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ABSTRACT: Fractionation by supercritical carbon dioxide
(SC-CO,) might be a way to purify used frying oils, since a se-
lective separation of the oil components based on their polarity
and M.W. can be attained. In this work, we studied the purifi-
cation of peanut oil used for frying by SC-CO, continuous frac-
tionation in a packed column. The influence of pressure (15-35
MPa) and temperature (25-55°C) on the yield and on the com-
position of products was determined. The composition of the
top and bottom products was evaluated by using size-exclusion
chromatography and other accepted chemical methods. Process
conditions were selected to separate TG from degraded com-
pounds. Experimental results indicated that the operating con-
ditions leading to maximal TG recovery in the extract were 35
MPa, 55°C, and a solvent-to-feed ratio of 53. By operating at
these conditions, it was possible to recover 97% of the TG
placed on the column and about 52% by weight of the used fry-
ing oil. The composition of the purified top stream was very sim-
ilar to that of fresh frying oil.
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The food industry uses a large quantity of fats and oils for fry-
ing processes. During deep-frying, oils are exposed to tem-
peratures up to 200°C in the presence of air for prolonged
heating cycles. At these severe conditions, oils undergo many
chemical changes that lead to the formation of substances that
compromise the quality of fried foods and pose potential
human health hazards. The main reactions occurring during
deep-frying are hydrolysis, oxidation, and polymerization of
TG. After several hours of deep-frying, the oil contains many
degradation compounds such as cyclic monomers, dimers,
trimers, and polymers of TG; polycyclic aromatic hydrocar-
bons (PAH), dioxin, and dioxin-like compounds; oxidized
FA; and oxidized TG.

Currently, the main use of used frying oils is in animal feed
and, in lesser quantities, in the manufacture of soaps and
biodegradable lubricants and in energy recovery by combus-
tion in industrial plants (1). The use of recycled cooking oils
in formulated feed for animal production poses some risk for
animal health and, as a consequence of bioaccumulation, for
human health. In particular, some degradation products such
as polymers, PAH, and dioxins causes serious problems to an-
imal and human health because they tend to accumulate in the
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body tissues, increasing their concentration along the food
chain. Moreover, there is some evidence of direct noxious ef-
fects of fried oils to animal health (2). All these considera-
tions indicate the need for purification of fried oils before
their use for animal feed.

Used frying oil (coming from waste collection companies)
still contains a large proportion of valuable compounds, in
particular, 40-70% of unchanged TG. Thus, environmental
and economical reasons can justify the idea of a regeneration
process.

The technology for the purification of used frying oils is
still not well developed. In the last 10 years, several attempts
have been made to purify used frying oil, especially using ad-
sorbent-based treatments (3). These methods have the advan-
tage that solvents are not required, but the efficiency of these
processes is low, particularly for the removal of high-M.W.
compounds.

Superecritical fluid extraction may be an alternative for the
purification of used frying oils, on the basis that the solubility
of a compound of a chemical family in a supercritical fluid
depends on its molecular mass when pressure, temperature,
and composition are fixed. In particular, the use of supercriti-
cal carbon dioxide (SC-CO,) as a solvent in the food industry
has some advantages since CO, has a low critical tempera-
ture (31°C) and pressure (7.4 MPa) and can be easily removed
from products; moreover, it is nontoxic, nonflammable, and
inexpensive.

Processes based on the use of SC-CO, for the extraction
and purification of vegetable oils have been developed. Ex-
traction and refining of vegetable oils have been proposed for
the purpose of obtaining extracts with lower contents of phos-
pholipids and metals, a higher tocopherols content, a lighter
color, and a better flavor (4,5). Selectivity between TG and
waxes has been achieved for substances with a high level of
fatty material (5). SC-CO, extraction has also been used in
refining olive oils (6,7) to show that a wide variation in oil
quality parameters can be obtained depending on the operat-
ing conditions.

Oil fractionation with SC-CO, has also been proposed. In
some cases, oils characterized by different polarity and M.W.
have been obtained when working in discontinuous or in con-
tinuous countercurrent extractors (8—12). Yoon and cowork-
ers (13) tested the separation of used frying oil with super-
critical CO, in a batch extractor. They proposed a two-stage
extraction: In the first step the pressure was set at 15 MPa,
and in the second, at 30 MPa. The oil still contained 8% of
low-M.W. compounds. A continous process performed in a
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mixer-settler unit has recently been patented (14). The authors
fractionated used frying oil by SC-CO,, with ethanol as co-
solvent. The SC phase coming from the settler was sent to
three separators, characterized by different pressure and tem-
perature; the liquid phase coming from the settler was simply
flashed to separate CO, from heavy oils. An overall recovery
up to 58% of the fried oil was obtained. No details were given
about TG recovery. Another interesting patent, applied in a
similar field, described the fractionation of FA TG using SC-
CO, and ethanol in a continous tower. A selective recovery
of PUFA from the glyceride mixture is possible (15).

Continuous countercurrent SC-CO, processing in a packed
tower can have several advantages over batch processes.
First, this steady-state process affords a fixed composition in
the top and bottom products. Moreover, large quantities of
fried oil can be treated; therefore, this process can be more
interesting from an economical point of view. Thus, the aim
of this work has been to check whether SC continuous coun-
tercurrent fractionation is a suitable technique to fractionate
peanut oil used for frying. The influence of pressure, temper-
ature, and solvent-to-feed flow ratio on the fractionation
process has been investigated with the goal of regenerating
the TG fraction.

MATERIALS AND METHODS

Materials. Peanut oil that had been used for 36 h of frying at
150°C in an industrial frying machine was obtained from the
university canteen. The properties of the oil, analyzed with
the methods described in the next section, are indicated in
Table 1, together with those corresponding to the fresh oil.
Carbon dioxide (purity 99%) was supplied by S.O.N. (Naples,
Italy).

Methylene chloride (HPLC grade) was bought from
Sigma-Aldrich (Milan, Italy). Potassium hydroxide (1 mol/L
in ethanol) and sodium thiosulfate (0.1 mol/L) were supplied
by Riedel-de Haén (Seelze, Germany); diethyl ether (99.8%),
petroleum ether (99.8%), and acetic acid glacial (99.9%) were
supplied by Carlo Erba Reagenti (Milan, Italy); chloroform
(99.9%), potassium iodide (99%), and starch from maize
were supplied by Fluka (Buchs, Switzerland).

Analytical methods. Vegetable oil is substantially a mix-
ture of saturated and unsaturated TG (triacylglycerols of FA).
TG are characterized by carbon number, which is the total
number of carbon atoms in the three constituent FA. Triolein,
with carbon number 57, is the most abundant TG in vegetable
oils (>90%).

TABLE 1
Properties of Peanut Oil®: Fresh and Used for 36 h for Frying
DPTG, TG, LMWC, TPM,  Acidity, PI, meq
% % % % % Oz/kg
Frying oil 3.6 93.0 3.4 8.1 0.11 5.59
Fried oil  39.7 59.6 0.7 28.5 0.8 12

IDPTG, dimeric and polymeric TG; LMWC, low-M.W. compounds; TPM,
total polar material; Pl, peroxide index.
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Used frying oil, as a consequence of oxidation, polymer-
ization, and hydrolysis reactions, contains a variety of unde-
sired substances such as oligopolymers, oxidized TG, sterols,
and FA. The level of degradation of fried oil can be evaluated
using several chemical parameters linked to the concentration
of compounds formed during frying. The analysis of dimeric
and polymeric TG (DPTG) by high-performance size-exclu-
sion chromatography (HPSEC) and the determination of total
polar material (TPM) are widely recognized as the most ac-
curate methods for assessing the degradation of used frying
oil (16). These are official AOCS methods and are useful
since some countries have established regulatory limits for
TPM and DPTG in used frying oils. For example, in many
European countries the limit for TPM has been set to 25 wt%
and the limit of DPTG to 16 wt% (16). In this work, the qual-
ity of oil after purification was analyzed using these two
methods. In addition, acidity and peroxide indexes (PI) were
evaluated. The acidity is the percentage of free oleic acid and
gives a measure of the degree of degradation of the oil. A
limit of 5% is fixed in many countries. The PI is a measure of
the peroxide derivatives in the oil.

(i) Chemical analyses. The acidity and PI were determined
according to standard methods (17).

(ii) Chromatography. Determination of TPM was con-
ducted according to AOCS Official Method Cd 20-91 (18).
This method is based on the separation of used frying oil be-
tween polar and nonpolar compounds by preparative chro-
matography with a silica gel column.

Oil composition has been evaluated on the basis of the
M.W. of three major classes of components: TG, DPTG, and
low-M.W. compounds (LMWC). HPSEC was used to deter-
mine the quantity of these compounds in the oil. An HP 1100
Chemstation equipped with a 20-uL injector loop, UV detec-
tor set at 230 nm, and two PLGel columns (PerkinElmer, Bea-
consfield, United Kingdom), 30 X 0.75 cm, was used. The two
columns were packed with 5-um cross-linked styrene-di-
vinylbenzene copolymer particles having pore diameters of
100 and 500 A, respectively. The elution solvent was methyl-
ene chloride at 0.8 mL/min flow rate. A sample having a con-
centration of 1.75% wt/vol was injected at T = 25°C. The elu-
tion time of each class of compounds was determined against
three standards supplied by Supelco (Bellefonte, PA). The
composition of DPTG, TG, and LMWC in the samples was
determined by calculating the relative area of each peak.

Experimental apparatus. The column was 1920 mm long
and had an internal diameter of 17.5 mm. All parts were made
in AISI 316 stainless steel and were designed to withstand up
to a maximum internal pressure of 70 MPa at 30°C. The col-
umn was filled with stainless steel berl packings, 5-mm nomi-
nal size, with 1600 m™! specific surface and 0.9 voidage. Tem-
perature along the column was controlled by five automatic
controllers. Similar temperature-controlling techniques were
also adopted for the liquid feed. Carbon dioxide was fed to the
column by a high-pressure diaphragm pump that could deliver
flow rates up to 12 kg/h. The oil mixture was withdrawn di-
rectly from a reservoir and fed to the column by a piston pump.
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The stream exiting from the top of the column was heated at
80-90°C before being depressurized to 2 MPa by a microme-
tering valve and fed to the first separator kept at a temperature
around 0°C. A second separator was provided to collect
volatile compounds. The total quantity of the solvent was mea-
sured at atmospheric pressure and then the flow rate was
checked by a dry test meter. Oil fractions were collected at the
bottom of the tower and at the bottom of the first and second
separators. Extract and raffinate samples were weighed and
analyzed according to the analytical procedures already de-
scribed. The product masses were calculated by weighing the
samples collected at the top and bottom of the column.

RESULTS AND DISCUSSION

In this report, used frying oil is considered to be a mixture of
three classes of compounds: LMWC, TG, and DPTG. On this
basis, fried oil can be treated to obtain a product chemically
similar to fresh oil by separating DPTG and LMWC from TG.
The goal of fractionation is to obtain a high TG yield and a
composition similar to fresh oil. The feasibility of this target
was evaluated by studying the effect of the main process
parameters on the composition of the top and bottom product
and on the separation yield.

Two different yields were considered in this work: overall
yield and TG yield. The former is defined as the ratio between
the amount of product in the extract phase (top product) and
the amount of oil fed to the column; the latter is defined as the
ratio between the amount of TG recovered in the top product
and the amount of TG in the feed. Overall yield and TG yield
were measured as a function of the three main process param-
eters: solvent-to-feed ratio, pressure, and temperature of the
column.

Continuous operation. To ascertain that steady-state con-
ditions had been obtained during the experiments, duration of
startup was assessed by measuring composition and flow rate
variations of the product. This check was made under several
sets of conditions by analyzing product samples withdrawn at
different processing times. Five withdrawals of the top and
bottom products were made over a period of 5 h. The evolu-
tion with time of the extract oil mass at the top of the column
is shown in Figure 1. Mass flow rates and concentrations
showed negligible variations after the second withdrawal (2 h
processing). A similar result has been obtained with citrus
peel oil fractionation by using the same column (9). However,
to avoid any doubt about the attainment of steady-state con-
ditions in the column, all experiments were carried out for at
least 4 h before the withdrawal of the products.

In a first set of experiments, the column was operated in a
countercurrent mode with the oil fed from the top as the
heavy phase and SC-CO, fed from the bottom as the light
phase. In this manner, the column worked as a stripping sec-
tion. None of the results obtained with this configuration were
satisfactory: A very small quantity of raffinate was recovered
at the bottom of the column. Most of the oil was recovered in
the top separator where oil and carbon dioxide formed a rela-
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FIG. 1. Column startup. Mass of the extract, peroxide index (Pl), and
acidity of the stream on the top of the column are reported as a func-
tion of time. Data refer to a test carried out at 35 MPa, 40°C, and sol-
vent-to-feed ratio of R = 53.

tively stable dispersion. The dispersion was probably formed
by the feed oil with SC-CO, near the top of the column, caus-
ing the failure of the separation process. To overcome this
problem a second set of experiments was performed with the
feed inlet point put at 0.6 of the column height (1200 mm
from the bottom), with the purpose of introducing a defoam-
ing section in the top of the column and performing the sepa-
ration mainly in the lower part of the column. This configura-
tion ensured a stable and reproducible operation. Therefore,
although the column effective height was reduced, its effi-
ciency was relatively high. All data reported in the following
discussion refer to experiments carried out with this configu-
ration: feed inlet, 0.6X column height; 1200 mm effective col-
umn height.

Oil solubility in SC-CO,. A complete set of equilibrium
data for a complex mixture such as a used frying oil is not
available. Some information on the cumulative yield of used
frying oil during supercritical fluid extraction can be found in
the literature. According to Yoon et al. (13), the solubility of
used frying oil varies from 0.3 X 1073 t0 7.4 x 1073 g oil/g
CO, depending on temperature, pressure, and composition.
The solubility increases with pressure and decreases with
temperature. However, the design of a fractionation process
requires knowledge of the solubility of the various com-
pounds that are present in the oil rather than the solubility of
the oil as a whole. Solubility data at various pressures and
temperatures can be found in the literature for some of the
components of used frying oil. For example, in the extensive
study of Borch-Jensen and Mollerup (19), the partition coef-
ficients of all the components of fish oil in CO, are reported.
Although the compositions of fish and used frying oil are
quite different, we used a selection of these data to obtain
qualitative information for a preliminary selection of the frac-
tionation conditions. As shown in Figure 2, we plotted the fish
oil partition coefficient (K;) between the two phases (SC and
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FIG. 2. Equilibrium partition coefficient K; (y;/x;) of three components
of fish oil: triolein (TG), oleic acid (LMWC), and C66-TG (HMWC). Data
are adapted from Borch-Jensen and Mollerup (17).

liquid) of triolein as representative of TG (C57), oleic acid as
representative of LMWC, and the highest-M.W. TG (C66) as
representative of high-M.W. compounds (HMWC). Unfortu-
nately, no experimental data about the solubility of DPTG are
available in the literature.

Figure 2 shows that, as expected, TG has an intermediate
solubility between LMWC and HMWC. Figure 2 also shows
that the partition coefficient of HMWC is negligible at pres-
sures below 15 MPa, and that it rapidly increases at higher
pressures. In contrast, the partition coefficient of TG is rela-
tively high starting from 5 MPa, but its increase with pressure
is smooth. The partition coefficient increases inversely with
temperature for HMWC and TG compounds. The partition
coefficient of LMWC has an opposite trend: It decreases with
pressure and increases with temperature.

Effect of the solvent-to-feed ratio. In a previous work per-
formed on the same column (9), the flooding condition was
evaluated as about 10 kg/h of CO,. However, flooding de-
pends on the kind of liquid processed. Therefore, we per-
formed a preliminary solvent flow rate estimation with respect
to flooding. In this case, flooding conditions were obtained at
CO, flow rates greater than 3 kg/h. Thus, CO, flow rates lower
than 3 kg/h were used in all the experiments. The effect of the
solvent-to-feed ratio (R) has been tested in a series of experi-
ments with CO, flow rates of 1.6, 2.2, and 2.9 kg/h (corre-
sponding to R values equal to 53, 100, and 148) at a constant
feed flow rate (0.03 kg/h). In experiments carried out at R =
148, fluctuations in the CO2 flow rate were observed, and
small amounts of oil were entrained by CO,. That is a typical
behavior when flooding conditions are approached. Therefore,
this unfavorable operating condition was discarded and a
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lower R was chosen (R = 53) for all the other experiments.
With respect to product fractionation, the main effects of the
increase of R were an increase in top product yield and a de-
crease in process selectivity. Indeed, in working at R = 53, the
top yield was 39.2% and TG was 39.2%; working at R = 148,
the top yield was 84.5% and TG was 39.2%.

Effect of pressure and temperature. The effects of temper-
ature and pressure were tested at an R value of 53. Tempera-
tures of 25, 40, and 55°C were tested operating at 15, 21, 28,
and 35 MPa. The results of these experiments are reported in
Figures 3-5 and in Table 2.

Figures 3 and 4 show the effects of pressure and tempera-
ture on the overall yield and TG yield, respectively. A contin-
uous increase in both the overall and TG yield can be ob-
served. This effect is due to the increase in CO, density with
pressure, which produces an increase in the solubility of both
DPTG and TG. For instance, by operating at 25°C and 35
MPa (CO, density 987 kg/m3), the overall top yield was 87%
and the TG recovery yield was 97.4%. However, at these
process conditions the selectivity of the separation was low,
because high-density CO, could solubilize a large amount of
DPTG (32.7% as reported in Table 2). This result was con-
firmed by the solubility behavior reported in Figure 2, which
shows that at high pressure, the HMWC partition coefficient
increased more rapidly than that of TG.

Unlike the TG and DPTG concentrations, the acidity of the
top product decreased as the pressure was increased. This trend
is shown in Figure 5, where the acidity of the top product, ex-
pressed as oleic acid percentage, is reported. In good agree-
ment with the trend in Figure 2 at lower pressures, the acidity
value was relatively high and decreased at higher pressures.
For example, at 55°C and 15 MPa, the acidity of the top product
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FIG. 3. Effect of pressure and temperature on the overall extraction yield

of used frying oil. Data refer to experiments carried out at R = 53. For
abbreviation see Figure 1.



CONTINUOUS FRACTIONATION OF USED FRYING OIL BY SC-CO,

100

||
90F —e—25°C
80k —e— 40°C A
| |
—Aa— 55°C
70} o
X 60f o
3 sof
>
© 40F
[
30}
@
20} /
A
10 B ./
A I Il Il I'l

0 A
10 15 20 25 30 35

Pressure, MPa

40

FIG. 4. Effect of pressure and temperature on the TG recovery yield from
used frying oil. Data refer to experiments carried out at R = 53. For ab-
breviations see Figures 1 and 2.

5
—a—25°C
4t —e—40°C
L —a—55°C
3k
o\° @ \
g \o
g 2F .\ \.
. @
\. .
1} \-
0 4 L L L 4
10 15 20 25 30 35 40

Pressure, MPa

FIG. 5. Effect of pressure and temperature on the acidity of regenerated
used frying oil obtained as the top product. Acidity is defined as the per-
centage of oleic acid.

was about three times higher than that of the used frying oil;
at 55°C and 35 MPa acidity it was 1.21%, closer to that of the
used frying oil (0.8%). This means that most of the LMWC,
which are responsible for the acidity, were extracted at low
pressure (about 15 MPa). This result is in agreement with data
reported in the literature (6).
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The effect of pressure and temperature on the percentage
of total polar materials (TPM) was also studied. TPM com-
prise substances having a polarity greater than unaltered TG.
Mainly, they are TG oligomers (dimers, trimers), oxidized
TG, partial glycerides, sterols, triterpene diols, and FA (20).
TPM analyses are reported in Figure 6 for top fractions ob-
tained at 25 and 55°C. The two curves are very different.
When operating at 25°C, the TPM amount increased with
pressure up to 17.8%. On the contrary, in operating at 55°C,
the TMP amount decreased from 26.6 to 10.5%. The trend of
the curve at 55°C is similar to that of the acidity at the same
temperature. This fact probably means that the TPM amount
is basically related to FA concentration. The increase in the
TPM amount observed when operating at 25°C can be related
to the DPTG content, which was higher with respect to frac-
tions obtained at this temperature as evidenced in Table 1. In-
deed, when operating at 25°C, the DPTG content increased
with pressure from 2.4 to 32.7%. However, the TPM amount
could be reduced well below the safety limit of 25%.

The lowest DPTG content in the top fraction for which the
overall yield was acceptable was obtained working at 35 MPa
and 55°C (CO, density = 881 kg/m3). At these process condi-
tions, the top product had a TG content of 94.5% with a TG
yield of 82.1% and a DPTG content of 4.2%. The overall yield
was 52%. In comparing the composition data reported in Table
1 for the fresh oil and in Table 2 for the regenerated oil ob-
tained working at 55°C and 35 MPa, it appears that regener-
ated oil has a composition close to that of the fresh frying oil.
The TPM value is also very close to that of the fresh oil. Nev-
ertheless, about 18% of TG remained in the bottom fraction.
To recover this TG residue, we performed some experiments
at a higher temperature while maintaining the pressure at 35
MPa. Indeed, as shown in Figures 3 and 4, at pressures higher
than about 29 MPa an increase in temperature causes an in-
crease in yield. The presence of a crossover among isotherms
in the solubility diagram is a well-known phenomenon that is
common for various oils (4,21). For this reason, we performed
some experiments between 55 and 80°C, setting the pressure
at 35 MPa. Unfortunately, the extraction yield was lower than
that obtained at 55°C. We speculate that this result is due to
the fact that the pressure at which crossover occurs is not the
same for all isotherms and that it tends to be higher at higher
temperatures. This behavior has been observed with many oils
(4,21). Thus, at temperatures higher than 55°C the crossover
probably appears at pressures higher than 35 MPa, which was
the high-pressure limit of our plant.

Therefore, we made a second attempt to increase the TG
yield of the process. The bottom products obtained at 55°C
and 35 MPa were mixed and processed in the column as a
feed, in the same conditions of the previous experiment. Op-
erating in this manner, we simulated a continuous fractiona-
tion with a second column. We obtained an increase in the TG
yield up to 97%.

In conclusion, the results indicate that purification of fried
oil is possible using SC-CO, in a continuous column. The
process is very selective with respect to TG and polymerized
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TABLE 2
Experimental Results? of Used Frying Oil Fractionation by SC-CO,
T, °C P, MPa Product DPTG, % TG, % LMWC, %  PI, meq O,/kg
25 15 Top 2.4 94.7 2.9 7.2
Bottom 51.7 48.3 0.0 5.2
21 Top 22.3 76.1 0.0 8.3
Bottom 54 46 1.0 27.0
28 Top 334 46.0 0.0 16.5
Bottom 54.0 66.5 0.8 30.4
35 Top 32.7 66.5 0.8 5.5
Bottom 88.0 12.0 0.0 31.4
40 15 Top 26.5 66.7 6.8 25.2
Bottom 41.2 58.8 0.0 22.3
21 Top 10.8 85.3 3.9 21.3
Bottom 45.9 54.1 0.0 31.2
28 Top 4 93.5 2.5 22.2
Bottom 54 46 0.0 24.3
35 Top 3.2 95.3 1.5 5.3
Bottom 69.8 30.2 0.0 9.0
55 15 Top 11.6 64.3 24.1 25.7
Bottom 40.5 59.5 0.0 20.6
21 Top 6.5 87.0 6.4 17.8
Bottom 43.8 56.2 0.0 32.2
28 Top 4.8 92.6 2.6 25.7
Bottom 52.7 47.3 0.0 27.3
35 Top 4.2 94.5 3.0 5.3
Bottom 77.8 22.2 0.0 9.4

All data refer to experiments carried out with a solvent-to-feed ratio of R = 53. For abbrevia-

tions see Table 1.

TG. Pressure and temperature are the main variables that af-
fect the performance of the process. The selection of a proper
pair of their values allows the yield and the selectivity of the
process to be tuned. The purified oil contains 97% of the TG
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FIG. 6. Content of total polar material (TPM) in the top fractions as a
function of pressure and temperature.
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initially present in the feed, with composition and properties
very close to that of the fresh frying oil.

On the other hand, the chemical engineering expertise can-
not be yet used, because the used frying oil mixture equilibria
are not available and DPTG must be better characterized.
Some work on equilibria for this mixture are in progress (20).
Moreover, the amount of CO, necessary to fractionate the oil
is relevant and should be minimized to obtain a competitive
process. An increase in the operating pressure and/or use of
cosolvent could be a suitable technique to reduce the amount
of CO, for the process.
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