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Abstract: The treatment of used vegetable oils (UVOs) with clays represents a pivotal step in their
industrial recycling process as well as one of the most challenging topics for researchers. In particular,
cheap, effective, and sustainable powders need to be explored in order to develop new processes
which produce beneficial results in relation to economic and environmental aspects. In this context,
five samples within commercial and waste vegetable oils were treated with two sodium- and calcium-
based bentonites employing a low oil/bentonite ratio (0.15 wt%). The outcomes of the processes
were monitored by FT-IR spectroscopy and compared with the data relative to the parent commercial
edible oil. In particular, treatment of FT-IR data by multivariate statistical analysis allowed us to
determine a chemical fingerprint characteristic of each sample. Important relationships between
the overall chemical composition and the specific clay employed and the treatment time (2 or 4 h)
were highlighted. Finally, N2 physisorption, TEM microscopy, and FT-IR analyses of the more
efficient Na bentonite allowed us to characterize the material and thus to furnish all the information
needed to set-up a general protocol for the partial regeneration of waste vegetable oil destined for
further processing.

Keywords: FT-IR; waste vegetable oils; vegetable oils recycling; bentonite

1. Introduction

The awareness of the importance of recycling wastes arising from urban areas has
grown exponentially during the last years. In order to comply with the international targets
of sustainability and CO2 emission, it is pivotal to apply circular economy models to the
development of new processes and to the reconversion of existing ones [1,2]. In a circular
economy, the employment of wastes as raw materials is fundamental [3–5] and, thus, many
recent national and international legislative efforts have been directed to the endorsement
of this practice [6].

In this context, waste oils, especially vegetal ones, are ideal candidates as raw materials
for circular processes [7]. In fact, used vegetable oils (UVOs) are produced in large amounts
worldwide, are widely diffuse, and easy to recycle. Additionally, from the processing
of UVOs it is possible to obtain many chemicals with applications in several market
segments [8]: from energy (burning), transport (biodiesel) [9,10], industry (lubrication),
food (edible ingredients), cosmetics [11], constructions [12], to bioplastics.

Waste vegetable oils are constituted in large part by cooking oils from private kitchens
and catering industries, and in minor percentage by animal fats and greases [13]. In
the European Union, UVOs are considered urban wastes and they are registered in the
European catalogue of wastes under the code 19 08 09 (edible oils and fats) [14]. From the
chemical point of view, UVOs are made by a mixture of fatty acids (mainly linoleic, oleic,

Recycling 2021, 6, 68. https://doi.org/10.3390/recycling6040068 https://www.mdpi.com/journal/recycling

https://www.mdpi.com/journal/recycling
https://www.mdpi.com
https://orcid.org/0000-0002-3613-3855
https://orcid.org/0000-0001-7623-7475
https://orcid.org/0000-0001-7686-6589
https://orcid.org/0000-0002-1523-8877
https://doi.org/10.3390/recycling6040068
https://doi.org/10.3390/recycling6040068
https://doi.org/10.3390/recycling6040068
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/recycling6040068
https://www.mdpi.com/journal/recycling
https://www.mdpi.com/article/10.3390/recycling6040068?type=check_update&version=2


Recycling 2021, 6, 68 2 of 10

and linolenic) [15] with a variable degree of esterification and oxidation, contaminated by
metals, food residues, and other particles [16,17]. Nowadays, UVOs are collected, stored
and finally periodically delivered to a recycling plant, which in 90% of the cases produces
biodiesel [18]. After collecting and before storage, the waste is usually treated in order to
provide the recycling facility with a raw material of acceptable quality. This preliminary
treatment is mainly directed to the adjustment of the total acidity, which must be more
than 3–3.5 units to avoid undesired side reactions during the further esterification step
(biodiesel production), and for the physical elimination of particles, including metal traces.
Thus, filtration of synthetic and natural powders represents the procedure of choice for
UVOs first treatment. Actually, clay minerals have been used for the clarification and
bleaching [19] of oil samples for many years [20], resulting very effective in removing
grease and impurities [21]. Clay minerals are cheap and available in many territories
worldwide and their properties can be modified by proper activation protocols [22,23].

Despite the important advancement of the knowledge and related technology for
the recycling of UVOs, filtration of porous materials still represents the best industrial
procedure for recycling and purifying waste vegetable oils, restoring the colour, density,
viscosity, and removing inorganic and solid contaminants. Recently, it was reported that
waste oils treated with bentonites subjected to different pre-treatments show a different
variation of their chemical composition, as different chemical groups are retained [24]. This
specific affinity of selected clays for different chemical groups can be also exploited in other
research fields, e.g., in the treatment of wastewaters [25,26].

In this context, many kinds of bentonites are available worldwide, which show differ-
ent microstructural characteristics and effectiveness in purifying used vegetable oils, thus
many experimental data are necessary in order to assess general trends aimed to develop
new and more effective processes.

With the aim to extend the current portfolio of cheap and sustainable clays for UVOs
processing, the regeneration of model UVO by treatment with Na- or Ca-based Algerian
bentonites is herein reported. A spectroscopic characterization by meaning of FT-IR was
conducted on both clays and oil samples, prior to and after treatment. The variation of
some additional physical parameters, such as conductivity, salinity, pH, turbidity, and
density in the oil samples, was also monitored and discussed. Microstructural features of
Na clays, which showed better results, were further characterized by N2 physisorption and
TEM microscopy.

2. Results and Discussion
2.1. FT-IR and Principal Component Analysis

Samples of UVO were partially regenerated by processing with Na (UVO Na filtered)
or Ca (UVO Ca filtered) clays. The process was monitored by FT-IR after 2 and 4 h and
the results compared with the spectra of the parent commercial Elio oil and the raw UVO
(Figure 1).

From a visual and qualitative analysis of the FT-IR profiles reported in Figure 1, it is
possible to detect the typical major constituents of vegetable oils. According to Alexa and
coworkers [27], it is possible to detect the symmetrical and asymmetrical vibrations ν(C-H)
of the CH2 and CH3 aliphatic groups from the alkyl rest of the triglycerides between
3100 and 2800 cm−1, the absorption relative to the presence of saturated fatty acids at
about 1750 cm−1, and the vibration bands related to the -CH2- and =CH2 groups between
1600 and 1400 cm−1. Finally, C=O vibrations (1150–1060 cm−1), C-C bond (from 1100 to
800 cm−1), C=O bond (970–800 cm−1), and carbohydrate chain vibrations (under 450 cm−1)
can be appreciated.
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Figure 1. FT-IR spectra of edible oil Elio, Used Vegetable Oil (UVO), and UVO filtered, respectively) 
on Na and Ca clays (2 and 4 h). 

As expected, from a visual inspection of the FT-IR spectra it is not possible to distin-
guish between edible, waste, and treated samples. This is due to the fact that the changes 
in the chemical composition of a vegetable oil prior and after frying are really minimal 
and the overall nature and distribution of the fatty acids profile becomes almost identical 
[28]. Even the regeneration of UVOs by treatment with clays did not change the overall 
chemical profile. In fact, it retains solids and small particles (as metal traces), and can affect 
the distribution of the volatile fraction [24], which is difficult to observe by qualitative FT-
IR. Nevertheless, most of the information is hidden in the spectra raw data and it is pos-
sible to extract it by opportune multivariate analysis for building a chemical fingerprint 
characteristic of each type of oil. This technique has been already applied to GC-MASS 
[26], X-ray [29], NMR [30], FT-IR, and UV-VIS [31] raw data of vegetable oils. 

In this context, Analysis of the Variance (ANOVA) and a Principal Component Anal-
ysis (PCA) was performed in order to determine the distances between each family of 
samples (Figure 2). 

From the 3D PCA plot reported in Figure 2, it is possible to notice that all the samples 
turn out to be different, indicating the possibility of classifying the considered oils on the 
basis of the FT-IR profile. Edible Elio oil can be located in the down-left corner of the plot, 
far away from waste UVO (up-left), indicating that the frying process has affected the 
chemical composition of the vegetable oil. Regarding the treated samples, UVO treated 
for 2 h with Na clay or for 4 h with Ca clay seem to have a similar fingerprint, while 
between the samples processed for 4 h with Na clay and for 2 h with Ca clays, the first one 
appears as more similar to the original edible oil (Figure 2, yellow spot). 

Additional FT-IR spectra were registered after 24 h of treatment as reported in the 
Supplementary Material (Figure S1). In that case, no relevant changes were observed with 
respect to the spectra recorded after 4 h, confirming the completion of the treatment in 
short times. This indicates that after 4 h of processing, even small amounts of Na-bentonite 
(0.15 wt%) can be effective in modifying the chemical composition of the waste vegetable 
oil. 

Taking into consideration the PCA outcomes, Na clay was selected as reference ma-
terial for a more detailed study (Section 3.1). 

Figure 1. FT-IR spectra of edible oil Elio, Used Vegetable Oil (UVO), and UVO filtered, respectively)
on Na and Ca clays (2 and 4 h).

As expected, from a visual inspection of the FT-IR spectra it is not possible to distin-
guish between edible, waste, and treated samples. This is due to the fact that the changes
in the chemical composition of a vegetable oil prior and after frying are really minimal
and the overall nature and distribution of the fatty acids profile becomes almost identi-
cal [28]. Even the regeneration of UVOs by treatment with clays did not change the overall
chemical profile. In fact, it retains solids and small particles (as metal traces), and can affect
the distribution of the volatile fraction [24], which is difficult to observe by qualitative
FT-IR. Nevertheless, most of the information is hidden in the spectra raw data and it is
possible to extract it by opportune multivariate analysis for building a chemical fingerprint
characteristic of each type of oil. This technique has been already applied to GC-MASS [26],
X-ray [29], NMR [30], FT-IR, and UV-VIS [31] raw data of vegetable oils.

In this context, Analysis of the Variance (ANOVA) and a Principal Component Anal-
ysis (PCA) was performed in order to determine the distances between each family of
samples (Figure 2).
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Figure 2. 3D PCA plot of edible, waste, and treated oil samples.

From the 3D PCA plot reported in Figure 2, it is possible to notice that all the samples
turn out to be different, indicating the possibility of classifying the considered oils on the
basis of the FT-IR profile. Edible Elio oil can be located in the down-left corner of the plot,
far away from waste UVO (up-left), indicating that the frying process has affected the
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chemical composition of the vegetable oil. Regarding the treated samples, UVO treated for
2 h with Na clay or for 4 h with Ca clay seem to have a similar fingerprint, while between
the samples processed for 4 h with Na clay and for 2 h with Ca clays, the first one appears
as more similar to the original edible oil (Figure 2, yellow spot).

Additional FT-IR spectra were registered after 24 h of treatment as reported in the
Supplementary Material (Figure S1). In that case, no relevant changes were observed
with respect to the spectra recorded after 4 h, confirming the completion of the treatment
in short times. This indicates that after 4 h of processing, even small amounts of Na-
bentonite (0.15 wt%) can be effective in modifying the chemical composition of the waste
vegetable oil.

Taking into consideration the PCA outcomes, Na clay was selected as reference mate-
rial for a more detailed study (Section 3.1).

As the FT-IR analyses revealed a different fingerprint related to samples treated with
different bentonites or even in different conditions, a detailed analysis of some physical
properties of the oil prior and after treatment was performed. In particular, the pH,
conductivity, TDS, turbidity, and density were measured for untreated and treated samples
(Table 1).

Table 1. Physicochemical parameters for samples of edible oil (EO), UVO, Na, and Ca treated oils.

EO UVO
Ca Treated Na Treated

2 h 4 h 2 h 4 h

pH 5.507 5.104 7.05 6.75 6.68 6.39

σ
(

µS
cm

)
0.1 0.1 1.23 0.8 1.7 0.9

TDS 0 0 1 1 2 1

salinity 1 n.d. n.d. n.d. n.d. n.d. n.d.

turbidity (UTN) 0 69 26 57 37 14

density 0.938 0.9048 0.9221 0.9212 0.9215 0.9224
1 n.d. stands for not detected.

The aim of the physicochemical analyses was to determine which conditions were
more suitable for recycling waste vegetable oil samples for further industrial applications.

From the data reported in Table 1 it is possible to compare the performances of Na-
and Ca-based bentonites. The first relevant aspect regards the variation of the pH, which
ranges between about 5 and 5.5 points for edible and waste oils and increases between
1 and 1.5 units after treatment with clays. The lower values of pH observed after 4 h with
respect to the ones registered after 2 h indicates that the system has reached an equilibrium
in some point between in this window of time (2–4 h). Considering the basic nature of the
clays herein used (10.8 for Na- and 9.88 for Ca-based ones), the protocol herein reported
can be successful employed for acidic waste oils which cannot be delivered to a pilot plant
if the pH value results lower than 3 units.

The increment of polar compounds and chemical groups in the treated oil is also
reflected by the increment of the conductivity after 2 h, which seems stabilized after 4 h and
shows even lower values that the ones observed in the edible and waste samples (0.8 for
Na and 0.9 for Ca, respectively, against 0.1 of EO and UVO).

The increasing of TDS (both after 2 and 4 h) reveals the formation of dissolved matters
in the analyzed samples. However, the measurements of the salinity suggest the absence
of dissolved salts, indicating the non-ionic nature of the TDS. Regarding the turbidity, it
increases to 69 NTU after frying, in agreement with the low transparency of the waste oil
observed by a visual inspection. Probably, leaching from food and oxidation of the oil fatty
acids produce and waxes and esters with high molecular weight. On the other side, the
turbidity value decreased in the treated oils and after 4 h of treatment it results closer to
the initial value relative to the oil before frying.
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Regarding the density, which is affected by temperature, it decreases from 0.938 to
0.905, according to the observation of Sahasrabudhe and coworkers [31].

The analysis of the physical parameters reported in Table 1 confirm the preliminary
indications obtained by the multivariate analysis based on the FT-IR data. In fact, consider-
ing the low amount of bentonite employed in each experiment (clay/oil ratio 0.15 wt%),
the variation of the chemical composition, and thus of the physical parameters, obtained
after 2 h and consolidated after 4 h, is excellent for a partially recycled vegetable oil.

2.2. Characterization of Na-Based Clay

The analysis of the chemical fingerprints of the partially regenerated oils, as well
the variation of the physical parameters (especially turbidity) reported in Table 1 and
discussed in the previous paragraph, highlighted the best performance of the Na-clay.
As the bentonites herein tested are not commercially available, a characterization of the
Na-clay used would facilitate the understanding of which microstructural characteristics
are requested in order to reach the recycling performances reported. With this aim, N2-
physisorption analysis and a TEM study were conducted. Bentonite pertains to the family
of montmorillonite and thus it is characterized by the presence of Mg and Al as dominant
components. The typical montmorillonite structure is organized in a series of layers
made of a sandwich of one octahedral alumina sheet between two tetrahedral silica sheets
(TOT) [26]. A random number of the tetrahedral Si atoms it is usually replaced by Al
or Mg and/or by elements with a lower oxidation number. This arrangement produces
a surface negatively charged which is balanced by the presence of inorganic cations as
Na+ and Ca2+ located in the interlayer spaces [32]. Usually, the nature of these cations as
well as the resulting pore size determine the behaviour of the specific bentonite and its
application [33,34].

The bentonite herein employed was not modified or activated in any way, so a
chemical-physical characterization was conducted in order to gain some knowledge about
its structural features.

Samples of Na clay were subjected to N2 physisorption analysis. The considered sam-
ples exhibit a type IV isotherm and H2-isotherm loop, typical characteristic of mesoporous
materials. Na clay shows a surface area of about 20 m2/g and a pore size distribution
centred about at 4 nm (Figure 3).
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TEM pictures (Figure 4) were used to elucidate the microstructure characteristics of the
Na clays, which as expected were found to be unstructured. It is possible to observe that
the clay layers are aligned in a parallel manner with the expansion of the interlayer space.
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The elementary analysis with EDAX data, reported in Table 2, highlights the presence of
Na alkaline metal in the type of clay.
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Table 2. EDAX data for Na clays.

Elements Na Clays Weight %

C 23.84
O 42.94

Na 2.72
Mg 2.85
Al 7.19
Si 19.43
K 0.16
Fe 0.83

Finally, FT-IR spectroscopy was used to characterize the main chemical groups of Na
clays and to determine any variation induced during the oil treatment (Figure 5).

The signals corresponding to the main chemical groups present in bentonite sam-
ples are in agreement with the same analysis performed on similar samples of Sardinian
bentonite [35]. In particular, the typical bending vibration peak at 917 cm−1 (Al-Al-OH),
519 cm−1 (Si-O-Al), and 419 cm−1 (Si-O) confirm the montmorillonite structure of the
bentonite [36]. Additionally, stretching of the –OH group of intra-layers water can be
observed respectively at 3436 cm−1 and 1636 cm−1. Additional FT-IR spectra of the Na
clays after 24 h of treatment are reported in the Supplementary Material (Figure S1).
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3. Materials and Methods
3.1. Raw Materials

Commercial edible frying oil Elio brand (80% soya and 20% sunflower) form Algerian
market (ELIO) was analysed and after that used for 10 cycles of deep frying, generating
the samples of UVO herein discussed.

Two types of clays (sodium, Na, and calcium, Ca) were brought from a natural cave
in the Maghnia region in Western Algeria, by National Company of Non-Ferrous Mining
Products (ENOF).

3.2. Physico Chemical Analyses

Conductivity meter Inolab type (from German manufacturer represented, in Algeria,
by the commercial company HEXX) was employed for measuring the conductivity, salin-
ity, and TDS (total dissolved solids). Electrical conductivity characterizes the ability of a
material or a solution to allow electrical charges to move freely and therefore allow the
passage of an electrical current. Salinity refers to the quantity of salts dissolved in a liquid,
in particular water, which is a powerful solvent for many minerals. Salinity should not
be confused with the hardness of the water, which is related to its dosage of calcium and
magnesium. Total dissolved solids (TDS) represents the total concentration of substances
dissolved in water. pH meter Inolab Level 1 brand (from Germany manufacturer repre-
sented, in Algeria, by the commercial company HEXX), with a digital display fitted with a
combined glass electrode was used for determining the pH of the samples.

Turbidimeter HACH DR/800 Colorimeter brand (from Germany manufacturer rep-
resented, in Algeria, by the commercial company HEXX) used to measure the turbidity
which refers to the content of a fluid in matters which disturb it.

Density was determined by the classical volumetric method as the ratio between the
density ($) of the oil and the water (Equation (1)).

d = $(oil)/$(water) with $(oil) = m/v (1)
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Fourier Transform Infrared spectrometer Perkin Elmer type (Model SPECTRUM 100,
from USA manufacturer represented, in Algeria, by the commercial company HTDS) was
used to characterize oils and clays before and after processing, as well as the bentonite
samples.

N2 sorption isotherms were collected on a Sorptomatic 1990 instrument (Fisons Instru-
ments, Thermo Instrument Systems Inc., Waltham, MA, USA) and the data were analysed
according to BET and BJH methods [37,38]. The following experimental procedure was
used: 200 mg of sample were located in a quartz tube and degassed under high vacuum
(1 × 10−3 bar) at 250 ◦C for 24 h and the residual volume was evaluated through helium
before the measurements.

The transmission electron microscopy (TEM) was performed on a Fei Technai 200 kV
instrument (Thermo Fisher Scientific, Waltham, MA, USA) operated at an accelerating
voltage of 200 kV. EDAX (energy dispersive X-ray spectroscopy) spectrum was recorded for
elementary analysis. The analysis of TEM data and images was carried out using Digital
Micrograph (Gatan, Inc., Pleasanton, CA, USA) and TIA software (Thermo Fisher Scientific,
Waltham, MA, USA).

3.3. Experimental Protocol

On a laboratory scale, about 100 g of UVO was mixed with 15 mg of Na or Ca clay and
the mixture stirred for 2 h and 4 h. The ratio clay/waste oil was 0.15 wt% which is about
ten times less than the usual amount employed for vegetable oil bleaching (1–3%) [39].
Regarding the processing timing, considering the low clay/oil ratio, short treatments
(30 min or 1 h) were not considered. The resulting product was filtered on a funnel
equipped with a small cotton portion. Then, the processed oil was analysed without any
further treatment while the residual clay was dried before analysis.

4. Conclusions

Processing of vegetable oils (both edible and waste) by treatment with natural clays
represents a pivotal step in several industrial processes. The effectiveness of the procedure
combined with the wide availability of cheap and sustainable natural clays represents an
incentive to the developing of optimized treatments. A preliminary screening between two
types of Algerian clay revealed different performances of Na- or Ca-based bentonites, with
the first one being more effective for the regeneration of waste vegetable oils arising from
deep frying. A chemical fingerprint of commercial, waste, and recycled (under different
conditions) samples was determined by statistical multivariate analysis of FT-IR data.
Comparison of the different fingerprints revealed as even small variations in the procedure
(e.g., 2 or 4 h) can have not negligible consequences on the chemical composition of the
samples. The analysis of some physical parameters, such as pH, conductivity, TDS, salinity,
turbidity, and density, confirmed the statistical results, revealing that 4 h of treatment
with Na-clays represents the best compromise for obtaining a recycled oil matrix ready
to be further processed. Thus, an improved protocol, which employs low clay/oil ratio
(0.15 wt%) and reasonable processing times (2–4 h), was developed and described. Finally,
a specific characterization of the Na-clay was conducted by meaning of N2 physisorption,
SEM microscopy, and FT-IR spectroscopy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/recycling6040068/s1, Figure S1: FT-IR spectra of waste cooking oil sample (WCO) and samples
treated with Na-clays (TCO) after 4 and 24 h, Figure S2: FT-IR spectra of edible cooking oil (CO),
waste cooking oil (WCO) and 24 h treated cooking oil with Na-clay (TCO), Figure S3: FT-IR spectra
of Na-caly prior (SC) and after 24 h of waste cooking oil treatment (SC 24 h), Figure S4: Cooking oil
(CO), Waste Cooking Oil (WCO), 2 h treated sample (TCO 2 h), and 4 h treated samples (TCO 4 h)
with Na-clay.

https://www.mdpi.com/article/10.3390/recycling6040068/s1
https://www.mdpi.com/article/10.3390/recycling6040068/s1
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