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Abstract—Piezoelectric sensors based on molecularly imprinted polymers (MIPs) for sensing oleic (MIP-
Oleic) and palmitic (MIP-Palmitic) acids were tested in the analysis of vegetable oils. When creating the MIP
sensors, electrodes were modified with the PM polyimide (dianhydride of 1,2,4,5-benzenetetracarboxylic
acid and 4,4′-diaminodiphenyl oxide). Values of the imprinting factor and selectivity coefficients of the
molecularly imprinted polymers for sensing fatty acids were compared. Chromatography mass spectrometry
was used as a comparison method. The difference between the results of the determination of acids by using
a piezoelectric sensor and by chromatography mass spectrometry does not exceed 10%. It is established that
sensors modified with molecularly imprinted polymers are selective to the acid that served as a template for
the polymer synthesis.
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INTRODUCTION

Triglycerides (triacylglycerols) play a significant
chemical and biological role: they are the starting
material for obtaining various classes of surfactants
and emulsifiers [1–3] and the core component of veg-
etable oils, which acts as the primary source of energy
for the cells. The content of fatty acids (in particular,
oleic and palmitic acids), which are part of tri-
glycerides, is the main indicator of the naturalness of
fat-and-oil products. The fatty acid composition is
determined by various methods [4–9] that require
complicated sample preparation techniques and
expensive equipment and also differ in the duration of
the analysis. These factors limit their use in cases
where it is necessary to perform on-line control of the
fatty acid composition or express determination of
individual fatty acids directly in the course of the pro-
cessing of oils. In this regard, it is promising to use
selective piezoelectric sensors with their low cost,
small size, and an ability to be adapted to different
technological solutions. To create selective sensors,
their electrode surfaces are modified with various sor-
bents [10–11]. Molecularly imprinted polymers
(MIPs) are one of such materials. These polymers are
a new generation of sorbents whose important prop-

erty is the ability to selectively bind those organic mol-
ecules in the presence of which the sorbents were syn-
thesized and to retain them in the polymer via interac-
tions of different nature [12–14].

The study aimed to test piezoelectric sensors based
on molecularly imprinted polymers for the determina-
tion of oleic and palmitic acids in vegetable oils.

EXPERIMENTAL
The determination of fatty acids in liquids was car-

ried out using the setup shown in Fig. 1. The setup
includes a piezoelectric sensor and a system for col-
lecting and transmitting analytical signals to a personal
computer (an AKTACOM-8322 frequency meter and
the AKTAKOM FCounter software).

To create selective sensors, we used piezoelectric
AT-cut resonators with silver electrodes having a
diameter of 5 mm and a thickness of 0.3 mm (manu-
factured by OAO Piezoquartz, Moscow) and a nomi-
nal resonance frequency of 4.607 MHz. The surface of
the electrodes was modified with molecularly
imprinted polymers. The starting material in the syn-
thesis of MIPs was the AD-9103 product (prepolym-
erization mixture), TU-6-19-283-85, produced by
OAO MIPP NPO Plastik (Moscow). AD-9103 is a
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Fig. 1. Setup for the determination of substances in the
solutions using piezoelectric sensors.
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mixture of initial monomers 1,2,4,5-benzenetetracar-
boxylic acid and 4,4′-diaminodiphenyl oxide. Their
polymerization leads to the formation of polyimide
(PM) [15, 16].

In the preparation of molecularly imprinted poly-
mers (MIPs), a template (oleic or palmitic acid) was
added to the prepolymerization mixture. Polymeriza-
tion was carried out directly on the electrode surface of
the sensor at 453 K. The samples were then cooled to
room temperature and placed in a water–alcohol mix-
ture for 24 h to remove the template. The removal of
the template occurs without destroying the polymer
and without deforming the sensor. The control poly-
mer (CP) was obtained simultaneously with MIPs
under identical conditions but in the absence of the
template [17–19]. The procedure for obtaining sensors
with a selective coating using molecularly imprinted
polymers is presented in more detail in patents [20, 21].

The following sensors were used in the study: a sen-
sor modified with a pure polymer (CP) (with no
molecular imprints of fatty acids), a sensor modified
with a molecularly imprinted polymer for sensing oleic
acid (MIP-Oleic), and a sensor modified with a
molecularly imprinted polymer for sensing palmitic
acid (MIP-Palmitic). The sensors obtained were
tested on refined oils: sunflower oil (Sloboda), corn
oil (Svetlitsa), olive oil (Maestro de Oliva), linen oil,
and rapeseed oil.

Determination of the content of fatty acids using the
calibration curve. For this purpose, we prepared model
solutions of oleic and palmitic acids in butanol using
accurately weighed quantities of high-purity grade
reagents (ZAO Voronezhreaktiv). The content ranges
were as follows: 0.16–0.86 g/dm3 for oleic acid and
0.14–0.34 g/dm3 for palmitic acid. Since the viscosity of
the oils was high, they were first diluted in a ratio of 1 : 10
in the most suitable solvent (butanol) [22].

The measurement procedure was as follows. The
sensor was fixed in a horizontal position, the setup
was switched on, and the sensor readings were
recorded without load (in air) by the frequency
counter. After that, the “blank sample” (butanol) was
applied with a microsyringe on the electrode surface
(V = 1 μL) and the signal (f1) was recorded. After the
measurement, the blank sample was removed with a
filter paper strip. After five to ten seconds, when the
sensor readings corresponded to the initial value mea-
sured in air, the same volume of the test solution was
applied, and the corresponding signal was recorded (f2).
The signal was measured every second to obtain ten val-
ues. The relative frequency shift Δf was calculated from
the equation

where f1 and f2 are the oscillation frequencies (kHz) of
the sensor in the “blank sample” and the test solution,
respectively [10].

The measurements were performed moving from
dilute solutions to more concentrated ones. After the
experiment, the sensor was washed with a water–buta-
nol mixture and dried in an oven at 50°C for 1 h to
return the oscillation frequency of the piezoelectric
sensor to the starting values.

When evaluating the properties of the MIPs, we
compared the values of the imprinting factor (IF):
IF = ΔfMIP/ΔfCP, where ΔfMIP and ΔfCP are the signals
(Hz) from the piezosensor with the molecularly
imprinted polymer and with the control polymer,
respectively, to the given acid. We also compared the
selectivity coefficients (k) of the sensor designed for
the detection of the given acid to related compounds:
k = Sfa/Starg.fa, where Sfa and Sdet.fa are the sensitivity
coefficients of the MIP to the foreign fatty acid and the
target fatty acid, respectively. The sensitivity of the
sensors was calculated as the ratio of the difference fre-
quency of the sensor oscillations to the concentration
of the detected component [23].

The correctness of the determination of fatty acids
in oils by piezoelectric sensors was verified by using an
Agilent Technologies 7890B GC Systems chromatog-
raphy mass spectrometry complex equipped with an
Agilent Technologies 5977A MSD mass selective
detector (according to GOST 30418-96) and compar-
ing the results obtained by the two methods.

Δ = −1 2,f f f
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Table 1. Imprinting factors and selectivity coefficients for MIP-based sensors

Sensors
Oleic acid Palmitic acid

IF k IF k

MIP-Oleic 6.7 1 0.1 0.19

MIP-Palmitic 0.03 0.23 7.8 1
RESULTS AND DISCUSSION

It was shown earlier [24, 25] that the synthesis of
molecularly imprinted polymers results in the forma-
tion of cavities complementary to the template mole-
cule in size, shape, and arrangement of the functional
groups. Therefore, the essential expected property of a
MIP is the ability to recognize target molecules in
solution, which is indicated by the high values of IF
and k observed for MIP sensors in the determination
of the fatty acid used as a template for their synthesis
(Table 1).

Calibration curves obtained using MIP sensors are
described by the following equations: ΔfMIP = –0.198c +
0.321, R2 = 0.98 for MIP-Oleic and ΔfMIP = –0.476c +
0.553, R2 = 0.97 for MIP-Palmitic (Fig. 2).

An attempt was made to construct similar depen-
dences for a sensor modified by the control polymer.
Figure 2 shows that such a sensor cannot be used to
determine oleic and palmitic acids.

The metrological characteristics of the determina-
tion of oleic and palmitic acids by piezoelectric MIP-
modified sensors are presented in Table 2. The cor-
INORGANIC MATERIALS  Vol. 54  No. 14  2018

Fig. 2. Dependence of the difference frequency of the piezoelect
in an alcohol solution and (b) palmitic acid in an alcohol solutio

0 
0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.04 0.24 0.44 0.64 0.84

Δf
, k

H
z

–logC

1

2

(a) 
rectness of the determination in model solutions is
confirmed by the spiking tests (Table 3).

The modified piezoelectric sensors were tested in
the analysis of various types of vegetable oils (Table 4)
to establish the triglyceride composition, an indicator
of the naturalness of the oil.

It was found that the results obtained by using a piezo-
electric sensor and by chromatography mass spectrome-
try for the determination of acids in model solutions and
vegetable oils differ by no more than 10%.

CONCLUSIONS
On the basis of the comparison of the experimental

data obtained by chromatography mass spectrometry
and sensory methods, it was established that MIP-
modified piezoelectric sensors for oleic and palmitic
acids could be used to determine the corresponding
template acids. The proposed piezoelectric sensors
modified with PM-polyimide-based molecularly
imprinted polymers for sensing oleic and palmitic
acids can be used as small-sized analytical devices for
the rapid determination of these fatty acids in tri-
glycerides of vegetable oils.
ric sensor on the logarithm of the concentration of (a) oleic acid
n (1—MIP and 2—PS).
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Table 4. Results of the determination of oleic and palmitic acids in vegetable oils by piezoelectric sensors and by chroma-
tography mass spectrometry (CMS)

Test object
Oleic acid, g/dm3

Sr, %
Palmitic acid, g/dm3

Sr, %
CMS MIP sensor CMS MIP sensor

Sloboda sunflower oil 0.28 0.26 ± 0.02 6.5 0.10 0.09 ± 0.01 7.8

Svetlitsa corn oil 0.31 0.33 ± 0.03 9.1 0.12 0.11 ± 0.01 9.6

Maestro de Oliva olive oil 0.60 0.57 ± 0.02 3.5 0.14 0.14 ± 0.01 7.1

Linseed oil 0.22 0.23 ± 0.01 4.3 0.07 0.06 ± 0.02 3.3

Rapeseed oil 0.46 0.44 ± 0.02 4.5 0.07 0.07 ± 0.03 4.3

Table 3. Results of determination of oleic and palmitic acids in model solutions by spiking tests

Analyte

Sensor with MIPPM-Oleic Sensor with MIPPM- Palmitic

C, g/dm3

Sr, %
C, g/dm3

Sr, %
introduced found introduced found

Oleic acid 0.86 0.81 ± 0.04 4.9 0.86 – –

0.72 0.77 ± 0.05 6.5 0.72 – –

0.58 0.56 ± 0.02 3.6 0.58 – –

Palmitic acid 0.34 – 0.34 0.33 ± 0.02 6.1

0.30 – 0.30 0.32 ± 0.02 6.3

0.26 – 0.26 0.24 ± 0.01 4.2

Table 2. Metrological characteristics of the determination of fatty acids in model solutions performed using modified
piezoelectric sensors

Sensor Test substance
Range of determined 
contents, g/dm3 Cmin, g/dm3 Sr, %

MIP-Oleic Oleic acid 0.16–0.86 0.14 5.8

MIP-Palmitic Palmitic acid 0.14–0.34 0.12 3.2
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