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Synchronous front-face fluorescence spectroscopy has been developed for the discrimination of used
frying oil (UFO) from edible vegetable oil (EVO), the estimation of the using time of UFO, and the
determination of the adulteration of EVO with UFO. Both the heating time of laboratory prepared UFO
and the adulteration of EVO with UFO could be determined by partial least squares regression (PLSR).
To simulate the EVO adulteration with UFO, for each kind of oil, fifty adulterated samples at the
adulterant amounts range of 1-50% were prepared. PLSR was then adopted to build the model and both
full (leave-one-out) cross-validation and external validation were performed to evaluate the predictive
ability. Under the optimum condition, the plots of observed versus predicted values exhibited high
linearity (R? > 0.96). The root mean square error of cross-validation (RMSECV) and root mean square error
of prediction (RMSEP) were both lower than 3%.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The so-called “gutter oil”, or namely, “recycled cooking oil”, is
currently a food safety topic of wide public concern (Lu & Wu,
2014). It is a term to describe illicit cooking oil which has been
recycled from waste oil collected from restaurant fryers, grease
traps, slaughterhouse waste and etc (Lu & Wu, 2014). The longtime
and recycled use of frying oil and the adulteration of fresh edible
vegetable oil (EVO) with used frying oil (UFO) are important
aspects of “gutter oil”, considering that frying may be one of the
most traditional and popular cooking methods throughout the
world. It has been reported that almost half the orders in canteens
and restaurants incorporate at least one fried item (Hein, Henning,
& Isengard, 1998). However, during the frying process, several
nutritional components in EVO such as tocopherols (Vitamin E),
amino acids, fatty acids and chlorophylls are deteriorated, and
hydrolyzation, oxidation and thermal reactions yield oxidized
and polymerized products that are undesirable from a healthy
point of view (Brenes, Garcia, Dobarganes, Velasco, & Romero,
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2002; Choe & Min, 2007; Quaglia, Comendador, & Finotti, 1998).
Actually, more than 400 kinds of heat-induced compounds have
been found in UFO (Sebastian, Ghazani, & Marangoni, 2014).
Among them, many can be absorbed into the fried items and have
been shown to be harmful to health after intake. For instance, the
cis-trans isomerization may be caused during heating and the
intake of extensive amounts of isolated trans-fatty acids has been
associated with arteriosclerosis and heart disease (Dréau, Dupuy,
Artaud, Ollivier, & Kister, 2009).

After longtime high temperature treatment contacted with var-
ious foods, several kinds of toxic compounds may be yielded and
introduced into UFO, such as acrylamide, polyaromatic hydrocar-
bons, heavy metals, aldehydes and ketones. Therefore the physical
and chemical properties of UFO including acid value, peroxide
value, iodine value and conductivity would significantly change.
However, after conventional refining process including filtering,
degumming, neutralizing, bleaching and deodorization, the
above-mentioned compounds could be removed from UFO and it
is not easy to distinguish between EVO and refined UFO solely
based on the traditional physical-chemical indicators (Lu & Wu,
2014). Actually in real-world, the illegal merchants sometimes do
not change fresh EVO with the UFO completely but just add the
UFO to fresh EVO at uncertain ratios (He et al., 2013), which makes
the differentiation between fresh and adulterated EVO and the fur-
ther quantification of the adulteration even more challenging.
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Considerable efforts have been paid to the quality assessment
of EVO after thermal treatment, based on chromatography (Tu, Li,
Wau, Zhao, & Li, 2014) and various spectroscopies including UV-
visible (UV-vis) (Gongalves, Marco, & Valderrama, 2014; Hamed,
abo El-Wafa, El-Ghorab, & Shibamoto, 2011; Liu et al, 2013;
Zhang et al., 2015), nuclear magnetic resonance (NMR) (Zhang,
Saleh, & Shen, 2013), near-infrared (NIR) (Engelsen, 1997; Zhou,
Liu, & Li, 2015), Fourier transform infrared (FT-IR) (Engelsen,
1997), FT-Raman (Engelsen, 1997) and fluorescence (Mas,
Bouveresse, & Birlouez-Aragon, 2004; Poulli, Chantzos, Mousdis,
& Georgiou, 2009). Among these spectroscopies, fluorescence
spectroscopy owning the advantage of high sensitivity and selec-
tivity has been demonstrated to be highly effective for food
authentication (Dankowska & Matecka, 2009; Dankowska,
Matecka, & Kowalewski, 2013; Karoui & Blecker, 2011; Kunz,
Ottaway, Kalivas, Georgiou, & Mousdis, 2011; Poulli, Mousdis, &
Georgiou, 2006, 2007; Sikorska, Gérecki, Khmelinskii, Sikorski, &
Koziot, 2005; Sadecka & Toéthova, 2007; Wojcicki et al., 2015).
Although the monitoring of the deterioration of EVO, especially
extra virgin olive oil during heating via fluorescence spectroscopy
has been well-documented (Cheikhousman et al., 2005; Guzman,
Baeten, Pierna, & Garcia-Mesa, 2015; Kongbonga, Ghalila, Majdi,
Feudjio, & Lakhdar, 2015; Poulli, Mousdis, & Georgiou, 2009;
Tena, Garcia-Gonzalez, & Aparicio, 2009; Valderrama, Marco,
Locquet, Ammari, & Rutledge, 2011), the application of fluores-
cence to the qualification and quantification of UFO was few.
Engelsen (1997) compared several spectroscopies for determining
the deterioration of UFO and fluorescence was proved to be the
best model for anisidine value, oligomers, iodine value and Vita-
min E. Poulli, Chantzos et al. (2009) monitored the quality change
of several kinds of EVO during thermal stress by total syn-
chronous fluorescence. In the above two studies, traditional
right-angle geometry was adopted. Compared with the conven-
tional right-angle geometry, the front-face strategy can reduce
the primary and secondary inner filter effects occurring in
strongly absorbing samples. It can reflect the intrinsic fluores-
cence property of bulk food samples and can be used for the rapid
and non-destructive detection (Karoui & Blecker, 2011). However,
to the best of our knowledge, the utilization of front-face fluores-
cence spectroscopy for the detection of UFO has not been
reported.

Herein, we report the discrimination of UFO from EVO, the
rough estimation of the frying time of UFO and the determination
of EVO adulteration with UFO based on synchronous front-face flu-
orescence spectroscopy. The object of this work is to develop a
simple, rapid and non-destructive method for the qualification
and quantification of the adulteration with UFO, providing a novel
solution for the detection of “gutter oil”.

2. Materials and methods
2.1. Oil samples

The most frequently used EVO for frying foods in China includ-
ing colza oil (CO), palm oil (PO) and soybean oil (SO) samples were
purchased from online or local supermarkets (Table 1). The botan-
ical origin and quality of all the samples were guaranteed by the
manufacturers. All the samples were produced in 2015 and stored
in the dark at room temperature prior to analysis. As there were
only several brands for each botanical origin commercially avail-
able in local and online markets whose quality could be guaran-
teed, only three to five renowned brands per botanical origin
were studied. The numbers of CO, PO and SO samples were four,
three and five, respectively. Two real-world UFO samples were col-
lected from local twisted cruller and fried chicken sellers in college
canteens (Table 1). Simulated UFO samples were prepared from
fresh EVO by thermal treatment. Specifically, 30.0 + 0.1 mL fresh
oils were added to 40 mL cylindrical porcelain crucibles (the inner
diameter of its cross section was 4.0 cm) and then transferred into
a drying oven previously heated at 180 £ 1 °C. The area of the upper
surface of the oil which was in direct contact with the air was
12.6 cm? and the ratio of such area and the volume was
0.42 cm~! (12.6 cm?/30 cm?). While the surface area/volume ratio
for thermal treatment of oils was 1.84 cm™! (55.2 cm?/30 cm?).
Samples were heated in air at 180+ 1 °C for 0.5, 1, 2, 3, 5, 6, 8,
12, 16, 24, 32, 40 and 48 h, respectively. The crucibles were left
open during heating. The samples were only heated at daytime
(9:00-17:00, 8 h). Hence the samples heated no more than 8 h
were obtained within one day by continuous heating and those
heated more than 8 h were prepared on several successive days.
Each day after thermal treatment, the oils were left in the porcelain
crucibles and naturally cooled to room temperature. During the
nights without heating, the samples were stored in the dark at
room temperature.

Due to the deep color after longtime use, the raw real-world
UFO samples were processed by bleaching with activated clay
(Zhang et al., 2013). During the heating of UFO at 85-90 °C, 10%
activated clay was introduced. The mixture was stirred for
30 min, cooled to room temperature and filtered by gauze. The fil-
trate was centrifuged at 4000 r/min for 10 min and the supernatant
was collected. The obtained discolored UFOs were stored in the
dark at room temperature and were analyzed within three days.

The adulterated edible oil samples were prepared by adding an
adulterant to the corresponding fresh oil at amount range of 1.0-
50 mL/100 mL with 1.0 mL interval. Thus, for each adulterant, fifty
adulterated oil samples were obtained (n = 50). The adulterant was
the corresponding oil which had been heated at 180 + 1 °C for 24 h.

Table 1
Edible vegetable oil (EVO) and used frying oil (UFO) samples investigated in this study.
Classification Sample code Botanical origin Brand Geographical origin Source
EVO C1 Colza Luhua China Online retailer
2 Colza Youyihua China Online retailer
C3 Colza Xiancan China Online retailer
C4 Colza Evergrande China Online retailer
P1 Palm Weini Malaysia Online retailer
P2 Palm Gaysorn Thailand Online retailer
P3 Palm Textron Spain Online retailer
S1 Soybean Fulinmen China Local supermarket
S2 Soybean Jinlongyu China Local supermarket
S3 Soybean Yuanbao China Online retailer
S4 Soybean Jiusan China Online retailer
S5 Soybean Evergrande China Online retailer
UFO UFO1 Soybean Yuanbao China Twisted cruller fryer
UFO2 Soybean Unknown China Fried chicken fryer
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Simulated UFOs and real-world UFOs after bleaching were both
selected as the adulterant for the corresponding fresh oil from
the same botanical origin. Besides, the adulteration of the mixture
of five SO samples S1-S5 was also tested to demonstrate the prac-
tical applicability of the method. The five SO samples were mixed
in the same proportion and the mixed oil that had been heated at
180+ 1 °C for 24 h was added to the mixture at amount range of
1.0-50 mL/100 mL with 1.0 mL interval.

2.2. Synchronous front-face fluorescence spectroscopy

Fluorescence spectra were obtained with an F-4600 spectroflu-
orometer with a 950 W xenon lamp source (Hitachi, Japan). The slit
widths for excitation and emission were both 2.5 nm. The front-
face geometry of neat oils was used for the spectra acquisition with
a 5 x 10 mm fused-quartz cuvette. The incidence angle of the exci-
tation radiation was 22.5°. The excitation and emission in the 250-
500 nm range with a wavelength resolution of 1 nm were scanned
simultaneously with a constant wavelength interval (A)L) between
them. Spectra were recorded at A) values of 20, 40, 60, 80 and
100 nm for each sample. Fluorescence intensities were plotted as
a function of the excitation wavelength. For each sample three
spectra were measured successively and the average of the three
replicates was used for further analysis.

2.3. Statistical analysis

Prior to statistical analysis, the standard normal variate (SNV)
pretreatment was adopted to correct for possible baseline shift
and global intensity changes in the fluorescence data. Principal
component analysis (PCA) and partial least squares regression
(PLSR) were performed using Unscrambler 9.7 (CAMO, Norway).
PCA was applied to the fluorescence data obtained after different
thermal treatment time. The differentiation of fresh EVOs from
the three botanical origins and the corresponding UFOs was then
achieved by linear discriminant analysis (LDA) based on the first
five PCs with eigenvalues higher than one by using IBM SPSS
19.0 (IBM, USA). PLSR was executed to estimate the thermal treat-
ment time and the full (leave-one-out) cross-validation was used to
assess the predictive ability of the model. Root mean square error
of calibration (RMSEC), coefficient of determination for calibration
(R?), root mean square error of cross-validation (RMSECV) and coef-
ficient of determination for cross-validation (R%,) were calculated.
The optimal number of PLSR components was decided by plotting
the RMSECV versus the number of components and determining
the minimum of the plot.

For the adulteration determination, both full cross-validation
and external validation were employed. For each adulterant, fifty
adulterated EVO samples were sorted by the adulterant
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concentration and every five sample was injected into the test
set (n=10). The remaining samples composed the training set
(n =40). The training set was used to build PLSR models and was
validated by full cross-validation. RMSECV and R?, were obtained.
The optimal number of PLSR components was decided by plotting
the RMSECV versus the number of components and determining
the minimum of the plot. The test set was then used to evaluate
the predictive ability of the built models. RMSEC, root mean square
error of prediction (RMSEP) and the corresponding coefficient of
determination for prediction (Rf,) were determined.

3. Results and discussion

3.1. The preparation of simulated UFO samples by thermal treatment
and the selection of real-world UFO samples

As the extrinsic compounds yielded and introduced into UFO
during frying process can be removed by conventional refining
process including filtering, degumming, neutralizing, bleaching
and deodorization, the simulated UFO samples were obtained by
heating the neat EVO at 180 °C without frying any food. However,
due to the high complexity and uncertainty of the real-world UFOs,
the complete simulation by heating oil at laboratory is impossible.
Thus in this study the laboratory heated oil samples were prepared
to represent the real-world UFOs to some extent. We primarily
focused on the intrinsic change of EVO after thermal treatment.

Two real-world UFO samples were obtained from local twisted
cruller and fried chicken sellers in college canteens. Twisted cruller
and fried chicken may be the most popular frying foods in China.
The frying oils used here were both SO as told by the fryers. The
brand of UFO1 was Yuanbao which was the same as sample S3,
however, the brand of UFO2 was not announced. UFO1 had been
used for about one week and the color of the oil was still yellow
but became a little darker. UFO2 had been used for at least two
weeks and its color had already changed to deep brown. After
the bleaching with activated clay, the color of UFO1 recovered to
normal and can hardly be discriminated from the fresh EVO by
naked-eye. The color of UFO2 became much lighter but was still
darker than the fresh EVO. However, it was still not easy to discern
the adulteration of EVO with UFO2 at low ratios.

3.2. Synchronous front-face fluorescence spectra of EVO and UFO

The fresh EVO samples showed relatively stronger fluorescence
at A\ =60 and 80 nm, followed by A\ =40 and 100 nm, and much
weaker fluorescence could be observed at Ax =20 nm (Fig. 1a). The
fluorescence maxima shifted from 365 to 335 nm with increasing
A from 20 to 100 nm, which is normally observed in synchronous

fluorescence. The major compounds responsible for the
2000 - S3
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Fig. 1. (a) Synchronous fluorescence spectra of sample S3 at different Ax. (b) Synchronous fluorescence spectra at Ax = 60 nm of sample S3, a simulated UFO made from S3 by

heating at 180 °C for 48 h and a real-world sample UFO1 before and after bleaching.
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fluorescence in this range are phenolic antioxidants and other
intrinsic fluorophores in oils (Poulli, Chantzos et al., 2009). The
weak band around 300 nm is the characteristic of Vitamin E, which
was verified by the comparison of the fluorescence of Vitamin E
standard and Vitamin E spiked EVO. After thermal treatment at
180 °C, the fluorescence of the EVO changed dramatically. For
example, as can be seen from Fig. 1b, the fluorescence maxima of
the sample S3 heated at 180 °C for 48 h becomes much weaker.
The original fluorescence from 300 to 400 nm almost disappears.
A new band centered at 440 nm arises, along with a weaker should
peak at 395 nm. These emerging fluorescence bands can be
ascribed to the oxidation products (Poulli, Chantzos et al., 2009).
The fluorescence of the raw real-world UFO1 before pretreatment
displayed distinct pattern compared with the fresh EVO. The bands
belonging to the oxidation products are significantly strong, sug-
gesting the high degree of lipid oxidation after longtime frying.
While after bleaching, these bands become a little weaker, indicat-
ing the partial removing of the oxidation products by the adsorp-
tion of activated clay. The real-world UFO1 showed similar
fluorescence to the simulated UFO heated for 48 h. Interestingly,
UFO1 had been actually used for about one week. Such coincidence
demonstrates that the rough estimation of the frying time of UFO
by the observation of synchronous fluorescence changes of the
oil is feasible. The remarkable changes in fluorescence are mainly
attributed to the deterioration of Vitamin E, phenolic antioxidants
and other intrinsic fluorophores in oils and the lipid oxidation after
longtime thermal treatment.

The time response of the simulated UFO was carefully exam-
ined. The typical time-dependent fluorescence changes of sample
S3 toward thermal treatment is depicted in Fig. 2. Within 2 h of

A2 =60 nm
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Fig. 2. Time-dependent changes of synchronous fluorescence spectra at AA = 60 nm
of sample S3 with thermal treatment at 180 °C for 0-48 h.

thermal treatment, the oils present similar synchronous fluores-
cence, and along with the further thermal treatment, the fluores-
cence at 300 nm belonging to Vitamin E and the bands related to
the phenolic antioxidants and other intrinsic fluorophores both
gradually reduce, indicating the continuing deterioration of these
compounds. After heated for 5h, the EVO intrinsic fluorescence
diminishes to only no more than half of the initial, and after 8 h,
such fluorescence nearly disappears, showing the almost com-
pletely deterioration of the intrinsic fluorophores in EVO. On the
other hand, a new peak at 440 nm appears at 8 h and then
increases dramatically, which demonstrates that the lipid oxida-
tion largely occurs after 8 h heating and then strengthens with
the further thermal treatment. This result is in good agreement
with the observation of Poulli, Chantzos et al., 2009 that the fluo-
rescence of several EVOs in the region of 400-450 nm increased
after 8 h at 190 °C due to the formation of secondary oxidation
products. The time response of the simulated UFO reveals that dra-
matic changes take place after 2-8 h of thermal treatment at
180 °C which may be used as the critical point to differentiate
UFO and EVO. The frying oils used for no more than 2 h can be
regarded as fresh oils or oils in-use and those used for at least
8 h should be treated as wasted UFO and had better be discarded.

3.3. Discrimination of UFO from EVO

To reduce the data dimensionality, to reveal the underlying
variables, and to present the fingerprints more clearly, PCA was
executed to the raw data from the synchronous fluorescence spec-
tra of the EVOs and UFOs. Fig. 3 shows the obtained PCA scores and
loading plot. In general, the EVO and UFO can be roughly differen-
tiated using the first two PCs. The fresh POs (heated for 0-2 h)
mainly locate in the first quadrant and the brands from different
countries are scattered, which can be explained by the varied com-
position of fluorescent species related to the geographical origins.
Compared with the fresh POs, the used POs (heated for 5-48 h)
obtain lower scores in the first PC. The fresh COs and SOs are
tightly clustered in the fourth quadrant while the used ones mainly
shift to the second and third quadrants. The PCA result is in agree-
ment with the observation in the time response of the fluorescence
of the simulated UFO.

The loading plot shows the dominating factors responsible for
the discrimination. The first PC is highly related to the fluorescence
in 300-400 nm which is mainly attributed to Vitamin E, phenolic
antioxidants and other intrinsic fluorophores. The second PC lar-
gely corresponds to the fluorescence in 400-450 nm, and this
range belongs to the secondary oxidation products. Such result
proves that the intrinsic fluorophores in EVO is the critical compo-
nent that mostly helps distinguishing the UFO and EVO, while the
amount of oxidation products plays a secondary role for the
discrimination. Currently Europe is the only region that owns reg-
ulations on UFO based on the test of total polar compound (TPC)
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Fig. 3. PCA score (a), loading (b) and LDA score (c) plots from synchronous fluorescence spectra at Ax =60 nm for discrimination of the EVOs with thermal treatment at

180 °C for different times.
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(Sebastian et al., 2014). TPC is highly related to the oxidation prod-
ucts. Here we show that the intrinsic fluorophores in EVO can also
be used as an indicator for the frying oil quality. However, as the
content of Vitamin E and phenolic antioxidants in EVO is largely
reliant on the botanical origin and the loss of Vitamin E may also
occur after package depending on various storage conditions such
as exposure to radiation, oxygen and high temperature (Goncgalves
et al., 2014), the real applicability of using Vitamin E and phenolic

—~
Q
N—
—~
O
~—

antioxidants to characterize UFO needs further investigation using
large number of oil samples.

LDA was then performed to distinguish the fresh EVOs (heated
for 0-2 h) and UFOs (heated for 5-48 h). The obtained LDA score
plot shown in Fig. 3¢ exhibits a preliminary isolation of the fresh
EVOs and UFOs, which mainly locate in the upper right half and
lower left half of the plot, respectively. However, the used CO
and SO samples are still severely overlapped with each other.
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Fig. 4. Predicted versus actual thermal treatment time at 180 °C of samples C2 (a), P2 (b) and S3 (c) based on the synchronous front-face fluorescence spectra under optimum

conditions (see Table S1).
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Although the fresh CO and SO samples can be separated by fluores-
cence based on their different intrinsic fluorophore profiles, the
differentiation of the used CO and SO samples solely by fluores-
cence is hard to achieve, possibly due to the deterioration of the
intrinsic fluorophores and the formation of similar oxidation prod-
ucts. Nevertheless, it does not influence the discrimination of UFOs
from EVOs.

3.4. Determination of the using time of UFO

By using PLSR, the thermal treatment time of the simulated
UFOs can be estimated (Fig. 4). All the EVO samples were tested
and the optimum conditions for regression and the regression
results are listed in Table S1 (Supplementary Data). Most of the
optimal A) for regression locate in 60-100 nm, which is in accor-
dance with the Stokes shift of Vitamin E and the secondary oxida-
tion products (Poulli, Chantzos et al, 2009). Under these
conditions, the plots of observed versus predicted values exhibit
good linearity. The R%, values are all higher than 0.9. The RMSECV
range from 0.8 to 5.2 h and most of them are no more than 3 h.

To verify the applicability of this method to predict the frying
time of real-world UFO samples, UFO1 was set as the testing sam-
ple based on the built model using the simulated UFO made from
S3 as the calibration set. The frying time of UFO1 was calculated
to be 51h, which was not largely deviated from the fact that
UFO1 had been actually used for about one week. The above results
suggest that the PLSR model based on synchronous fluorescence is
competent for the rough estimation of the frying time of UFO.

3.5. Quantification of the EVO adulteration with UFO

To simulate the adulteration of EVO with UFO, each one sample
from each botanical origin of EVO after thermal treatment at
180 °C for 24 h and two real-world UFO samples were selected as
the adulterants. Besides, the mixture of all the SO samples was also
tested. The fresh EVO was mixed with the corresponding UFO at
different ratios of 1-50% (v/v). The determination of EVO adulter-
ation with UFO based on the synchronous front-face fluorescence
was attempted by PLSR. The optimum conditions obtained after
the rational selection of A are listed in Table S2 (Supplementary
Data). As shown in Fig. 5, high linearity is presented in the plots
of observed versus predicted values, for laboratory prepared UFOs,
real-world UFOs and even mixed oil. The slopes and intercepts are
close to 1 and 0, respectively. The RZ, and R3 values are at least 0.96.
The RMSECV and RMSEP are all lower than 3%. These results demon-
strate that the built model is effective for the detection of EVO adul-
teration with UFO at low adulteration levels.

4. Conclusion

In conclusion, this study achieved the discrimination of UFO
from fresh EVO, the estimation of the frying time of UFO and the
determination of EVO adulteration with UFO. The simple, fast
and non-destructive qualification and quantification were based
on the combination of synchronous front-face fluorescence spec-
troscopy and multivariate analysis. The largest difference between
UFO and fresh EVO was pointed out to be the content of Vitamin E,
phenolic antioxidants, other intrinsic fluorophores in EVO and lipid
oxidation products. The rough frying time can be predicted via
monitoring the time response in fluorescence of the UFO. The adul-
teration of EVO with UFO can be determined by PLSR. Under the
optimum condition, the model presented high linearity and the
method could detect lower to 3% UFO adulterated in EVO. The high
convenience, rapidity and sensitivity of the proposed method
demonstrate that the synchronous front-face fluorescence

spectroscopy can be a promising measure for the detection of
“gutter oil”.
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