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ABSTRACT: The deacidification of high-acidity oils from
Black cumin seeds (Nigella sativa) was investigated with super-
critical carbon dioxide at two temperatures (40 and 60°C), pres-
sures (15 and 20 MPa) and polarities (pure CO, and CO,/10%
MeOH). For pure CO, at a relatively low pressure (15 MPa) and
relatively high temperature (60°C), the deacidification of a high-
acidity (37.7 wt% free fatty acid) oil to a low-acidity (7.8 wt%
free fatty acid) oil was achieved. The free fatty acids were quan-
titatively (90 wt%) extracted from the oil and left the majority
(77 wt%) of the valuable neutral oils in the seed to be recovered
at a later stage by using a higher extraction pressure. By reduc-
ing the extraction temperature to 40°C, increasing the extrac-
tion pressure to 20 MPa, or increasing the polarity of the super-
critical fluid via the addition of a methanol modifier, the selec-
tivity of the extraction was significantly reduced; the amount of
neutral oil that co-extracted with the free fatty acids was in-
creased from 23 to 94 wt%.
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Black cumin (Nigella sativa) seeds are used exclusively for
edible and medical purposes (1). The seeds contain 30—40
wt% oil, and the main fatty acids present are linoleic (58-62
wt%), oleic (22-24 wt%), and palmitic acid (1315 wt%). The
most important property of black cumin seeds is its high con-
tent of lipase enzymes (2). In dormant seeds, lipase enzymes
are generally inactive, but when the seeds are ground to obtain
the oil, the lipase and oil come into contact, and enzymatic hy-
drolysis reactions commence immediately. Thus, grinding the
sample may increase the free fatty acid content (FFA wt%) of
oil to 50% or higher, depending mainly on the time between
grinding and extraction, the storage temperature of ground
seeds, the moisture content of the seeds, and the relative hu-
midity of the storage medium. This undesirable phenomenon
can be observed in other oil-bearing materials that contain ac-
tive lipase enzymes, such as olive, palm, and rice bran (3).
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Deacidification of high-acidity oils can be accomplished
either by miscella refining or by physical refining instead of
conventional alkali neutralization processes. These latter
methods normally cannot be applied to oils that contain more
than 8-10 wt% FFA (4). Another deacidification method for
high-acidity oils is liquid-liquid extraction based on different
solubilities of fatty acids and triglycerides in various organic
solvents, such as ethanol, methanol, and acetone (5,6).

A new alternative deacidification process is supercritical-
fluid extraction (SFE) of oils or oil-bearing seeds that contain
high-acidity oils with carbon dioxide as extraction solvent.
Several researchers have demonstrated the suitability of su-
percritical carbon dioxide (SF-CQ,) as a solvent for the ex-
traction of various seed oils for both industrial and analytical
applications (7-16). The attractive features of SF-CO, over
the presently used organic solvents, such as hexane, are its
nontoxicity, safety, ease of separation, and cheapness (17,18).
Another advantage of SFE as opposed to hexane extraction is
that SFE can be made highly selective by controlling temper-
ature and pressure. Solubility data of fatty acids and triglyc-
erides in SF-CO, show that fatty acids are more soluble in
CO, than the corresponding triglycerides at certain tempera-
tures and pressures (19,20). Based on these solubility differ-
ences, Brunetti et al. (19) investigated the deacidification of
high-acidity olive oil with SF-CO, at extraction pressures of
20 and 30 MPa, and extraction temperatures of 40 and 60°C.
They reported that the solvent selectivity for fatty acids was
higher at 20 MPa and 60°C and increased significantly as the
free acid concentration of the oil decreased. Similarly, Bondi-
oli et al. (21) determined the optimal operating parameters
for deacidification of lampante olive oil (<3.93 wt% FFA) in
a SF-CO, extraction plant that was operated in a continuous
countercurrent mode. Zhao et al. (22) combined the extrac-
tion and refining procedures by sequentially extracting rice
bran oil (11.9 wt% FFA) with SF-CO, at 15 and 35 MPa at
40°C. With this two-step approach, the undesirable FFA, un-
saponifiable matter, and tocopherols were extracted at low
pressure, and the remaining decontaminated oil could then be
readily recovered with SF-CO, at the higher pressure. Thus,
the oil was refined by a simple process in which alkali refin-
ing as well as the degumming steps could be omitted.

In this study, selective extraction of Black cumin seeds
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with SF-CO, was investigated to determine the variation in
oil composition as a function of temperature, pressure, and
modifier parameters.

EXPERIMENTAL PROCEDURES

Black cumin seeds were obtained from a market in Istanbul,
Turkey. The seeds were ground in a coffee mill, and then
sieved. Particles smaller than 425pm were used in the study.
The oil (40.5 wt%) content of the seeds was determined by a
six-hour Soxhlet extraction with hexane. The moisture (7.1
wt%) content was determined by oven-drying the seeds at
105°C. For SFE experiments, ground seeds were stored be-
fore use in a covered flask at room temperature so as to in-
crease the FFA content of the oil by enzymatic action. To pre-
vent enzymatic hydrolysis between two successive extrac-
tions, the ground seeds were stored in a refrigerator at —10°C.

To determine FFA wt% change in the seed oil by enzy-
matic action during storage, the ground seeds in the covered
flask were stored in a drying cabinet at 33 + 1°C, and the FFA
content of the oil obtained by Soxhlet extraction was deter-
mined by titration with a standard NaOH solution and phe-
nolphthalein as the indicator (23).

SFE experiments were performed dynamically with a su-
percritical-fluid extractor, SFX 2-10 (Isco, Inc., Lincoln, NE).
Ground seeds (1 g) were loaded into the extraction cell
(10 mL), and glass wool plugs were used to retain the seeds
in the cell. Carbon dioxide at the desired pressure was deliv-
ered to the temperature-controlled extractor with a 260 D sy-
ringe pump (Isco, Inc.). The oil-laden gas that left the extrac-
tor through the capillary restrictor (50 um i.d., 375 um o.d.,
12-cm length), was collected in a vial, containing 10 mL
dichloromethane, at 15-min intervals.

The amount of oil extracted during a 15-min supercritical-
fluid extraction was determined gravimetrically by evaporat-
ing the dichloromethane in the collection vial and weighing
the remaining oil. The oil was then dissolved in 30 mL of
ethanol/diethyl ether (1:1, vol/vol) and titrated with a 0.01 M
NaOH solution. The amount of extracted FFA was calculated
as oleic acid for each fraction. By assuming that the extracted
oil is mainly composed of triglycerides, partial glycerides, un-
saponifiable matter, and FFA, the difference between the
amount of extracted oil and extracted FFA is the amount of
extracted neutral oil (NO).

RESULTS AND DISCUSSION

Enzymic hydrolysis of NO to FFA. The enzymic hydrolysis of
the valuable triglycerides to the undesirable FFA during veg-
etable oil production is of significant economic importance
because the cost of removing FFA increases with increasing
FFA concentration. This increase in FFA content when the
seeds are ground is clearly shown in Figure 1. Enzymatic hy-
drolysis of triglycerides proceeds rapidly after grinding,
though the rate varies with the grinding procedure and stor-
age conditions. Most of the triglyceride degradation occurs
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FIG. 1. Change of free fatty acid (FFA) wt% of Black cumin oil in ground
seeds stored at 33 + 1°C.

within the first 1015 h, with over 50% of the triglyceride
having been hydrolyzed to the FFA. Seeds collected at vari-
ous storage times were used to investigate the effect of FFA
content on the selectivity and extraction efficiency of the SFE
process. The ability of the SFE technique to deacidify seeds
with a wide range of FFA compositions is discussed below.
Effect of the FFA content of the oil on the SFE deacidifica-
tion process. Black cumin seeds with relatively high (e.g., 38
wt%) and low (e.g., 13 wt%) FFA contents were extracted
with SC-CO, at 60°C and 20 MPa. The results are given in

TABLE 1
Supercritical CO, Extraction of Black Cumin Seeds
at 60°C and 20 MPa

FFA content

Volume of CO
2 Amount extracted

of seed oil used in
(Wt%) SFE (mL)? Oil (g) FFA (g) NO (g)
13.0 28.5 0.100 0.040 0.060
52.5 0.156 0.049 0.107
67.8 0.185 0.052 0.133
249 23.7 0.112 0.069 0.043
45.5 0.187 0.095 0.092
66.1 0.236 0.099 0.137
331 27.7 0.156 0.105 0.051
54.8 0.235 0.129 0.106
73.6 0.272 0.132 0.140
37.7 31.6 0.188 0.116 0.072
61.5 0.273 0.144 0.129
88.9 0.313 0.148 0.165

“Volume of CO, measured as a liquid from the pump. FFA, free fatty acid;
SFE, supercritical fluid extraction; NO, neutral oil.
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Table 1 and show that the total amount of o0il extracted in-
creased with increasing FFA content of the seed, even though
all seeds were extracted at the same temperature and pressure.
This increase in total oil recovery is due to the relatively high
solubility (e.g., ca. 5 x 1073 mole fraction) of the FFA, which
are quickly solvated in the fluid and so can be rapidly ex-
tracted to exhaustion (20). Conversely, the amount of neutral
oil recovered from the seed remained reasonably constant,
and the recoveries were independent of the seed’s FFA con-
tent. This consistent NO recovery is related to the relatively
low solubility of the triglyceride (e.g., ca. 1 x 10~ mole frac-
tion), which can be two orders of magnitude less than for FFA
(20). Hence, only a fraction of the NO was extracted com-
pared to the quantitative FFA recoveries.

This significant difference in solubility of FFA and NO
components in the supercritical fluid is clearly demonstrated
with the extraction profile of the analytes in Figure 2. The
FFA compounds have a typical extraction curve associated
with an analyte that has sufficient solubility in the supercriti-
cal fluid. Thus, the FFA are initially rapidly extracted from
the sample matrix, but as the extraction continues and the an-
alytes at the surface of the sample matrix are depleted, this
results in a decreasing extraction rate as diffusion becomes
the rate-limiting factor. This ability of CO, to solvate the FFA
in the seeds is confirmed by the solubility of FFA. For exam-
ple, oleic acid is soluble in CO, at 0.026 g/g under the extrac-
tion conditions employed (e.g., 20 MPa, 60°C, CO,) (19), and
this is more than sufficient to recover the 0.005 g/g of FFA
extracted from the seeds (Table 1). Conversely, NO com-
pounds have virtually a linear extraction rate with time, which
is indicative of a solubility-limited extraction process, where
the amount of analyte removed is directly related to the
amount of supercritical fluid passing through the sample ma-
trix. This trend is also confirmed with the literature solubility
values for NO, such as triolein, which is 0.004 g/g soluble in
CO, at the 20 MPa and 60°C extraction conditions (19), and
is comparable to the 0.003 g/g of NO that was extracted from
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FIG. 2. Dependence of extracted neutral oil (NO) and FFA on the vol-
ume of CO,, at 60°C and 20 MPa for seeds that contain oils of initial
acidity 13.0, 24.9, and 37.7 wt%. See Figure 1 for other abbreviation.
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the seeds (Table 1). This solubility/diffusion phenomenon has
been observed and discussed in detail in the literature (24).

The importance of these oil recoveries becomes even more
apparent when the data are expressed as the percentage of
FFA and NO extracted from the Black cumin seeds, as shown
in Figure 2. It is clear that FFA are quantitatively (e.g., >90%)
recovered from the seeds with ca. 50 mL supercritical CO, in
ca. 30 min, whereas only ca. 30-40% of the corresponding
NO was extracted. A similar FFA extraction rate was obtained
for both the low- and high-acidity seeds, and this demon-
strates that the supercritical fluid has sufficient solvating ca-
pability to extract FFA over a wide range of FFA concentra-
tions. To exhaustively recover the FFA, so that less than 1%
remained in the seeds, requires a large (70-80 mL) volume of
SC-CO,, but this also dramatically increases the amount of
NO, which is co-extracted with the FFA, with the result that
nearly half of the seeds’ NO is removed. This demonstrates
that a partially selective supercritical fluid extraction of FFA
from the seeds can be obtained if the appropriate extraction
time is used. However, a significant percentage of commer-
cially valuable NO is simultaneously extracted. Thus, a more
selective extraction process was required and this was at-
tempted by using both temperature, pressure, and organic
modifier parameters.

Effect of pressure on deacidification. The potential of
using pressure to obtain selective FFA extraction was investi-
gated by analyzing highly acidic (e.g., 38% FFA) Black
cumin seeds with 60°C carbon dioxide at low (15 MPa) and
medium (20 MPa) pressures. The results are shown in
Figure 3 and Table 2. By decreasing the extraction pressure
from 20 to 15 MPa, the extraction rate of FFA decreased so
that the amount of FFA recovered per mL of CO, was re-
duced. However, if a sufficiently large enough volume of CO,
is used (e.g., 100 mL) quantitative FFA recoveries (e.g.,
>90%) can still be achieved at both pressures. The advantage
of using a low extraction pressure is that a more selective FFA
extraction can be obtained because the amount of NO co-ex-
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FIG. 3. Dependence of extracted NO and FFA on the volume of CO, at
60°C and 20 and 15 MPa with seeds of 37.7 wt% FFA. See Figures 1
and 2 for abbreviations.
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TABLE 2
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Selective Extraction of Free Fatty Acids from Black Cumin Seeds with Supercritical CO, at Various Conditions

Volume of C

before SFE (wt%)?

o, Seed 0|Icomposmon Seed oil composition

after SFE (wt%)°

Oil remaining in seeds

Percentage of non-
extracted®

used in SFE after SFE9
SFE conditions (ml)? FFA NO FFA NO (Wt%) FFA (Wt%) NO (Wt%)
15 MPa, 60°C, CO2 99 37.7 62.3 7.8 92.2 52.7 10.8 77.5
20 MPa, 60°C, CO, 89 37.7 62.3 4.6 95.4 22.5 2.8 34.5
60°C, 20 MPa, CO, 74 33.1 66.9 2.5 97.5 333 2.5 48.5
40°C, 20 MPa, CO, 103 28.2 71.8 21.5 78.5 5.8 4.4 6.2
COZ, 60°C, 15 MPa 99 37.7 62.3 7.8 92.2 52.7 10.8 77.5
CO /MeOH 60°C, 15 MPa 43 331 66.9 11.6 88.4 423 14.8 559

aVolume of CO, measured as a liquid from the pump. See Table 1 for abbreviations.
bComposition of the seed oil before SFE as determined by Soxhlet extraction and titration of the organic solvent extracted with NaOH.
CComposmon of the seed oil after SFE as calculated based on the material balance.

Percentage of seed oil (e.g., FFA + NO) that was not extracted during SFE.

“Percentage of FFA and NO present in the SFE residue relative to the original FFA and NO content.

tracted with the FFA is greatly reduced (Fig. 3). By decreas-
ing the extraction pressure by 5 MPa, the amount of neutral
oil co-extracted during the SFE procedure can be decreased
from 64 to 23 wt%. This significant decrease in the NO ex-
traction rate is related to the oil’s relatively low solubility at
the 15 MPa extraction pressure (20) and was confirmed by the
linear extraction profile obtained with the extraction volume
(Fig. 3). At the lower extraction pressure, and hence density,
the extraction profile of the FFA compounds is more reminis-
cent of the linear extraction profile of NO, suggesting that ex-
traction of FFA is also becoming a solubility-limited extrac-
tion process.

Both 15 and 20 MPa extraction pressures were capable of
decreasing the FFA content of the remaining o0il in the seed
from a highly acidic (e.g., 38 wt% FFA) oil to a relatively low
acidity (e.g., <10 wt% FFA) oil, but at the higher pressure,
over 75% of the total oil had been extracted from the seeds
(Table 2). Therefore, to obtain a selective extraction, where
most (e.g., >75%) of the valuable NO remains in the seed and
most (e.g., >90%) of the FFA is removed, a low (15 MPa) ex-
traction pressure is required to produce a selective 2.4:1
FFA/NO extract. If the higher extraction pressure of 20 MPa
is used, a poorly selective 0.9:1 FFA/NO extract is obtained,
which is more indicative of total extraction, rather than selec-
tive extraction.

Effect of temperature on deacidification. The effect of tem-
perature on the extraction of highly acidic (ca. 30% FFA) oil
from Black cumin was investigated with SC-CO, at tempera-
tures of 40 and 60°C, and the results are presented in Figure 4
and Table 2. By decreasing the extraction temperature to
40°C, quantitative recoveries of both FFA and NO from the
seed were achieved with ca. 100 mL of CO, in 60 min (e.g.,
flow rate ca. 1.6 mL/min). This increase in the extraction rate
of NO is associated with the increase in density of the super-
critical fluid at the lower temperature and corresponds to an
increase in the solubility of triglycerides with increasing su-
percritical fluid density (20). This increase in NO solubility
can be observed by examining the extraction rate profile of
NO, which has a less linear dependence on the extraction vol-
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ume of C02 and is similar to the extraction profile of FFA,
which is not solubility-limited. The relationship between sol-
ubility of an analyte with density and temperature of the su-
percritical fluid has been previously reported and is referred
to as the cross-over point (19,24). In contrast, the extraction
rate of FFA appears to be independent of the extraction tem-
perature, which is to be expected because the FFA have suffi-
cient solubility in the CO,, at both 40 and 60°C. Thus, de-
creasing the extraction temperature results in the loss of over
94% of the total oil from the seeds, and the remaining unex-
tracted oil is still highly acidic (e.g., 21.5 wt% FFA).
(Table 2.) This suggests that a more selective extraction may
be obtained by employing slightly higher extraction tempera-
tures, such as 80°C.

Effect of a modifier with SF-CO, on deacidification. In an
attempt to increase the selectivity of the SFE procedure for
FFA, 0.5 mL of methanol was added to 1 g of ground seeds
that contained highly acid oil (33.1 wt% FFA), and the mix-
ture was extracted with SC-CO, at 60°C and 15 MPa.
Methanol was chosen as the modifier because it was envis-

100—— — T ——
/"—_—-
80+ ~ {
////
) s
& 6ot yd :
s v Pad 1
<>D // //
g 401 e A ]
@ /7 P 1
ye e o—ao FFA (40°C)
20 Y o—o FFA (60°C)|
i u—u.NO (40°C)
[ *-— 'NO (60°C)
1]/258 . S
0 40 80 120
CO, Volume (mL)

FIG. 4. Dependence of extracted NO and FFA on the volume of CO, at
40°C and 20 MPa for seeds of 28.2 wt% FFA, and at 20 MPa and 60°C
for seeds of 33.1 wt% FFA. See Figures 1 and 2 for abbreviations.
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aged that the polar FFA would be more soluble in methanol
than the triglycerides. Modifier addition significantly en-
hances the extraction rate of both FFA and NO from the
seeds, with the greatest increase occurring in the first 15 min
of extraction when the methanol was present in the extraction
cell (Fig. 5). Once the methanol had been removed from the
cell, the extraction rate of FFA and NO became comparable
to the extraction rates obtained with pure CO,, as shown in
Figure 5. Ideally, methanol should be dynamically added to
the CO, throughout the entire extraction process, so that con-
tinuous CO,/MeOH extraction could be undertaken. How-
ever, sufficient results were obtained to demonstrate that the
presence of a polar organic modifier decreased the selectivity
of the extraction because the remaining oil in the seed still
contained a significant amount (e.g., 11.6 wt% FFA) of FFA
and nearly 50% of the NO had been co-extracted (Table 2.).
Organic modifiers also may be undesirable due to the poten-
tial of organic solvent residue in the sample matrix after SFE.

With SC-CO, at relatively low (15 MPa) pressure and rel-
atively high (60°C) temperature, a selective and quantitative
(e.g., 90%) FFA extraction was obtained from Black cumin
seeds. It is envisaged that the resulting unextracted low-acid-
ity oil which is rich in neutral oils (e.g., 92 wt%) will be quan-
titatively recovered by reextracting the SFE residue with
high-pressure (e.g., 40 MPa) SC-CO,. Enhancing the solva-
tion properties of the supercritical fluid by varying tempera-
ture, pressure, or modifier reduced the selectivity of the ex-
traction because a greater percentage of NO was co-extracted
with the FFA. Selectivity of the extraction appears to depend
on solubility differences between the two components, and
therefore, by employing mild extraction conditions, solubility
of the NO was minimized while maintaining quantitative re-
covery of FFA,
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