present in the 
tr iglyceride molecule, for instance, PLO refers a 
triglyceride that  results from the esterification of glycerol 
with palmitic acid, linoleic acid and oleic acid, respectively 
at the first, second and third carbon atoms of the glycerol 
molecule. The most  abundant  triglycerides in the crude 
oil are OOO and POO, in concentrations of approxi- 
mately 45 and 30 w% of the triglyceride fraction, respec- 
tively. Within the precision of the analysis, there is no 
discernible effect of the extract ion process in the relative 
abundance of the triglycerides in the pressure and 
temperature ranges of our study, as is shown in Figure 
5. The same applies for the relative abundances of the 
acids in the free fa t ty  acid fraction, containing approx- 
imately 65% oleic, 10% palmitic, 9% linoleic and 4% 
stearic acids. 
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FIG. 1. Solubility of glycerol trioleate in SC-CO 2, at 308.6 K (e).  Comparison with 
measurements reported by: King e t  al. (*), at 308.15 K; J. Chrastil (/x) and Brunetti e t  
aL (0), at 313.15 K. 

TABLE 2 

Solubility of Husk Oil in Carbon Dioxide, at Pressure P and Temperature T a 

P 308.65 K 313.65 

MPa Solid Liquid Liquid 

9.0 5.0 
10.0 4.7 5.5 
10.5 6.1 
11.3 7.5 
12.0 6.2 8.9 
12.5 9.3 
13.0 10.0 
14.2 11.7 
15.3 11.9 
16.0 6.4 12.3 
16.8 13.4 
17.6 14.6 
18.0 8.1 15.8 
18.6 16.9 
19.5 18.8 
19.8 19.1 
20.7 
21.7 

5.5 
7.3 
7.8 

10.5 
11.2 
13.7 

15.9 
17.0 

17.5 

17.5 
18.4 

aThe oil was extracted from: Solid phase, husk flakes; and liquid phase, crude husk oil. 

DISCUSSION 

Although olive oil had not  been, as far as .we know, sub- 
ject to any SCF extraction s tudy previously to Brunet- 
ti's, triolein is a major component  of another important  
vegetable oil, rapeseed oil. Studies of the solubility of this 
compound were already available before the publication 
of their paper. Brunett i  et  al. (9) mention the work of 
Chrastil (10), al though they erroneously classify their 

method as a single pass flow technique, when, in fact, 
Chrastil worked with a batch system. King et  al. {11}, us- 
ing a flow technique with recirculation, have also pub- 
lished results, tha t  extend to three temperatures and 
pressures to 20 MPa. 

The solubility of triolein, measured in this work at 308.6 
K, is compared in Figure 1 with data of other authors. Our 
r e su l t s  are in ve ry  g o o d  a g r e e m e n t  wi th  the  
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FIG. 2. Solubility of husk oil in SC-CO2, at 308.6 K, when extraction is performed from 
crude husk oil (O) or from olive husk flakes (e).  

TABLE 3 

Comparison Between the Solubility S, in Carbon Dioxide, of Crude Husk Oil (Soil), and 
of the Corresponding Triglyceride (STr i) and Free Fatty Acid (SFFA) Fractions, at 
Pressure, P, and at Temperatures of 308.6 K and 313.6 K 

S 
P mg/nL 

T/K MPa So, STr i SFF A 

308.6 

313.6 

11.3 7.5 3.7 3.4 
12.5 9.3 4.2 4.6 
14.2 11.7 3.5 7.1 
15.3 11.9 3.4 7.1 
17.6 14.6 3.6 9.2 
19.8 19.1 3.4 14.3 

10.5 5.5 1.7 3.4 
13.0 10.5 1.6 7.4 
14.2 11.2 2.0 8.2 
15.3 13.7 3.7 8.8 
17.6 17.0 5.3 10.3 
20.7 17.5 3.9 12.1 
21.7 18.4 6.0 10.7 

solubility values obtained by King e t  aL at  308.15 K. The 
results of Chrastil are also within experimental  error of 
our results. Al though they were obtained at a 5 K higher 
temperature, 313.15 K, interpolation between results at 
different temperatures of King e t  aL (11) suggest tha t  this 
increase in temperature should lower the solubility by only 
about  0.6 mg/nL. I t  should be mentioned, however, tha t  
the data  of Chrastil shows a peculiar increase with 
temperature and not only for triolein, but  for several other 
triglycerides and fa t ty  acids. Bamberger  e t  al. (17) have 
recently suggested tha t  Chrastil's results might be severe- 

ly affected by volatile impurities eventually contained in 
the samples he used. They report, for instance, one order 
of magnitude increase in the solubility of tripalmitin when 
the pur i ty  of the sample decreased from 99% to 90%. 

Relevant for comparison with the above mentioned 
results are the da ta  of Klein e t  al. (18} for vapor-liquid 
equilibria of carbon dioxide and rapeseed oil, obtained in 
a vapor recirculation apparatus.  They give vapor  phase 
oil concentrations in carbon dioxide at  313.15 K, tha t  are 
only slightly lower than  our results for triolein. Although 
the oil is a complex mixture, triolein is its major comp~  
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FIG. 3. Solubility of: Crude husk oil ( �9 ), the free fat ty  acid (O), and the triglyceride (A) 
fractions from the same oil, in SC-CO2, at 313.6 K. 
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FIG. 4. Comparison between: Solubility in SC-CO 2 of free fa t ty  acids from husk oil ( �9 ), 
at 313.6 K; other authors reports on the solubility in SC-CO 2 of oleic acid--Chrasti l  (A), 
Peter et al. (Y), Brunetti et aL (O), Zou et aL (O), at 313.15 K; and King et aL (*) at 308.15 K. 

nent, and therefore this kind of agreement would be 
expected. 

The data reported by Brunetti e t  al. at 313.15 K, that 
are also shown in Figure 1, diverge strongly from the 

above mentioned results. Their solubilities are much 
higher than all the others for triolein and also than other 
published values of the solubilities of oils mainly com- 
posed by triglycerides, like those of Friedrich e t  al. (1) 
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FIG. 5. Triglyceride composition of SC-CO z extracts from crude husk oil obtained in dif- 
ferent pressure and temperature conditions; comparison with olive and husk oils. 

and Stahl et  al. 14) for soybean oil. It  is difficult to assess 
the cause of these discrepancies. We speculate, following 
Bamberger e t  al. {17}, that impurities in the reportedly 
65% pure triolein used by Brunetti e t  al. might be partly 
responsible. Another possibly important source of error 
in their experimental method might be the measurement 
of the quantity of carbon dioxide circulated. 

In addition to the solubilities of triolein, we measured 
husk oil solubility in carbon dioxide from previously hex- 
ane extracted crude husk oil and also from solid olive husk 
flakes. 

Our results of the SC-CO2 extraction from the husk 
flakes are very similar to those of King e t  al. (1D on 
rapeseed. Their conclusions should therefore be at least 
partially applicable to the olive husk oil case, 

We verify that, in both cases, solubilities are slightly 
higher than the solubility of triolein in identical pressure 
and temperature conditions. This probably means that the 
seed extracted oil contains compounds other than 
triglycerides--King reports the presence of small amounts 
of free fatty acids in the rapeseed oil extracts. However, 
these are smaller than the total acid contents of hexane 
extracts. 

When SC-CO2 extraction is performed from the husk 
flakes, the solubility values are lower than when similar 
measurements are done on liquid husk oil. This difference 
is shown in Figure 2 and indicates that some of the com- 
pounds extracted with hexane can be solubilized by car- 
bon dioxide when they are in the lipid form, but not when 
they are bound to the solid matrix. 

The SC-CO2 extracts from the hexane extracted husk 
oil (crude husk oil} were analyzed by capillary 
chromatography and high contents of free fatty acids were 
found. The chromatographic analysis allowed the 

separate calculation of solubilities of the free fatty acid 
and triglyceride fractions, as shown in Figure 3, at 313.6 
K. 

As the major constituent of the free fat ty acid fraction 
is by far oleic acid, with about 65% in weight, we com- 
pared our results of the free fatty acid fraction solubilities 
with data of several authors for pure oleic acid. Although 
the solubility of a component in a mixture can be very 
different from its solubility as a pure substance, it is usual- 
ly the heavier compounds (triglycerides in this case} that 
are affected. The lighter components {fatty acids in our 
case} may act as entrainers, increasing the overall solubili- 
ty  of the mixture. It can be seen in Figure 4 that, as for 
triolein, the results of Chrastil {10) and of King e t  al. (19) 
are in close agreement with our own. The measurements 
of Peter e t  al. (20) give somewhat higher solubilities. 

As to the results of Brunetti e t  al. {9), they are once 
again higher than those of most other authors, as found 
previously for pure triolein. For oleic acid, however, a re- 
cent paper by Zou e t  al. (21) gives solubilities in carbon 
dioxide that  are even higher, using a double recirculation 
{vapor and liquid} technique This last paper, however, con- 
sistently reports very high solubilities at lower pressures, 
close to the critical pressure of CO2, where the density of 
the solvent is quite low, and it is very unlikely that  it can 
solubilize any significant amount of acid. Therefore, their 
results might not be very reliable. 

As to the triglyceride fraction of our husk oil extracts, 
solubilities at 308.65 K and 313.65 K are similar but 
slightly lower than the solubility of pure triolein, as 
measured in this work. 

Triolein is not as prevailing among triglycerides in husk 
oil as oleic acid is among free fatty acids. After triolein 
{with about 45% weight}, the most abundant constituent 

JAOCS, VoL 68, NQ 7 (July 1991) 



480 

M. GON~ALVESETAL.  

of the triglyceride fraction is 1-palmityl diolein (approx- 
imately  30% weight); o ther  triglycerides are present  in 
amounts  lower than  10% weight. We do not  have da ta  on 
the solubility of pure 1-palmityl diolein, bu t  since it is 
reported (10) tha t  t r ipalmit in has a lower solubility in SC- 
C02 than  triolein, it is reasonable to suppose tha t  the 
presence of a palmitic acid group in 1-palmityl diolein will 
be associated with a lower solubility of this triglyceride. 

In Figure 3 we can see how free f a t ty  acids are more 
easily ext rac ted than  triglycerides from the oil, at  313.6 
K. This difference between the solubility of free fa t ty  acids 
and triglycerides was also detected a t  308.6 K. Applica- 
t ion of SC-C02 extract ion to deacidify husk  and olive oil 
seems, therefore, to be feasible in relatively mild opera- 
t ional conditions. This  is the same conclusion as reached 
by Brunet t i  et  aL, but  based on substant ia l ly  different 
results. 

The conventional refining processes used to deacidify 
ei ther olive and husk oils may  introduce changes in the 
triglyceride composition, producing a decrease in the 
nutritional qualities of the oil. The results in Figure 5 show 
tha t  the SC-CO2 extracted husk oil, the crude oil and the 
two olive oils have a similar triglyceride composition; refin- 
ed husk  oil presents  some considerable differences f rom 
all others,  pa r t i cu la r ly  in the weight  percent  of 
triglycerides t ha t  contain oleate or linoleate groups. As 
no detectable differences were found between the crude 
oil and the extracts,  it is reasonable to assume tha t  con- 
tac t  with high pressure carbon dioxide~ in opposit ion to 
classic refining processes, does not  affect the organolep- 
tic qualities of husk oil. 

We conclude tha t  the results obtained in this work lend 
part ial  suppor t  to the previous suggest ion by Brunet t i  
et  aL (9) of the  applicabili ty of SC-CO2 extract ion to the 
deacidification of olive oils. They also indicate that,  in this 
process, the oils retain their triglyceride composition, con- 
sequently preserving their nutritional characteristics. The 
work of Brunet t i  et  aL is based, however, in solubility data  
in such disagreement  wi th  values obtained by  other 
authors  t ha t  more work is needed before a definite con- 
clusion can be reached. 
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