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a  b  s  t  r  a  c  t

Vegetable  cooking  oils  adulterated  with  inedible  used  oils  or impure  oils  have  posed  a  severe  food  safety
problem.  Current  detection  methods  cannot  meet  the needs  for rapid  detection  of  adulterated  oils  on  line
or in  field.  Therefore,  the  objective  of  this  research  was to  develop  a  rapid  optical  sensing  method  based
on fluorescence  quenching  of CdSe/ZnS  quantum  dots  (QDs)  for identification  of  adulterated  vegetable
cooking  oils.  High  quality  hydrophilic  photoluminescent  nanoparticles  were  synthesized  by  encapsulat-
ing  hydrophobic  QDs  into  the  micellar  structure  of an  amphiphilic  surfactant  cetyltrimethyl  ammonium
bromide  (CTAB)  via  phase  transfer  method.  TEM, AFM,  and  fluorescence  spectroscopy  were  used  to
characterize  the prepared  CTAB-coated  QDs.  Oil  samples  were  first  captured  into  the  core of  the  two-
layer-structural  micelle  and  then  the fluorescence  of CTAB-coated  QDs,  working  as fluorescence  probes,
was  selectively  quenched  by  components  of  the  adulterated  oils.  Heavy  metal  ions  and  free  radicals  were
presumed  to  be  main  quenchers.  After  quenching  for 1 min,  fluorescence  intensity  was measured  and
converted  to  quenching  percentage  to  determine  the  adulteration  concentration.  The  results  showed
that  in  comparison  with  oil-soluble  QDs,  water-soluble  CTAB-coated  QDs  had  a greater  ability  to identify

oil adulteration.  A good  quantitative  relationship  between  quenching  percentage  and  adulteration  con-
centration  (y = 5.96x  +  14.99;  R2 =  0.94)  was  obtained.  The  sensitive,  simple  and  low-cost  sensing  method
did  not  require  sample  pretreatment  and  could  detect  refined  used  oils  at 0.4%  or  higher  concentrations
in  soybean  oil within  2 min,  showing  great  potentials  for rapid  screening  of  used  oils  and  quantitative
analysis  of  used  oil  adulteration  in  field.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Inedible used oils refer to swill oils collected from kitchen
astes, waste cooking oils recycled from gutters, residual oils

tewed from animal fats, deep frying oils, and other inedible oils.
hey are always polluted by patterns of chemical toxins and poten-

ial carcinogens, including heavy metal ions, peroxides, trans fatty
cids, aflatoxin B1, and polycyclic aromatic hydrocarbons (PAHs),
epending on their sources or origins [1]. Though physical refining

∗ Corresponding author at: C523 Nong-Sheng-Huan Building, Zijingang Campus,
hejiang University, 866 Yuhangtang Road, Hangzhou, 310058, China.
el.: +86 571 88982536; fax: +86 571 88982536.

E-mail addresses: yanbinli@zju.edu.cn, yanbinli@uark.edu (Y. Li).

ttp://dx.doi.org/10.1016/j.snb.2014.07.008
925-4005/© 2014 Elsevier B.V. All rights reserved.
(filtration, washing and vacuum distillation) or chemical refining
(degumming, deacidifying, decolor/bleaching and deodorization)
are often used to reprocess used oils, some pollutants or impurities
are difficult to be completely removed and still remain in refined
used oils [1]. However, some products of vegetable cooking oils
adulterated with such kind of used oils or refined used oils were
found recently in the market of China [1,2]. Since long-term con-
sumption of such contaminated vegetable oils may cause serious
diseases or cancers [2], it is nationally recognized as a severe food
safety problem.

Many methods have been studied for determination of used

oils and identification of used oil adulteration, such as Infrared
(IR) [3–5], Raman [6,7], Thin Layer Chromatography (TLC) [8], High
Performance Liquid Chromatography (HPLC) [9], Gas Chromatogra-
phy (GC) [10], Mass Spectrometer (MS) [11], GC/MS [12], HPLC/MS

dx.doi.org/10.1016/j.snb.2014.07.008
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.07.008&domain=pdf
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13] and Nuclear Magnetic Resonance (NMR) [14]. Some of these
ethods target the exogenous pollutants of used oils, for example,

flatoxins and benzopyrene. However, the targeted pollutants may
e removed by specific refining treatments while non-targeted pol-

utants may  still remain in the oil, causing false-negative results in
etection. Some other methods target the endogenous substances
uch as oxidized triglycerides, triglyceride oligopolymers, modified
atty acids, and peroxides in used oils. However, these substances

ay  already exist in regular vegetable cooking oils, long-term
tored vegetable cooking oils, and the cooking oils just used in
rying foods, causing false-positive results. Other fingerprinting-
ased techniques combined with chemometrics were investigated
or authentication of vegetable oil adulteration [15,16]. After ana-
yzing all of the oil identification methods mentioned above, they
re either poor in specificity, low in sensitivity, time consuming,
r require a laboratory and a highly trained technician, which may
e unsuitable for rapid detection of adulterated oils on line or in
eld. Therefore, it is critical to develop a cost-effective authentica-
ion method with simple sample preparation for rapid screening of
ontaminants in vegetable cooking oils to ensure food safety and
uality.

Biosensors have a great potential for disposable or portable
evices used in rapid detection [17]. They are recognized as good
lternatives to sensitive laboratory-based techniques in some sit-
ations [18]. Sensors like electronic noses [19–21] and thin film
ased chips [22] have been reported for identification and clas-
ification of vegetable cooking oils. Nanomaterials such as gold
anoparticles [23], quantum dots [24], and carbon-based nano-
aterials [25] have been investigated in biosensing strategies to

nhance target recognition, amplify the signal, and improve the
ensitivity. Functional nanomaterial-based biosensors have shown
n increasing potential to detect chemical residues, toxins, heavy
etals, and organic contaminants in food samples [26]. Among

hem, semiconductor quantum dots (QDs) and functional QDs have
een studied for their excellent optical and electronic properties.
ne of QDs’ applications in biosensing methods is fluorescence
uenching. As already reported, in aqueous solutions, the fluo-
escence intensity of QDs could be effectively quenched by heavy
etal ions like Pb2+ [27], Cu2+ [28–30], or free radicals [31,32]. Our

reliminary tests indicated that several components or contami-
ants contained in used oils, such as heavy metal ions, free radicals,
lectron withdrawing groups, and conjugated carbon–carbon dou-
le bonds, could also quench the fluorescence of QDs.

Therefore, in this study, a rapid and low-cost sensing method
ased on fluorescence quenching of CdSe/ZnS quantum dots (QDs)
as investigated for detecting refined used oils. High quality
ydrophilic photoluminescent nanoparticles were synthesized by
ncapsulating hydrophobic QDs into the micellar structure of an
mphiphilic surfactant cetyltrimethyl ammonium bromide (CTAB)
ia phase transfer method in an emulsion system. The prepared
TAB-coated QDs were characterized by TEM, AFM and fluores-
ence spectroscopy. Fluorescence quenching with CTAB-coated
Ds as fluorescence probes were studied. The abilities of oil-soluble
dSe/ZnS QDs and water-soluble CTAB-coated CdSe/ZnS QDs in dis-
riminating used oils were compared. And in order to verify this
ethod, dozens of real used oil samples and vegetable cooking oils
ere analyzed.

. Experimental

.1. Reagents
Oil-soluble CdSe/ZnS core/shell quantum dots (QDs) with tri-
ctylphosphine oxide (TOPO) as surface stabilizing ligands and
exane as the solvent were purchased from Jiayuan Quantum
rs B 203 (2014) 697–704

Dots Co., Ltd. (Wuhan, China). Cetyltrimethyl ammonium bromide
(CTAB) was  obtained from Sangon Biotech Co., Ltd. (Shanghai,
China). Sodium hydroxide (NaOH) and hexane were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All the
reagents used were of analytical grade. All solutions were prepared
with double-distilled water produced by a Milli-Q Ultrapure water
system (Millipore, Billerica, USA) with the water outlet operating
at 18.2 M� cm.

2.2. Instrumentation and characterization

Transmission electron microscopy (TEM) imaging was carried
out for characterization of QDs and CTAB-coated QDs using JEM-
1230 (JEOL, Akishima, Japan) at 80 kV. For TEM sample preparation,
a drop of the diluted QDs solution or a drop of CTAB-coated QDs
solution after negative staining was  added to a carbon coated grid
and then dried in a fume hood. More morphology observations
were also performed using a Dimension Icon atomic force micro-
scope (AFM) system (Bruker, Santa Barbara, CA, USA) with tapping
mode. The samples for AFM imaging were prepared by depositing
a drop of diluted QDs solution on a freshly cleaved mica surface
and drying at room temperature in air overnight before observa-
tion. The ultraviolet and visible (UV–vis) absorption spectra were
obtained using Agilent 8453 UV–Visible Spectroscopy System (Agi-
lent Technologies, Santa Clara, CA, USA). The fluorescence spectra
were collected using Synergy H1 Hybrid Multi-Mode Microplate
Reader with Gen5 2.0 Data Analysis Software (BioTek Instruments,
Winooski, VT, USA). For the fluorometric analysis, flat bottom 96-
well plates (Corning Shanghai Company, Ltd., Shanghai, China)
were used.

2.3. Oil samples

Bottled first-grade vegetable cooking oils, including corn oil
(Brand A, China; Brand F, China; Brand C, China; Brand X, China),
rapeseed oil (Brand A, China), sunflower seed oil (Brand A, China),
and edible blended oil (Brand A, China; Brand F, China) were pur-
chased from local grocery stores. Three first-grade soybean oils in
bulk were provided by an oil company in Shandong Province, China.
Real used oils from different cities in China, including six crude
used oils (without any refining), four physical refined used oils (fil-
tered; washed with water for two  times; vacuum distillated), nine
bleached used oils (degummed; deacidified; decolorized/bleached)
were provided by State Key Laboratory of Food Science and Tech-
nology, Nanchang University, Nanchang, China. One refined used
oil (degummed; deacidified; decolorized/bleached; deodorized)
was obtained from a local market. The used oil samples were not
qualified for physical and chemical characteristics, such as the afla-
toxin B1 and benzo (a) pyrene contents, according to the National
Standard of the People’s Republic of China, GB 2716-2005 National
Hygienic Standard for Edible Vegetable Oil [2,8]. All the oil samples
are listed in Table 1.

2.4. Synthesis and characterization of CTAB-coated CdSe/ZnS QDs

The water-soluble CTAB-coated CdSe/ZnS QDs were synthe-
sized according to the protocols described by Fan et al. [33] with
necessary modification as follows. The surfactant aqueous solu-
tion was  obtained by fully dissolving CTAB (1.652 g) in deionized
water (45 mL)  in an ultrasonic water bath (40 ◦C) for 20 min, mak-
ing a 10−3 dilution, and adjusting the pH to 9.5 with a 20%
(w w−1) solution of NaOH. Secondly, 0.2 mL  of 8.0 �M CdSe/ZnS

QDs hexane suspension was  slowly added into 30 mL  of the as-
prepared CTAB aqueous solution drop by drop within 30 min  under
vigorous stirring (900 rpm, WIGGENS hot plate/stirrer WH220
Plus, Shinetek Instruments Co. Ltd., Beijing, China). Finally, a
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Table  1
Results of the tests for qualitative and quantitative analysis of the real used oil samples and vegetable cooking oils.

Sample Origin Quenching (%) Level Predicted amount of adulteration (%)

1 Crude used oil-HZ-1a 74.8 ± 0.9b +++ 10.0c

2 Crude used oil-NC-1 70.5 ± 1.0 +++ 9.3
3  Crude used oil-NC-2 87.4 ± 1.3 ++++ 12.2
4  Crude used oil-JJ-1 63.3 ± 0.7 ++ 8.1
5  Crude used oil-YC-1 72.1 ± 0.5 +++ 9.6
6  Crude used oil-YT-1 86.8 ± 1.5 ++++ 12.1
7  Physical refined used oil-1 60.8 ± 1.0 ++ 7.7
8  Physical refined used oil-2 84.8 ± 0.8 ++++ 11.7
9  Physical refined used oil-3 73.1 ± 0.6 +++ 9.8

10  Physical refined used oil-4 81.7 ± 2.5 ++++ 11.2
11  Bleached used oil-HZ-1 92.8 ± 0.7 +++++ 13.1
12  Bleached used oil-NC-1 78.8 ± 1.6 +++ 10.7
13  Bleached used oil-NC-2 57.5 ± 1.1 ++ 7.1
14  Bleached used oil-NC-3 57.9 ± 1.5 + 7.2
15  Bleached used oil-YC-1 79.4 ± 1.1 ++ 10.8
16  Bleached used oil-YC-2 65.9 ± 0.6 ++ 8.5
17  Bleached used oil-YC-3 53.7 ± 1.0 + 6.5
18  Bleached used oil-YT-1 74.8 ± 1.5 +++ 10.0
19  Bleached used oil-YT-2 63.4 ± 1.3 ++ 8.1
20  Refined used oil-1 58.4 ± 2.2 + 7.3
21  Corn oil, Brand A 74.1 ± 0.7 +++ /
22  Corn oil, Brand F 71.1 ± 0.8 +++ /
23  Corn oil, Brand C 79.4 ± 1.5 +++ /
24  Corn oil, Brand X 34.6 ± 2.2 − /
25  Edible reconciling oil, Brand A −29.7 ± 1.4 − /
26  Edible reconciling oil, Brand F −16.2 ± 5.0 − /
27  Rapeseed oil, Brand A −69.9 ± 4.2 − /
28  Sunflower oil, Brand A 34.0 ± 1.3 − /
29  Soybean oil in bulk 1 −47.5 ± 6.9 − /
30  Soybean oil in bulk 2 −29.2 ± 1.2 − /
31  Soybean oil in bulk 3 −37.4 ± 3.7 − /

a HZ, NC, JJ, YC, YT represents different cities where the oil samples were collected.
b Mean ± standard deviation (n ≥ 3).
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c “+” represents positive result, indicating the tested oil sample is used oil/imp
60–70%), positive three (70–80%), positive four (80–90%), and positive five (>90%), 

 used oil-adulterated one.

omogeneous oil-in-water microemulsion was obtained. Then the
ixture was heated at 50 ◦C under vigorous stirring (450 rpm,
IGGENS hot plate/stirrer WH220 Plus) for another 30 min  to

vaporate the hexane, transferring the QDs into the aqueous
hase. Thus, a clear solution of water-soluble surfactant-coated QD
icelles was formed.
The fluorescence spectra were recorded to characterize the QDs

nd CTAB-coated QD micelles. TEM images and AFM images were
aken to further confirm the diameters and shapes of the prepared
Ds coated with surfactant CTAB.

.5. Fluorescence quenching assay procedure

A 30 �L oil sample was added into 300 �L of QDs solution (hex-
ne as solvent) or CTAB-coated QDs solution (ultrapure water as
olvent) in a 1.5-mL microcentrifuge tube. This solution was vigor-
usly stirred with a “Vortex-Genie 2” Mixer (Scientific Industries,
nc., New York, USA) for 1 min. Then, 100 �L of the mixture was
ransferred into flat bottom 96-well plate. Fluorescence emission
pectrums were measured under the maximum excitation wave-
ength with the programmable microplate reader. The temperature
f the assay was set at 25 ◦C. Each sample was tested in duplicate.
he fluorescence quenching assay procedure was repeated three
imes.

.6. Blend preparation
The adulterated vegetable oils with concentrations (V/V) of
nedible used oils at 0%, 0.4%, 2.0%, 6.0%, 10.0%, and 13.0% were pre-
ared by blending 0, 4, 20, 60, 100, and 130 �L of typical inedible
sed oils with 1000, 996, 980, 940, 900, and 870 �L of soybean oils,
il. “+”, “++”, “+++”, “++++”, “+++++” represent positive one (50–60%), positive two
tively. “−” represents negative result (<50%), indicating the tested oil sample is not

respectively. The prepared adulterated oil samples were mixed for
at least 1 min  with a “Vortex-Genie 2” Mixer before use.

2.7. Calibration curve

The fluorescence intensities were measured for the samples
with a concentration of inedible used oils at 0% (control sample
in this research, pure soybean oil) and five mimetic adulterated
oil samples with concentrations of inedible used oils at 0.4%, 2.0%,
6.0%, 10.0%, and 13.0% according to the procedures described in
Section 2.5. Quenching percentages were calculated according to
the following equation:

Qx = (F0 − Fx)
F0

× 100%

where Qx is quenching percentage when the adulteration concen-
tration is x; F0 is the fluorescence intensity of control sample; Fx

is the fluorescence intensity of detected oil samples with adulter-
ation concentration x. Then quenching percentage Qx is plotted as
a function of adulteration concentration. The calibration curve was
obtained from the linear regression line.

2.8. Tests on real used oil samples and vegetable cooking oils

The samples of 20 used oils and 11 vegetable cooking oils (in bot-
tle or in bulk) mentioned in Section 2.3 were tested according to the
procedures described in Section 2.5. The means and standard devia-

tions (SD) of the measured fluorescent intensities (three replicates)
were calculated using Microsoft Excel 2010 (Microsoft, Redmond,
WA,  USA). Then the adulteration percentage of each used oil sam-
ple could be calculated using the calibration curve. To intuitively
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Fig. 1. Schematic illustration of the preparation process and the str

etermine whether an oil sample was adulterated with used oils,
s well as the degree of adulteration, the results were classified into
ix levels according to the quenching percentages, namely, negative
−” (<50%), positive one “+” (50–60%), positive two “++” (60–70%),
ositive three “+++” (70–80%), positive four “++++” (80–90%), and
ositive five “+++++” (>90%), as shown in Table 1.

. Results and discussion

.1. Characterization of CTAB-coated CdSe/ZnS QDs

Cationic surfactant CTAB was chosen as the phase transfer agent
o convert QDs from organic phase to aqueous phase [34]. The
xperimental process of preparing monodispersed water-soluble
TAB-coated CdSe/ZnS QDs is schematically illustrated in Fig. 1.
pherical micelles of CTAB with the cationic quaternary amine
eadgroup facing outward towards the aqueous medium at critical
icelle concentration were prepared in alkaline solution forming

n oil-in-water microemulsion [35]. When concentrated suspen-
ions of original QDs in hexane were introduced gradually into
he CTAB solution, the oil droplets were stabilized by the CTAB

icelles. It should be pointed out that there might be one or
ore QD particles packed into one single CTAB micelle [36]. Sub-

equently, under heating and vigorous stirring conditions, the
olatile solvent hexane was evaporated gradually and it drove the
ydrophobic long alkyl chain of CTAB molecule and surface ligand
OPO molecule at the surface of every single QD to intercalate
ach other through van der Waals’ interactions, resulting in water-
oluble CTAB-coated monodispersed QDs. The cationic surfactant
TAB played an important role in making hydrophilic QDs which
ere originally stabilized by oil-soluble TOPO soluble in aqueous

olution. In addition, sodium hydroxide not only helped create an
lkaline environment in favor of the formation of CTAB micelle, but
lso benefited the layer of CTAB being packed more densely [37].
ince the initial capping ligand TOPO was not removed, it was  not

 ligand exchange process [38–40], but a phase transfer process.
The fluorescence spectra were recorded under the same condi-

ions to characterize the QDs and CTAB-coated QD micelles. Fig. 2A

isplays the fluorescence intensity of the modified CTAB-coated
dSe/ZnS QDs in water phase only decreased a little (less than
0%) in comparison with the original QDs in hexane. This was due
o the fact that both the fluorescence quantum efficiency and the
 of water-soluble CdSe/ZnS QDs with CTAB as a stabilizing reagent.

absolute non-radiative quantum efficiency were dependent on the
core size of the CdSe/ZnS QDs, so that the functionalization with
amine groups would not significantly change the high quantum
efficiency values [41,42]. As shown in Fig. 2A, the maximum emis-
sion wavelength of newly obtained QDs was found at 610 nm,
whereas that of the original one was  605 nm.  The 5 nm red shift
was due to the slightly enlarged particle size of the CTAB-coated
QDs after the original QD was incorporated into the secondary
surfactant layer. The differences in intensity and the red shift as
compared to the controls suggest the occurrence of interdigitation
as mentioned before. To further confirm the diameters and shapes
of the prepared single QD coated with surfactant CTAB, AFM images
and TEM images were taken. Fig. 2B shows AFM images and the
representative height profile of control QDs (i) and the prepared
CTAB-coated QDs (ii). The height profiles confirm the QDs with a
diameter of 3 ∼ 4 nm and the CTAB-coated QDs with a diameter
of 9 ∼ 10 nm were both uniform and monodispersed. The results
were in accordance with the size of CdSe/ZnS/TOPO QDs  (Fig. 1)
reported by Xu et al. [43]. TEM images (Fig. 2C) reveal that the QD
particles with a diameter of approximately 4 nm in hexane (i) and
the CTAB-coated QD particles with a diameter of approximately
10 nm in water (ii), which were coherent with those of AFM stud-
ies. It should be pointed out that several clusters were observed
in the TEM image of the CTAB-coated QDs (Fig. 2C, ii), but not in
the AFM image of the CTAB-coated QDs (Fig. 2B, ii). They might be
clusters of CTAB-coated QDs as background interferences caused
by the negative staining treatment for TEM. Fig. 2D shows that
under identical experimental conditions, the fluorescence inten-
sity of the 5-month-long stored CTAB-coated QDs (ii) under UV365
were almost the same as the freshly prepared ones (i), indicating
that the hydrophilic photoluminescent nanoparticles were stable
and highly preserved. Additionally, supported by the fact of the
encapsulation of one single QD into one surfactant micelle, fluores-
cence self-quenching caused by high concentration of QDs would
not happen.

3.2. Fluorescence quenching of CTAB-coated CdSe/ZnS QDs
Fig. 3 shows a schematic display of a QDs-based fluorescence
quenching mechanism. In this optical sensor, CTAB-coated QDs
were employed as fluorescence probes in aqueous solution. The
inner part of the micelle was oil phase and the outer part was  water
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Fig. 2. (A) Emission fluorescence (FL) spectra of CdSe/ZnS QDs (blue line) and CTAB-coated CdSe/ZnS QDs (red line). The FL spectra were recorded under the same condition.
The  maximum emission wavelength of CdSe/ZnS QDs was 605 nm and that of CTAB-coated CdSe/ZnS QDs was 610 nm.  (B) Tapping mode AFM images and the height profiles
of  the control CdSe/ZnS QDs (3 ∼ 4 nm thick) (i) and CTAB-coated CdSe/ZnS QDs (9 ∼ 10 nm thick). (ii) Both were uniform and monodispersed. (C) TEM images of CdSe/ZnS
QDs  with a diameter of approximately 4 nm in hexane (i) and CTAB-coated CdSe/ZnS QDs with a diameter of approximately 10 nm in water (ii). (D) The fluorescence intensity
under  UV365 of freshly prepared CTAB-coated QDs (i) and that of 5-month-long stored ones (ii). Pictures were taken under the same condition. They present almost the same
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ntensity, indicating CTAB-coated CdSe/ZnS QDs were stable and highly preserved.(
he  web version of the article.)

hase. When oil samples were added, they were captured into the
ore of the micelles after agitation and incubation on a Fisher Vortex
enie 2 for 1 min. As a result, the QDs were quenched by fluo-

escence quenchers and it could be demonstrated by the reduced
uorescence intensity of fluorescence probes at the wavelength of
10 nm (emission) when excited at the wavelength of 305 nm.  Visu-
lly, as elucidated in the inserted picture in Fig. 3A and B, the QDs
olution went from red to blue under UV365, indicating the fluores-
ence quenching occurred in the fluorescence sensor. It should be
entioned that the blue color was just the background color of the

ample (the color of CTAB solution) when observing under UV365

n a dark box, but not the color that emitted from the QDs itself.

Fig. 4A shows six emission spectrum of CTAB-coated QDs
olution quenched by five adulterated oil samples with differ-
nt concentrations of refined used oils ranging from 0% to 13%.
terpretation of the references to color in this figure legend, the reader is referred to

Results revealed that the quenching increased gradually with the
concentration of adulteration (y = 5.96x + 14.99; R2 = 0.94). Fig. 4B
indicates that there was a good linear relationship between adul-
teration concentration and quenching percentage with 0.94 of
the coefficient of determination. The lower detection limit was
determined by multiplying the standard deviation of the control
quenching by three and was  found to be 0.4%. Thus, this method
could detect 0.4% or higher concentration of inedible used oils in
soybean oil. This fluorescence quenching method achieved lower
detection limit than the two  reported rapid detection methods, the
ultraviolet-visible absorption spectroscopy method [44] and fluo-

rescence spectroscopy method [45]. Both of these methods could
distinguish 10% or more adulteration of used oils in corn oils (the
same fluorescence intensity). It proved that the proposed CTAB-
coated QDs based optical sensing method was more sensitive and
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ig. 3. A schematic diagram of QDs-based fluorescence quenching mechanism (Mn+, 

ouble  bonds, respectively).

ffective. Moreover, the detection of adulterated vegetable cooking
ils did not require a sample pretreatment, and only 10 �L of sam-
le volume was required. The total detection process could be

nished within 2 min. The fluorescence quenching method could
ot only qualitatively determine whether vegetable cooking oil
as adulterated, but also quantitatively analyze the adulteration
egree.
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ig. 4. (A) Six emission spectra of CTAB-coated QDs solution quenched by five adul-
erated oil samples with concentrations of 0%, 0.4%, 2.0%, 6.0%, 10.0% and 13.0%. (B)
he  quantitative relationship between adulteration and quenching. The means and
rror bars (standard deviation) were calculated based on three replicates.
 C C C represent heavy metal ions, free radicals, and conjugated carbon–carbon

It should be pointed out that inedible used oils with different
origins had different compositions and different refining treatment
would also result in different used oils, there’s almost no standard
used oil sample right now [1,2,6,8]. Actually, for the identification
of adulteration of used oils, lack of standard samples is one of the
biggest challenges that most researchers have been facing with and
one of the main reasons why  it’s so difficult to accurately determine
adulterated oils. The calibration curve was obtained only based on
the samples collected and not validated with other different oils,
which is the limitation of this study.

3.3. Comparison of oil-soluble QDs and water-soluble
CTAB-coated QDs

The results of the same fluorescence quenching tests with
adulterated oil samples using oil-soluble QDs in hexane solution
compared with that of CTAB-coated QDs in water solution are

presented in Fig. 5. When quenched by the adulterated oils, the
quenching percentage of both showed increasing trends with the
adulteration concentration. For CTAB-coated QDs, quenching was
10.8% when adulteration concentration was  0% and quenching

Fig. 5. The relationship between adulteration and quenching using CdSe/ZnS QDs
and  CTAB-coated CdSe/ZnS QDs as quenching probes, respectively. The picture
shows quenching phenomenon observed in QDs solutions with different percent-
ages of adulteration. The means and error bars (standard deviation) were calculated
based on three replicates.
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ercentage moved sharply to 92.2% when adulteration concen-
ration increased to 10%, whereas for CdSe/ZnS QDs, quenching
ercentage only increased a little (from 94.6% to 97.7%). It meant
hat original QDs were almost completely quenched by compo-
ents in oil samples, no matter how much used oils adulterated.
hile the prepared CTAB-coated QDs were partially quenched

y oil samples and the quenching degree was  determined by
he adulteration concentration. Therefore, water-soluble CTAB-
oated CdSe/ZnS QDs possessed a stronger ability to identify oil
dulteration than oil-soluble CdSe/ZnS QDs.

Though the shape or size might be slightly changed, the mod-
fied QDs could hold original optical properties after the surface
unctionalization by amphiphilic surfactant as a second protec-
ion [42]. The interdigitated bilayer structure of CTAB-TOPO-coated
dSe/ZnS QD, whose first layer was original surface ligands TOPO
nd the second layer was CTAB, made it a more sensitive and selec-
ive fluorescence probe than CdSe/ZnS QD to the quenchers [46].
imilar organic coated bilayer structures of water-soluble CdSe/ZnS
Ds were also investigated by others as fluorescence quenching
robes for selective detection and quantification of analytes like
hloride anion [47], hypochlorite [48], heavy metal ions [27–30,49],
itroaromatic [50] and even chiral mixtures of enantiomers [51,52].

Through the comparison, it is speculated that the differences in
ensitivity of the two types of sensing probes were first due to the
elective quenching of CTAB-coated QDs by hydrophobic quenchers
ontained in oil samples. They could easily dissolve into the oil
hase in the inner part of the micelle structure. The hydrophilic
nes, however, were dissolved in the bulk solution. Secondly, the
igh sensitivity was also attributed to the selective quenching of
TAB-coated QDs by small molecule quenchers who possessed very
iny spatial structure. Their smaller size allowed easier diffusion
hrough the two-layer micelle structure and made it closer to the
urface of CdSe/ZnS core/shell structure. The larger ones, however,
ere blocked in the outer layer of CTAB, serving as a protecting

ayer. In addition, though the cationic quaternary amine of CTAB
as facing outward, the positively charged surface of CTAB-coated
Ds was neutralized electrically by the free hydroxyl groups in
lkaline solution, which made it unattractive to those negatively
harged quenchers or repulsive to those positive ones such as heavy
etal ions [40].
Numerous chemical species in oil samples could act as fluo-

escence quenchers to QDs. As reported by Lepri et al. [53], trace
etal elements, such as Co, Mn,  Ni, Cd, Hg, Pb, can be naturally

resent in vegetable oils or become incorporated due to extraction
nd refining processes, as well as due to environmental contam-
nation. Used oils that had contacted with metal ware when they

ere heated for frying food and held for storage and transportation,
ere severely contaminated by heavy metal ions, such as Pb2+, Cr6+,
u2+, Mn2+, Zn2+, Ni2+ [54]. The Pb2+ [27] and Cu2+ [28–30] were
emonstrated to decrease the fluorescence intensity of functional

igands capped CdSe/ZnS QDs. One mechanism of the fluorescence
uenching of surface modified inorganic CdSe/ZnS QDs was the
ation exchange of Zn with the quenching heavy metals. This was
riven by the difference in relative electronegativities of metallic
lements, bond energies of metal-sulfur, formation energies of the
ulfide compounds, as well as the difference in solubility of the
ulfide compounds [55]. Another mechanism of the quenching of
odified QDs by heavy metal ions may  be due to the coordination

f heavy metal ions with the capping material at the surface of QDs,
esulting in the electron transfer from excited functionalized QDs
o heavy metal ions [56].

The oxidization and deterioration occurring in oils during high-

emperature usage or long-term storage would release some
armful free radicals. It was reported that free radicals could
uench the fluorescence of QD nanoparticles [31], and the quench-

ng of QD luminescence by radicals was non-linear [57,58]. For
rs B 203 (2014) 697–704 703

the quenching of QD luminescence by organic radicals, a mecha-
nism of the ligand exchange of TOPO with radicals was speculated
by Heafey et al. [32]. Recently a new mechanism was  proposed
requiring close proximity for electron transfer or spin exchange
between the radical (electron acceptor) and the excited electron in
the conduction band of QD (electron donor) [59].

Nevertheless, taking all these into consideration, heavy metal
ions and free radicals with small molecular structures could
be speculated to be the most effective and typical fluorescence
quenching reagents in this CTAB-coated QDs-based fluorescence
sensing method with high sensitivity and selectivity for steric hin-
drance, solubility, and electric properties. Some other chemicals in
used oils might also snatch electrons in the conduction band, fill
the holes in the valence band of excited QDs, or damage the perfect
surface of QDs, resulting in blocked recombination of electron–hole
pairs and a decrease in radioactive emission or fluorescence inten-
sity of QDs. That is to say there may  be several quenching pathways
in this fluorescence sensor using CTAB-coated CdSe/ZnS QDs as
probes. As acknowledged, there are thousands of chemical or bio-
logical molecules in used oil, making it a complex matrix. Intricate
chemical reactions between them under heat and light, or in the
presence of oxygen make it even more complicated. However, few
studies have revealed what are the exact effective components at
molecular level in oils and how they cause fluorescence quenching
of QDs. To answer this question, further fundamental researches
are still needed.

3.4. Detection of real used oil samples

In order to validate the sensor, dozens of inedible used oils were
tested. The results of the analysis of real used oil samples are sum-
marized in Table 1. Based on the quenching results, the 20 used oil
samples were all identified as positive, namely 100% of the accuracy
of positive identification. Among the 11 cooking oils, three of them
were false positive, resulting in 72% of the accuracy of negative
identification. And according to the quenching degree, the positive
results could be further qualitatively classified into five levels, and
the amount of adulteration could be quantitatively predicted.

Used oil samples came from different places and were treated
by different refining processes. Therefore, they contained different
amounts of targeted quenching components, resulting in differ-
ent quenching abilities. Crude used oils were not treated by any
refining process and contained lots of quenchers, showing higher
quenching ability. Since physical refining could not remove effec-
tive quenchers including heavy metal ions away from used oils,
they also showed higher quenching result. For bleached used oils,
the refining processes of degumming, deacidifying, and decoloring
could get rid of lots of impurities, leading to reduced quenchers in
bleached oil samples, showing relatively low quenching value. For
the well-refined used oil, since it was produced from bleached used
oils by deodorizing, making it relatively more pure, the quenching
value was  the lowest among all the used oils. Based on these results,
it was observed that the refining processes could not completely
clear all of the quenchers away from every oil sample. For the 11
vegetable cooking oils, three out of four corn oils were identified
as positive, while the corn oil of Xiwang Brand, together with the
rest control oil samples, was  negative. Further research is needed to
explain why only corn oil caused false-positive results in the tests
using this proposed method. More used oil samples should be used
in the tests for further validation of the method.
4. Conclusions

A sensitive optical sensing method was  developed in this study
for rapid identification of vegetable cooking oils adulterated with
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sed oils using a fluorescence quenching method without any sam-
le pretreatment. High quality hydrophilic CTAB-coated CdSe/ZnS
Ds, working as fluorescence probes, were synthesized through the
hase transfer method by encapsulating hydrophobic QDs into the
icellar structure of amphiphilic surfactant CTAB. Through com-

arison, water-soluble CTAB-coated QDs were found to possess a
tronger ability to identify oil adulteration than oil-soluble QDs. The
ensitive and selective detection of the adulterated edible oils was
chieved through fluorescence quenching method based on CTAB-
oated QDs in the aqueous solution. A concentration of 0.4% or
igher of used oils in soybean oils could be quantitatively detected
sing this rapid, simple and low-cost detection method within

 min. The simple and sensitive QDs-based optical method has
otential for rapid and qualitative screening of used oils and quan-
itative analysis of used oil adulteration in field. Future research is
eeded for the evaluation of this method with a broader range of
ifferent vegetable cooking oil samples and for the development of
n instrument for this optical sensor.
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