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Abstract: The chemical composition and the color of samples of waste cooking oils (WCOs) were
determined prior to and after filtration on two different pads of bentonite differing in particle size.
The volatile fraction was monitored by headspace solid-phase microextraction (HS-SPME) coupled
with gas-chromatography, while the variation of the composition of the main components was
analyzed by 1H NMR. Both techniques allowed the detection of some decomposition products,
such as polymers, terpenes, and derivatives of the Maillard process. The analysis of the chemical
composition prior to and after bentonite treatment revealed a tendency for the clays to retain specific
chemical groups (such as carboxylic acids or double bonds), independent of their particle size. A pair
comparison test was conducted in order to detect the sensory differences of the intensity of aroma
between the WCO treated with the two different bentonites. In addition, characterization of the
bentonite by means of powder X-ray diffraction (XRD) and thermogravimetric measurements (TG)
was performed.

Keywords: waste cooking oil; nuclear magnetic resonance; headspace solid-phase microextraction;
thermogravimetry; principal components analysis; X-ray diffraction

1. Introduction

Among the many methods of cooking food, deep-fat frying is perhaps the most exploited, both in
domestic and commercial kitchens (e.g., fast food restaurants). Fried food became popular mainly for
economic (speed of processing) and sensory (palatable taste) reasons and is currently thought to be the
most consumed type of cooked food worldwide [1]. During the cooking process, the rich chemical
composition of the food is subjected to many chemical and physical transformations promoted by the
high temperature and by the exposure to air.

Since an oxidation process is involved in the production of volatile organic compounds (VOCs),
the concentration of oxygen is directly related to their production [2]. The production of VOCs, and in
particular of off-flavor compounds, is also affected by the number of frying cycles, which lower the
smoking point value and the unsaturation level of fatty acids, increasing the degree of polymerization
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and negatively affecting the characteristics of the oil. Most of the studies reported to date regarding
cooking oils are focused on the consequences of the frying process on the food, and the variation of
the chemical-physical properties of the oil is only discussed in terms of possible contamination of the
cooked food [3,4]. As waste cooking oils (WCOs) are becoming popular as green raw materials for
bio-lubricant production, it would be useful to gain some knowledge about their chemical composition
and the effect upon it caused by recycling procedures, such as, for instance, treatment with clays.

In fact, during the past few years, interest in the composition of the edible oil at the end of its life
cycle has grown exponentially as WCOs, previously considered a by-product of food production, have
been revealed to be an important raw material for several industries [5,6]. The increasing quantities
of WCOs produced worldwide, as well as the environmental risk associated with their uncontrolled
dispersion, forced local governments towards the implementation of specific regulations for enhancing
its safe recycling or disposal [7]. The availability of WCOs is impressive despite the fact that recycling
is compulsory in several countries, only around 0.6 of the estimated 4 Mt of WCOs produced per year is
currently collected in Europe, meaning that about 3.4 Mt of accessible cheap raw material are available
per year [8]. Many ways of reutilization have been explored and nowadays WCOs find applications in
bio-lubricant production [9,10], as an additive for animal feed [11,12], and as the basis for eco-friendly
biodegradable solvents [13]. WCOs can even be used as energy sources, through direct burning [14–17]
or as an ingredient for the biodiesel production [18,19]. Important applications have been found in
the construction sector, for example as an additive for bitumen binders [20,21] or in environmental
chemistry, such as mercury sorbent devices [22].

In Europe, WCOs are defined as “municipal wastes” by the European Waste Catalogue [23] and
are collected through the urban waste systems or directly delivered by the final user to a recycling point.
The main consequence of this procedure is the generation of a complex mixture composed of different
kinds of exhausted vegetable oils, most of them previously employed for frying, with different origins
and compositions. The general chemical profile of WCOs is mainly constituted of triacylglycerols,
glycerols, free fatty acids (FFAs), and several polymerization compounds. Physically, WCOs appear as
dark and viscous, with a low smoking point. Usually, recycling of WCOs is performed by distillation
(as in the bio-diesel industry) or by a degumming process followed by a filtration on a porous material
such as bentonite or cellulose (normally done by small local industry). We recently studied the
optimization of an acidic degumming procedure applied to WCOs in order to obtain valuable raw
materials for the bio-lubricants production [24] and the monitoring of the variation of some physical
parameters of the exhausted vegetable oils subjected to filtration on a pad of bentonite [25]. With the
aim of extending our research to the improvement of the current regeneration methods for the recycling
of WCOs, herein we discuss the variation of the volatile fraction, the 1H NMR profile, and of the color
of samples of WCOs treated with two bentonites differing in particle size. Furthermore, a discussion of
the relationship between the physical composition of the bentonites employed and the result of the
clarification process is reported, including an exhaustive characterization of the bentonite prior to and
after filtration by means of X-ray diffraction (XRD) and thermal gravimetric analysis (TG). Finally, the
outcomes of a sensory test performed on the samples considered in the present study are reported and
presented as part of the general discussion.

2. Materials and Methods

2.1. Starting Materials

With the aim of simulating the operating conditions of recycling industries, several samples of
frying oils of unknown origin were randomly collected from domestic suppliers in the geographic
area of Sardinia (Italy) and mixed, obtaining the crude oil WCO. The crude waste oil samples did not
contain any visible suspended solids.

Bentonite collected from the cave of S’Aliderru (Sardinia, Italy) was purchased from Clariant.
The former bentonite was not subjected to any acidic or basic activation process.
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2.2. Clarification Procedure

Often, even in industrial applications, the particle size of the clays is not considered an influential
parameter. Nevertheless, this aspect can be relevant as the chemical and physical processes which
regulate the clarification procedures can give different outcomes depending on the specific particle
size. In order to verify this statement, the raw bentonite was sifted sequentially with two consecutive
metallic sieves with hole sizes of 1.8 and 2.36 mm, obtaining the samples B1 (1.18 mm < Ø < 2.36 mm)
and B2 (Ø < 1.18 mm). Filters were set up by filling a 50 mL cartridge with 30 g of B1 or B2, and 30 g
aliquots of WCO were filtered under atmospheric pressure. Even if the amount of bentonite necessary
for the clarification procedure can be reduced, no capacity tests were performed, as the aim of the
present study was to study the variation of the chemical composition of WCOs in optimal conditions.

The filtered materials were collected, giving WCO1 (filtered on B1) and WCO2 (filtered on B2).
The filtrations were reproduced in triplicate and performed at room temperature.

2.3. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

The gas chromatography–mass spectrometry (GC-MS) analysis was carried out using an Agilent
7890 GC equipped with a Gerstel MPS autosampler, coupled with an Agilent 7000C MSD detector.
The chromatographic separation was performed on a VF-Wax 60 m× 0.25 mm i.d., 0.5 µm film thickness
column (Agilent). The following temperature program was used: 40 ◦C hold for 4 min, increased
to 150 ◦C at a rate of 5.0 ◦C/min, hold for 3 min, then increased to 240 ◦C at a rate of 10 ◦C/min,
and finally held for 12 min. Helium was used as the carrier gas at a constant flow of 1 mL/min. The data
was analyzed using a MassHunter Workstation B.06.00 SP1, with identification of the individual
components (Table 1) performed by comparison with the co-injected pure compounds and by matching
the mass spectrometry (MS) fragmentation patterns and retention indices with the built-in library or
literature data or commercial mass spectral libraries (NIST/EPA/NIH 2008; HP1607 purchased from
Agilent Technologies).

2.3.1. Retention Indices

A hydrocarbon mixture of n-alkanes (C9-C22) was analyzed separately under the same
chromatographic conditions described in the GC-MS section to calculate the retention indices with the
generalized equation by Van del Dool et al. [26] (Equation (1)).

Ix = 100[(tx − tn)/(tn+1 − tn) + n] (1)

In Equation (1), t is the retention time, x is the analyte, n is the number of carbons of alkane that
elute before the analyte, and n + 1 is the number of carbons of alkane that elute after the analyte.

2.3.2. Headspace Solid-Phase Microextraction (HS-SPME)

A 100 µm polydimethylsiloxane/divinylbenzene/carboxen (PDMS/DVB/CAR)-coated fiber 50/30
Stableflex (Supelco, Sigma Aldrich, St. Louis, MO, USA) was preconditioned prior to use at 270 ◦C
for 1 h in a Gerstel MPS bake-out station, according to the manufacturer’s instructions. Then 5 g of
sample were placed in a 20 mL SPME vial, 75.5 × 22.5 mm, that was tightly closed with a septum and
allowed to equilibrate for 5 min at 60 ◦C. The preconditioned fiber was then exposed to the headspace.
The extraction time was fixed at 30 min. All experiments were carried out under constant agitation
at 250 rpm. After the extraction, the fiber was desorbed for 2 min into a Gerstel CIS6 PTV injector
operating at 250 ◦C in a splitless injection mode. Results were reported as absolute peak area (×106).

2.4. NMR Analysis

WCO samples were analyzed in pure form, using a coaxial tube with deuterated DMSO for a lock.
1H NMR spectra were recorded on a Bruker AV500 spectrometer operating at 500 MHz for the proton
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nucleus. All the experiments were performed at 305 K with the following acquisition parameters: time
domain 32 K, relaxation delay 3 s, 128 scans, and a spectral width of 12 ppm, acquisition time 2.53 s.

2.4.1. Determination of Hunter Lab Coordinates

Color measurements were carried out using a Minolta colorimeter (Minolta CR-300, Konica
Minolta Sensing, Osaka, Japan), and the results were expressed in accordance to the Hunter Lab color
space [27]. According to this methodology, the color space is organized in a cubic form where the
descriptors are L*, a*, and b*. Parameters determined were L* (L = 0 (black) and L = 100 (white)),
a* (−a = greenness and +a = redness), b* (−b = blueness and +b = yellowness), and ∆E-total color
difference, as previously reported by Conte et al. [28]. The analyses were performed without any
dilution. For samples comparison, the values of ∆L*, ∆a*, and ∆b* indicate how much the samples
differ from each other (e.g., if ∆a increases from sample A to B, it means that A is greener than B.

2.4.2. Sensory Evaluation

A paired comparison test was employed to determine the difference between the two samples of
WCOs with regard the intensity of oil aroma. A panel composed of 45 consumers was asked to sniff the
two oil samples treated with the two different bentonites (B1 and B2). The oil samples were presented
to the assessors in a balanced and randomized order and labelled with a three-digit code. The sensory
difference between the untreated WCO and the samples filtered on bentonite was so high that it was
unnecessary to perform a sensory test to distinguish the untreated WCO from the filtered samples.

2.5. Statistical Analysis

The multivariate analysis of WCO samples was carried out by subjecting the HS-SPME-GC data
to a principal component analysis (PCA). The VOCs data of three samples of each WCO were used
to define a m × n matrix where m is the samples and n is the variables. The data were centered and
autoscaled before the PCA. All PCA analyses were performed with an R-based chemometric software
designed by Chemometric group of Chemical Italian Society [29]. All experiments were repeated
three times (n = 3). All statistical analyses were performed subjecting volatiles of WCOs samples to a
one-way analysis of variance (ANOVA) when the data followed a normal distribution, using SigmaStat
v 3.5 software. The distribution of the sample was evaluated by the Kolmogorov–Smirnov and Shapiro
tests. A value of p < 0.05 was considered statistically significant.

Sensory data were analyzed using the statistical table for paired comparison and paired difference
test (two-tailed). The significance level of the test chosen was 5%.

2.6. Thermogravimetric Analysis

The thermal stability of the bentonite was evaluated using a thermogravimetric apparatus (TGA)
coupled with a differential scanning calorimeter (DSC) (Labsys Setaram). The experiment was carried
out on 50–60 mg of sample under an Ar flow of 120 mL min−1, between 25 and 1000 ◦C using a heating
and cooling rate of 5 ◦C min−1 and 30 ◦C min−1, respectively. Alumina crucibles were used for the
analysis in order to avoid undesired reactions with the powders during the annealing.

2.7. XRD

X-ray diffraction (XRD) patterns of the bentonite samples were acquired with a Rigaku
SmartLabpowder diffractometer, operating in Bragg–Brentano geometry, equipped with a Cu- rotating
anode X-ray source (Kα, λ = 1.5418 Å) and a graphite monochromator mounted on the diffracted
beam. The powders were dispersed and compacted into an amorphous glass sample holder and the
measurements recorded in the angular range of 5–50 2θ with a scan step of 0.05◦ per 4 s.



Resources 2019, 8, 108 5 of 15

Table 1. Main VOCs detected, tentatively identified, by HS-SPME GC/MS analysis of WCO, WCO1, and WCO2. The values expressed are the result of the average
value of three independent replicates ± SD of absolute total ion chromatogram (TIC) peak area (1E6). PCA: symbols used for principal component analysis, V: variable,
RT: retention time, RI: experimental retention index on a WF-WAX column, RI literature: retention index from NIST database, ∆ represents the difference between the
experimental RI and the literature RI, n.d.: not detected, n.a.: not available (*: p < 0.05; **: p < 0.01).

PCA RT WCO SD WCO1 SD WCO2 SD RI RI Literature ∆ Compound

V1 5.444 0.42 0.08 0.72 * 0.14 0.96 0.08 702 700 2 heptane
V2 5.573 0.89 0.03 0.28 ** 0.13 0.11 0.01 711 702 9 acetaldehyde
V3 6.13 0.53 0.07 0.10 ** 0.07 0.13 0.02 748 n.a. Methylamine, N,N-dimethyl-
V4 6.881 1.12 0.26 2.22 * 0.72 3.46 0.53 799 800 1 octane
V5 9.65 0.20 0.04 0.10 * 0.01 0.05 0.00 910 907 3 2-Butanone
V6 10.132 0.72 0.39 0.48 0.28 0.43 0.10 925 918 7 Butanal, 3-methyl-
V7 10.579 0.14 0.00 n.d. n.d. 939 971 32 Butyl-cyclopentane
V8 12.109 1.00 0.19 1.18 0.28 1.54 0.33 988 979 9 pentanal
V9 15.527 4.43 0.87 6.79 1.33 7.42 0.84 1091 1083 8 hexanal
V10 18.842 0.26 0.03 0.47 0.22 0.53 0.01 1193 1182 11 2-Heptanone
V11 18.94 0.31 0.24 0.86 0.08 1.19 0.50 1196 1184 12 Heptanal
V12 19.133 0.28 0.12 0.07 * 0.01 n.d. 1202 1185 17 Pyridine
V13 19.404 0.23 0.09 0.42 * 0.02 0.56 0.04 1211 1200 11 Limonene
V14 19.997 0.42 0.20 0.06 * 0.03 n.d. 1230 1212 18 Pyrazine
V15 20.184 0.50 0.14 0.24 * 0.09 n.d. 1237 1216 21 2-Hexenal, (E)-
V16 20.297 0.44 0.15 0.66 0.18 1.00 0.06 1240 1231 9 Furan, 2-pentyl-
V17 20.675 0.56 0.21 0.66 0.06 0.53 0.09 1253 1250 3 1-Pentanol
V18 20.884 0.48 0.17 0.56 0.02 0.70 0.09 1260 1246 14 γ-terpinene
V19 21.500 0.20 0.15 n.d. n.d. 1280 1272 8 Hexyl acetate
V20 21.728 0.81 0.15 0.06 ** 0.02 0.03 0.01 1287 1266 21 Pyrazine, methyl-
V21 22.061 0.12 0.02 0.12 0.02 0.05 0.01 1298 1287 11 2-Octanone
V22 22.199 1.11 0.28 1.46 0.51 0.98 0.80 1303 1289 14 Octanal
V23 22.841 1.16 0.25 0.20 ** 0.06 n.d. 1325 1303 22 2-Propanone, 1-hydroxy-
V24 23.448 2.09 0.44 2.28 0.24 1.87 0.53 1346 1322 24 2-Heptenal
V25 23.632 0.27 0.09 0.43 0.10 0.26 0.05 1353 1338 15 5-Hepten-2-one, 6-methyl-
V26 23.821 0.81 0.08 0.10 ** 0.01 n.d. 1360 1326 34 Formamide, N,N-dimethyl-
V27 25.27 5.07 1.10 6.42 0.40 6.59 0.25 1410 1391 19 Nonanal
V28 26.032 1.25 0.25 0.23 ** 0.08 0.38 0.00 1437 1414 23 N,N-Dimethylacetamide
V29 26.305 0.22 0.08 0.19 0.04 0.12 0.02 1447 1441 6 Ethyl octanoate
V30 26.463 0.79 0.08 0.69 0.04 0.56 0.20 1453 1429 24 2-Octenal, (E)-
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Table 1. Cont.

PCA RT WCO SD WCO1 SD WCO2 SD RI RI Literature ∆ Compound

V31 26.616 0.24 0.06 0.30 0.05 0.46 0.10 1458 1453 5 Heptanol
V32 26.756 11.05 0.74 n.d. n.d. 1463 1449 14 Acetic acid
V33 27.498 12.72 1.03 3.64 ** 1.69 0.17 * 0.19 1489 1461 28 Furfural
V34 28.121 0.97 0.20 n.d. 0.10 0.10 1511 n.a. Pyridine, 4-ethenyl-
V35 28.554 0.64 0.06 0.32 ** 0.06 0.12 0.03 1525 1495 30 2,4-Heptadienal,
V36 29.538 0.52 0.03 n.d. n.d. 1557 1535 22 Propanoic acid
V37 29.787 1.90 0.38 1.66 0.13 2.00 0.40 1565 1534 31 2-Nonenal,
V38 31.011 1.32 0.04 0.38 ** 0.23 0.08 0.01 1607 1570 37 2-Furancarboxaldehyde, 5-methyl-
V39 31.951 0.36 0.10 n.d. n.d. 1646 1625 21 Butanoic acid
V40 32.627 2.00 0.14 1.75 0.24 1.07 * 0.17 1674 1644 30 2-Decenal, (E)-
V41 32.695 1.21 0.15 0.33 ** 0.19 n.d. 1677 1660 17 Furanmethanol
V42 34.497 2.27 0.11 2.09 0.13 1.66 * 0.13 1764 1746 18 α-Farnesene
V43 34.857 1.06 0.07 0.72 ** 0.02 0.35 0.07 1782 1752 30 2-Undecenal
V44 35.117 1.01 0.05 0.77 ** 0.05 0.29 0.09 1795 1797 2 2,4-Decadienal, isomer 1
V45 35.997 4.48 0.02 2.76 ** 0.45 0.39 0.20 1847 1811 36 2,4-Decadienal, isomer 2
V46 36.215 1.91 0.17 n.d. n.d. 1860 1846 14 Hexanoic acid
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3. Results and Discussion

3.1. Characterization of the Volatile Organic Compounds (VOCs)

The intense smell typical of WCOs is related to the chemical composition, in particular to the
volatile fraction. The VOCs of our samples were extracted by solid-phase microextraction (SPME)
and analyzed by gas-chromatography coupled with mass spectrometry. Forty-six components were
identified (Table 1).

As shown in Table 1, several classes of compounds were detected: aldehydes, alcohols, ketones,
hydrocarbons, and acids.

Many of the decomposition compounds detected originate from the oxidation of triacylglycerols
and from the Maillard process, which consists of the formation of nitrogen-containing derivatives as
a consequence of a reaction between a carbonyl unit of a carbohydrate and an amino function of a
protein. The presence of some terpenes is linked to the leaching from the fried food [1]. Taking into
account that commercial vegetable oil is almost odorless; the chemicals responsible for the aroma of the
fried oil must be produced during the frying process. The volatile compounds are strongly related to
the perceived food quality, as the aroma is one of the most important factors in cooked food. Prolonged
use of frying oil can cause these compounds to impart unpleasant flavors to food and can limit the
re-utilization of the oil. Previous authors have reviewed the complex chemical processes involving the
vegetable oil during frying, and, among others, the main reactions involved in the production of low
molecular weight volatile compounds are the Maillard reaction, thermo-oxidation, and hydrolysis [30].
In particular, a consistent reduction of the odor in treated samples is related to the removing of acetic,
propanoic, butanoic, and hexanoic acids and hexyl acetate.

Alkane compounds such as n-heptane, n-octane, butyl-cyclopentane have been detected and
reported to be products of pyrolysis of vegetable oils [31]. Although some terpenes, such as camphene
and limonene, were reported to be the result of heating treatment in peanut oil [32], isoprene derivatives
found in our samples probably arose from spices used as flavoring agents during the frying. Furan
derivatives, pyrazines, and, in general, nitrogen heterocycles, such as furan, 2-pentyl-pyridine-ethenyl,
or 5-HMF, are a result of the Maillard reaction between food components.

Other chemicals deriving from the autoxidation of linoleic acid, which is one of the main precursors
of aroma components in fried food, such as dienals (2,4-heptadienal or 2,4-decadienal), and alkenals,
such as 2-undecenal, 2-decenal, and 2-octenal, were also detected [33].

Chromatographic analysis was carried out on raw samples as well as in samples filtered on a
cartridge of bentonite (samples WCO1 and WCO2), and the results were expressed as absolute peak
area (×106) obtained by total ion current (TIC) chromatogram. In accordance with the results of
Takeoka and coworkers, who analyzed WCOs of different origin [34], the major compounds detected
in our samples were hexanal, furan, 2-pentyl, 2-heptanal, nonanal, acetic acid, furfural, 2-nonenal,
5-HMF, 2-decenal, furan methanol, 2,4-decadienal, and hexanoic acid. The comparison between crude
and filtered samples reveals an important role of the bentonite in reducing the amount of several
chemicals contained in the crude waste. As expected, reducing the particle size of the filter caused
a larger amount of chemicals to be retained. Further, the GC analysis revealed that the bentonite is
sensitive to the specific functional groups: organic acids (such as acetic or hexanoic acid) were almost
completely retained, molecules with double bonds were partially retained, and some other compounds
(e.g., alkanals) were not retained by the clay at all. Some compounds, like n-heptane or hexanal, were
slightly increased after bentonite filtration. These differences are related to the different competition
phenomena to which the compounds are subjected during the fiber extraction. SPME is commonly
affected by both saturation and competition events [35], and the different concentration of the analytes
in the headspace of crude and filtered oils could affect the relative area of compounds, which may be
slightly increased with respect to the relative percentage area.
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3.2. Principal Component Analysis

The data related to the VOCs content were subjected to a principal component analysis in order to
identify any discrimination between the filtered samples and the control (raw WCOs). The data were
centered and autoscaled, and then PCA was performed. The cumulative explained variance by the
two first principal components was about 78% and, as reported in the score plot (Figure 1), the three
samples were perfectly clustered in three different groups meaning that the information contained in
the variables was suitable to discriminate the samples.
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The main differentiation between the three groups (raw and filtered samples) occurs in the
PC1, while on the PC2 a discrimination among the replicates is found. In the loading plot the
variables are reported according to their contribution to the discrimination. The variables which
contribute most to the discrimination along the first principal component are those located in the
highest absolute values, namely: V20, 23, 26, 32, 33, 35, 36, 38, 39, 41, 43, 44, 46 (pyrazine, methyl-,
2-propanone, 1-hydroxy-, formamide, N,N-dimethyl-, acetic acid, furfural, 2,4-heptadienal, propanoic
acid, 12-furancarboxaldehyde, 5-methyl-, butanoic acid, furanmethanol, 2-undecenal, 2,4-decadienal,
hexanoic acid), which, as expected, are representative of organic acids and molecules which contain
double bonds. Both classes of compounds are retained, or partially retained, by bentonite.

3.3. NMR

1H NMR has already been employed for the monitoring of oil deterioration processes during
frying [36–38] and in a specific way for fatty acids determination [39,40]. This technique has some
advantages with respect to the usual chromatographic methods, as it allows fast analysis, small sample
volumes, and the simultaneous determination of multiple compounds [41]. In addition, Vigili [42] and
Mannina [43] have employed NMR to identify the geographical origin of samples of olive oil.

Samples of crude cooking oil (WCO) and of the filtered WCO2 were analyzed by 1H NMR. The 1H
NMR spectra show typical signals due to the fatty acids present in vegetable oils: -CH3 signals are
located at 0.9 ppm; the CH2 fragment contained in the acyl chains can be found at 1.3, 1.6, and 2.3 ppm;
while the methylenic signals of the unsaturated fatty acids, linolenyl acid, and glycerol lie at 2.0, 2.2,
and between 4.0 and 4.4 ppm, respectively. Finally, the CH-OCO-R fragment of the triacylglicerols
and the –CH=CH- moiety of the unsaturated fatty acids can be detected at 5.2 and 5.3 ppm (Figure 2).
The pattern observed in WCO does not change after filtration on bentonite B2.
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From the 1H NMR data, it is possible to determine the fatty acid profile, according to the literature
validated methodology of Popescu [44] (Table 2).

Table 2. Main components detectable at 1H NMR.

Analyte Prior to Filtration (WCO) After Filtration (WCO2)

Linolenic acid <3% <3%
Linoleic acid 13% 10%

Oleic acid 70% 70%
SFA a 16% 16%
IV b 83.2 83.8

a SFA = Saturated Fatty Acids. b Global unsaturation.

The data reported in Table 2 and the spectra shown in Figure 2 indicate that there is no significant
difference in the amounts of the main fatty acids in the two samples and that the filtration on bentonite
does not affect this aspect of the composition of WCO and WCO2. Minor products derived from the
frying process (such as polymers, esters, and aldehydes) could also be detected by NMR. Treatment
with bentonite resulted in the retention of some minor compounds (such as alkenals and alkadienals),
as previously observed by GC analysis (Figure 3). In addition, no changes have been observed for
the global unsaturation parameter, meaning that the ratio between linoleic and oleic acids is the same
prior to and after filtration.
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Figure 3. Comparison 1H NMR (aldehydes portion of the spectra) between crude (WCO) (A) and
filtered samples (WCO2) (B).

3.4. Color

The WCOs appear as deep dark-brown oils with the color normally associated with the presence
of oxidation products, polymers [45], traces of metals, and derivatives of the Maillard reaction [34].
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Color measurements were conducted on samples of crude WCO (WCO), and on both filtered samples
(WCO1 and WCO2) (Table 3).

Table 3. Color coordinates for crude and filtered samples of WCOs. a Commission Internationale
de l’Eclairage; b The values reported were calculated as results of four measurements; the standard
deviation is indicated. c L, lightness; d a, green–red; e b, blue–yellow; e E: total color difference.

Entry Sample Color (CIE) a (S) b

L c a d b e ∆E (∆S)

1 WCO 23.11 (0.02) 3.25 (0.05) 9.33 (0.04)
2 WCO1 25.22 (0.02) 2.19 (0.10) 12.62 (0.05) 4.04 (0.06)
3 WCO2 27.17 (0.01) 0.21 (0.05) 15.25 (0.05) 7.79 (0.05)

From the data in Table 3, we can observe that the treatment with bentonite considerably changed
the color characteristics of the oils. Filtered samples show increased values of lightness (L), a lowering
of the red, and an increase of the yellow components (respectively, lower values of a and higher values
of b; entry 1 versus entries 2 and 3) compared with the crude samples. The overall visual change of the
samples after clarification was from dark brown (WCO) to light yellow.

Some differences can be observed between the two different filtered samples (entry 1 versus entry
2): samples filtered with smaller-grain bentonite (WCO2) gave a more transparent oil, compared with
samples treated with coarse-grain bentonite. The value of the total color difference ∆E (E > 3, entries 2
and 3) indicates a significant change in color after filtration, perceptible to the human eye for both
samples [46].

3.5. Sensory Evaluation

The total number of times each oil sample was selected by assessors as the most intensely smelling
was determined. The data collected did not suggest a significant difference (p < 0.05) between the two
filtered oils, even if the panel of consumers showed a slight tendency to perceive the oil WCO1 as
having the more intense odor, compared with WCO2 (26 responses versus 19). The sensory difference
among the crude samples prior to filtration and the two filtered oils was so high that it was unnecessary
to perform a blind test. Considering the waste classification of used oils and the fact that re-utilization
in the food industry is forbidden, no other sensory tests involving taste or touch were performed.

3.6. Characterization of Bentonite

Clays and in particular bentonites are commonly used as blanching agents in the vegetable
oil production, as they can remove chlorophylls, phospholipids, lectines, metals, and oxidation
products [47,48]. Bentonite is a porous material characterized by a large available surface area, which
is responsible for both chemical and physical interactions with the oil components that are retained
(bleaching capacity) [49].

Combining the results obtained through the above-described methodologies, we see that the
treatment of WCOs with bentonite is effective mainly at removing some polar compounds, particularly
those with acidic groups or with multiple-bonds. This removal of conjugated compounds, combined
with the retention of metal particles and some cations, produces an enhancement of the lightness in
the filtered samples. In order to relate these findings to the physical characteristics of the bentonite
employed, we studied samples of bentonite prior to and after filtration by powder X-ray diffraction
(XRD) and thermogravimetry (TG). The exhausted bentonite considered was that with the smaller
grain size (B2), as it had been shown to retain more of the contaminants.

Bentonite is known for its purity with a high content of montmorillonite and the presence of
quartz, mostly in respirable size [50]. XRD analysis confirmed this: montmorillonite, cristobalite, and
quartz were observed as major phases in all of the samples (Figure 4).
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From Figure 4, it is also possible to observe that no changes to the physical composition
occurred during the filtration procedure: the phases present in the fresh sample, are still observed
in the post-filtration sample; furthermore, each phase has a similar microstructure. However, the
montmorillonite peak at 5 2θ is shifted to lower angles, suggesting a swelling of the clay layers, in
accordance with the presence of residual materials in the pores after filtration.

3.7. Thermogravimetric Studies

The thermal stability of the “fresh” bentonite and the B2 material after filtration was evaluated by
thermogravimetric analysis (TG, Figure 5).
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Figure 5. (a) Thermogravimetry profiles of fresh (blue line) and exhausted (red line) bentonites and (b)
heat flow plot of fresh (blue line) and exhausted (red line) bentonites. The dotted line represents the
temperature profile (◦C).

The TG profile (Figure 5, left) shows two main endothermic peaks indicative of mass loss related
to the elimination of water for both samples. One, between 60 and 150 ◦C, corresponding to the 15%
of the total initial mass, can be referred to the physically adsorbed water, which is lost in an amount
of 9.23 mg. The second event, between 600 and 750 ◦C, can be related to the condensation of the
oxidryl structure, expulsed in the form of water [51]. Similar results have been observed in the case of
Brazilian [52] and Turkish [53] bentonites. Even though a similar loss of water is recorded in both of
our samples in the temperature range 60–150 ◦C, a clear difference can be observed for the two systems
at higher temperatures. This difference, roughly 7 mg (200–1000 ◦C), can be ascribed to the quantity of
residue adsorbed into the pores of the bentonites during the filtration treatment, further confirming the
benefit of filtration. The DSC profile (Figure 4, right) shows a clear endothermic event peak at 105 ◦C.
Other thermal events were also observed at higher temperatures: 600 ◦C (fresh and exhausted samples)
and 810 ◦C (exhausted sample). Even though these events could be associated with the condensation
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of the oxidryl groups and with the decomposition of the adsorbed residues, a proper determination
needs further efforts in terms of characterization and will be addressed in a future work.

4. Conclusions

The effect of the bentonite filtration of waste cooking oils (WCOs) on their chemical composition
was evaluated by headspace solid-phase microextraction (HS-SPME) coupled with gas-chromatography
and 1H NMR for the first time. The filtration process represents an important step in the industrial
recycling of this by-product of food preparation for non-bio-diesel applications. The analysis of the
volatile fractions revealed the ability of the bentonite to retain compounds containing specific chemical
groups. In particular, organic acids were almost completely retained, molecules containing double
bonds were partially retained, and other groups, like alkanes or alkanals, were not retained by the clay.

Experiments conducted on bentonites of different grain sizes showed that it is possible to enhance
the amount of chemicals retained by only reducing the size of the bentonite particles. The data acquired
suggest that even a change in the grain size of the clay can affect the clarification procedure. This
aspect should be considered carefully when bentonites are employed for the recycling of waste cooking
oils. Some of the techniques herein presented, such as the headspace solid-phase microextraction
(HS-SPME) coupled with gas-chromatography or the Hunter Lab color determination, could represent
useful tools for monitoring the saturation levels of industrial bentonites.

The treatment with bentonite also positively affected the color of WCO as confirmed by the
spectrophotometric analysis; although this change was also perceptible to the naked human eye.

Finally, thermogravimetric analysis and XRD measurements on the bentonite prior to and after oil
treatment suggest no changes to the bentonite functionalities as a result of WCO filtration.
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