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Tomato seed oil (TSO) is an edible product characterized by a wide range of molecules, with beneficial effects on
human health. Volatile organic compounds (VOC) formed from the degradation of fatty acids, are promising
candidates for the characterization of vegetable oils. Hereafter, a sensor based on photoionization detector for

. palmitic acid is presented. The sensor exploits thermal emission profile analysis from a thin layer of zeolite 5 A.
Thermal desorption process o . . o . .
Tomato seed oil Emissive profiles were acquired through a E’hotmonlzatlon Detector (PID) at 100 °C. Specifically, the combi-
VOCs nation of use of zeolite with pore size of 5.1 A and an ultraviolet lamp of 10.9 eV allows selective adsorption and
detection of palmitic acid in a solution of pentane and TSO. The PID-zeolite sensor was investigated using oils at
different dilution and at different storage conditions (—20 °C, 4 °C and 25 °C). Results evidenced that pentane
dilution plays a significant role in palmitic acid adsorption, with a maximum emissive profile at ~885 umol/L.
Low temperature storage (—20 °C) of samples before analysis results in 1.5 times higher emission peak due to the
formation of triple chain molecular arrangement of palmitic acid. Calibration evidenced a linear range from
0.45 mmol/L up to 1.8 mmol/L with a sensitivity of 34.65 ppmemmol ‘el and an R = 0.92. Real scenario
analysis was performed a mixture of TSO with soybean oil (SO) at different storage stability. A significant
emissive reduction in palmitic acid was observed in mixed oil, depending on its stability which allows for the
evaluation of adulterated samples.

atherosclerosis [5,6]. Fatty acids are classified into saturated (SFA),
monounsaturated (MUFA) and polyunsaturated (PUFA). TSO has been

1. Introduction

Tomato seed oil (TSO) is a vegetable oil which recently attracted
interest due to its nutritional benefits. Even though tomato seeds are
generally discarded, their composition is particularly rich in bioactive
substances [1-3]. Thus, oil extraction can represent an effective recy-
cling method offering a high nutritional byproduct with significant
economic value. TSO is composed by various fatty acids, and many other
bioactive compounds, such as vitamin E, carotenoids and polyphenols
with high antioxidant and anti-inflammatory properties. These com-
pounds contribute not only to the oxidative stability of oils but also to
the organoleptic properties [4]. The latter includes a complex aroma
profile and flavor due to the presence of specific volatile organic com-
pounds (VOC). Among them, different fatty acids are well known to have
antioxidant properties, as they regulate the synthesis and activity of
antioxidant enzymes as well as a positive effect on cholesterol and

found to be a source of essential PUFA, which cannot be synthesized in
the body [7,8]. The main volatile organic compounds of TSO are lino-
leic, oleic, palmitic, stearic, and linolenic acids. The importance of VOCs
as key markers for monitoring biological processes is widely recognized,
with significant applications in food quality, human health, and envi-
ronmental monitoring. However, current technologies for VOC analysis
face notable limitations, including complex instrumentation and poor
adaptability for real-time or in situ analysis. The standard approach for
VOC detection in oil samples consists of high-performance liquid chro-
matography (HPLC), gas chromatography often combined with mass
spectrometry (GC-MS) or with photoionization detector (GC-PID)
[9-12]. These challenges highlight the need to focus on the development
of sensor systems that can address these drawbacks, enabling more
accessible VOC monitoring. The core of the proposed technology is a
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sensor that combines the adsorption/desorption capability of a zeolite
layer porous to enhance the detection selectivity of a photoionization
detector. PID sensor exploits UV radiation with specific energy to ionize
molecules with compatible ionization energy (IE). More recently, liter-
ature has been focused on developing alternative methods for VOC
detection with the aim of having real-time, simple, and, if possible,
scalable technologies (e.g., chemosensors, electronic nose, etc.). More
recently, literature has been focused on developing alternative methods
for VOC detection with the aim of having real-time, simple, and, if
possible, scalable technologies (e.g., chemosensors, electronic nose,
photoelectrochemical (PEC) sensors, etc.) [13,14]. One of the main
drawbacks of PID is the low selectivity of specific molecules, since most
of them are very similar in terms of chemical composition and IE. In fact,
fatty acids in TSO are characterized by an IE below 10.6 eV [15-17].
Hence, to improve detection selectivity, an alternative technique for
VOC analysis was investigated. A thin, porous layer composed of zeolite
5 A coupled with a commercial PID was investigated. Type 5 A zeolite
has a well-defined pore size (5.1 A), a high surface area, and specific
mobile metal cations (Nat, Ca®™) [18]. The layer was realized by spin-
ning and annealing a mixture of zeolite 5 A and soybean oil onto a glass
substrate. The structure and the physico/chemical properties of the
adsorbent layer were characterized using 3D optical profilometer,
scanning electron microscope (SEM) and energy-dispersive spectrom-
etry (EDS), X-ray diffraction (XRD) and Fourier transform infrared
(FTIR) spectroscopy. Liquid-phase adsorption, and the subsequent
thermally controlled desorption phase was used for the evaluation of the
emission profiles of VOCs through a PID. Adsorption dynamics was
optimized using specific dilution of TSO in pentane. Moreover, the
molecular sieve characteristics of zeolite 5 A, together with the ioniza-
tion energy of VOCs evidenced the specific adsorption of palmitic acid.
Particular attention was given to the variation in palmitic acid concen-
trations in relation to different storage temperatures, a key factor
influencing the overall fatty acid composition of the product. To this
end, the crystallization process of certain saturated fatty acids in the TSO
was investigated to understand how these physical transitions alter the
TSO emission profiles. Specifically, the phase transition of palmitic acid
was analyzed to identify the crystalline polymorphs formed at different
storage temperatures. Calibration was performed using oil at known
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concentration of palmitic acid and a real scenario analysis was investi-
gated for the detection of adulterated oil. Blends of TSO and soybean oil
at different storage stability were analyzed evidencing the possibility of
detecting adulterated samples.

PIDs are not usually suitable for detecting fatty acids, which are
larger and less volatile molecules compared to other VOCs. Other
detection methods, such as flame ionization detectors (FID) or mass
spectrometry, are more commonly used. The proposed approach aims to
address the limitations of PIDs by proposing and validating a sensor for
the identification of a specific target molecule belonging to the fatty acid
class in a real sample. Thus, the development of zeolite-PID sensor
capable of providing a rapid and reliable test to assess palmitic acid in
TSO can be a reliable alterative technique for analysis and authentica-
tion of the samples.

2. Experimental section
2.1. Zeolite-PID sensor

The VOC detector consists of a sealed metallic chamber equipped
with a heating unit and temperature control. The chamber was sized to
handle the volume of gas compatible with the capability of the PID
detector (500 cm®/min) as shown in Fig. 1 [19].

Specifically, the analysis chamber was realized in aluminum with a
volume of 50 cm?®. It includes a 2 mm hole for nitrogen injection, an
outlet connector to the PID, and an opening (2 cm x 6 mm) for the
zeolite layer insertion. The temperature was set and controlled at 100
°C. The heating is performed by a positive temperature coefficient (PTC)
ceramic plate with an aluminum shell. The detector is a commercial PID
(MiniRAE 3000, Recom Industriale, Italy) equipped with a 10.6 eV UV
lamp, operating at a wavelength of 120 nm with a measurement range
up to 15,000 ppm, and a resolution of 0.1 ppm. Linde Type A (LTA)
zeolite is a synthetic crystalline material which can be produced in
different forms (e.g., 3 A, 4 A and 5 A, etc.), which are distinguished by
the presence of potassium, sodium and calcium mobile ions, respectively
which are exchanged during the synthesis process The BET surface area
of zeolite 5A typically ranges between 495m?/g and 527 m?/g,
depending on synthesis conditions and treatments applied. This value
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Fig. 1. Schematic representation of the PID Zeolite sensor.
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confirms its high porosity and efficiency as a molecular sieve. [20,21]. In
the framework, Al and Si atoms are connected through O atoms to form a
3D structure of tetrahedra (AlO4 and SiO4) [22-25]. Zeolite 5 A powder
(UOP Honeywell, Reggio Calabria, Italy), characterized by a density of
0.548 g/cm® and pore volume of 0.355 cm®/g was used. Zeolite 5 A is
characterized by a pore size of 5.1 A and Na* and Ca®* mobile cations. A
mixture consisting of 60 % w/w zeolite 5 A and 40 % w/w soybean oil
was mixed and stirred for 5 minutes using a homogenizer (IKA,
Ultra-Turrax), and sonicated for 5 minutes to reduce particles clustering.
A glass coverslip of 18 mm x 18 mm was used as a substrate and a
volume of 1 mL spun onto the substrate at 200 rpm for 30 seconds.
Subsequently, the sample was annealed at 100 °C for 30 minutes, then
the temperature was increased by 50 °C every 30 minutes, reaching a
final temperature of 250 °C for 3 hours. Thermal annealing results in the
formation of a carbonaceous matrix which keeps the zeolite particles
cohesive and attached to the substrate, creating a zeolite-based carbonic
matrix. Porous layers were analyzed with a 3D optical profilometer
(Vecco, NT 9109). The morphology of the adsorbent layer and the
chemical composition were analyzed using scanning electron micro-
scope (Carl Zeiss, EVO HD15) and energy dispersive spectrometry (EDS)
at 15 keV (Thermo Scientific, Phenom ProX). FTIR-ATR spectra were
acquired using a Thermo Scientific NICOLET 6700, equipped with a
Smart iTR™ (i.e. germanium crystal). Each spectrum consists of 50
co-added scans, with a total acquisition time of approximately 100 s and
a spectral resolution of 4 cm™}, covering the range of 4000-400 cm .
XRD analysis was performed on zeolite powder and annealed mixture
using a powder diffractometer APD 2000 equipped with Cu Ka radiation,
graphite monochromator, Nal-T1 detector (ItalStructures, Novara, Italy).

2.2. TSO sample preparation

A commercial natural cold-pressed unrefined TSO has been obtained
from Elemental, Romania and analyzed with HPLC to identify the fatty
acid composition. TSO sample contains 44 % of linoleic acid (C;3H3203),
28 % of oleic acid (C38H3402), 20 % of palmitic acid (C16H3202), 5 % of
stearic acid (C1gH3¢05), and ~3 % of linolenic acid (C1gH3¢0>). Linoleic
acid (C18:2) is an n-6 PUFA, that has two double bonds both having cis
stereochemistry. Oleic acid (C18:1) is a MUFA with one cis double bond
at the C9 atom. Palmitic (C16:0) and stearic (C18:0) acids are SFAs
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without double bonds [26-29]. The analyses were performed using a
solution of TSO in pentane (CsH;3) at different concentrations. Pentane
is an apolar volatile solvent, having a low boiling point (20 °C) if
compared to that of TSO (i.e., 130 °C) [26].

2.3. Analysis technique

Asreported in Fig. 1, the mechanisms that describe the VOC emission
rate are regulated by the adsorption and thermal desorption processes.
Thermal emission analyses were evaluated using pure TSO sample and
diluted TSO sample in pentane down to 0.3 %o v/v. Each analysis in-
volves 10 minutes of adsorption phase using 200 pL of diluted TSO
sample. Then the sample was rinsed with deionized water and dried
under nitrogen flow. Zeolite sample is then placed in the chamber,
previously heated at 100 °C, and connected to the PID. Thermal emis-
sion was then acquired for 5 minutes to allow a complete desorption
from the layer. The thermal emission is expressed in part per million
(ppm) of ionized molecules calibrated against the isobutylene.

3. Results and discussion
3.1. Characterization of zeolite layer

A picture and detailed superficial topology of the zeolite layer is
shown in Fig. 2a. It is characterized by an average thickness of 220 um
and a roughness of 1.42 um (see Fig. 2b). The layer is composed of a
carbonaceous matrix in which zeolite 5 A grains are held together by a
matrix created by oil decomposition. The hydrophobic nature of soy-
bean oil may enhance the selectivity of zeolite for hydrocarbons (i.e.
fatty acids). However, since the soybean oil molecules are mostly larger
than the pore sizes of the zeolite, the porous structure is expected to
remain unaffected [30]. In Fig. 2¢, SEM analysis evidenced that the
zeolite layer appears as a homogeneous and compact matrix, composed
of individual grains of zeolite with an average size of 2.5 um. EDS
analysis evidenced the presence of C (35.1 %), O (39.9 %), A1 (10.60 %),
Si (7.80 %), atoms. The latter are due to the zeolite framework and
soybean oil decomposition (see Fig. 2d). Mobile cations in the frame-
work are identified in Ca" constituting the largest percentage (5.20 %)
followed by Na™ with a lower concentration (1.4 %). The presence of
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Fig. 2. (a) Deposited zeolite layer mixture onto a glass substrate and topographical analysis; (b) roughness and thickness evaluation on a representative sample; (c)

SEM image, (d) corresponding EDS spectrum and (e) XRD analysis.
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these elements points out that the zeolite layer does not appear to be
contaminated by other substances that could affect the thermal emission
of specific VOC (see Fig. 2d).

Fig. 2e evidenced the XRD analysis on zeolite 5 A powder and zeolite
5A-soybean oil mixture. Characteristic peaks of zeolite 5 A have been
evidenced at 260 angles of 6.60°, 9.02°, 12.87°, 18.77°, 21.22°, 24.55°,
27.53°, and 32.03°. The results are consistent with literature for dehy-
drated zeolite Linde Type [31]. The diffractogram of the zeolite 5 A
layer also exhibited peaks, with reduced intensity, shifted to higher
angles (~ 0.38°), and broadened. Diffraction peaks correspond to zeolite
5 A particles, alongside a broad, diffuse hump that signifies the presence
of an amorphous carbonaceous phase, indicating a mixture of ordered
and disordered structures. The lower intensity can be associated with
higher scattering of the amorphous [32]. Moreover, induced stress
within the crystalline structure can also explain the broadened peaks
[33,34]. Spectrum of zeolite 5 A layer evidenced an intense absorption
around 1000 cm™! due to the Si-O-Si bond and absorption bands in the
500-700 cm ™! range, which indicates bending vibrations of the retic-
ular structure. The presence of water within the zeolite is marked by
absorption bands associated with OH vibration, with peaks around
3400 cm™! (corresponding to the O-H stretching) and 1640 cm™ (H-O-H
bending band) [35]. Interestingly, a peak attributed to the adsorbed
O—H vibrations was also observed, but with a distinction, indicating the
formation of free water on the catalyst surface [36]. Subsequently, the
spectra related to the natural TSO were compared with those found in
the literature [37]. The C-H bending vibrations, typical of alkyl chains,
are also present in the region between 1460 and 1470 ¢cm ™! and around
1370 cm™!. The C-H stretching bands of palmitic acid alkyl groups
appear in the band from 2850 to 2950 cm™ . Additionally, bands
attributable to the C=O stretching of saturated fatty acids show a
prominent peak around 1740 cm™'. These bands provide a distinct
fingerprint for palmitic acid [38].

3.2. Analysis of thermal emission characteristics and sensing properties

The zeolite layer has been immersed in pure TSO for 10 minutes,
rinsed with deionized water and dried under nitrogen flow before FTIR-
ATR analysis. The results shown in Fig. 3 evidenced, apart from the
characteristic bands of the zeolite. Specifically, the C-H stretching bands
of the palmitic acid alkyl chains are observed in the
2850-2950 cm ! range, while the C=O stretching band appears around

-TSO 2925

2856 1745
~~
= | = Zeolite 5A
<
N—’
8 1004
g W/’/J\'_A
<
=
o
8
< |- Adsorbed TSO

2925 1745

2856

4000 3000 2000 1000

Wavenumber (cm™)

Fig. 3. FTIR-ATR spectrum of pure TSO, bare zeolite layer before and after
interaction with TSO.
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1694 cm ™! . The C-H bending vibrations, further identifying the alkyl
structure, are also observable between 1460 and 1470 cm ™! and around
1370 cm ™! . It is thus plausible that the presence of these bands indicates
that the zeolite layer can selectively adsorb palmitic acid from the oil. To
further investigate the selective adsorption of palmitic acid, a generic
fatty acid was considered which is formed by an acyl chain and a
carboxyl group (-COOH). The carboxyl group (-COOH) contains both a
hydroxyl group (-OH) and a carbonyl group (C=O0). As depicted in
Fig. 4a fatty acid can form 2 hydrogen bonds, with atoms in the zeolite
framework. The carboxyl group of fatty acid interacts with the zeolite
surface (Si-O-Al) through hydrogen bonds, allowing adsorption [38].
Therefore, in general, all fatty acids can be adsorbed onto the zeolite
surface. However, considering both zeolite 5 A pore size (5.1 ./0\) and
fatty acids molecular size (see Fig. 4b and Table 1), only palmitic acid is
not size excluded and can be adsorbed by the zeolite framework. In fact,
while linearized length of all fatty acids is similar, width can be quite
different ranging from 5 A of palmitic acid up to 9.3 A of linoleic and
linolenic acid.

To support this result, Table 1 reports on the physicochemical
characteristics of TSO constituents.

Even though all the molecules have IE lower than the PID detector
(10.6 eV), potentially all of them could be detected by the PID. The
presence of double bonds in fatty acid molecules, such as oleic, linoleic,
and linolenic acids, limits their ability to interact with the polar part of
zeolite 5 A. This behavior is attributed to the weak hydrogen bonds
formed between such molecules and the zeolite layer, which give them
greater flexibility and less tendency to adsorb [38]. Consequently, after
the adsorption process, when the zeolite layer is rinsed with deionized
water and blown under a nitrogen flow, these molecules are easily
removed from the surface. In contrast, fatty acid molecules such as
palmitic and stearic acid (SFA), free of double bonds, create stronger and
more stable interactions with the polar part of the zeolite [39-41]. This
results in less structural flexibility and greater adsorption to the layer.
Furthermore, since stearic acid in TSO accounts for 5 % for all fatty
acids, the observed adsorption can be attributable to palmitic acid. In
Fig. 5a the overall prototype of the zeolite-PID sensor is reported. The
prototype includes an analysis chamber appropriately drilled with two
circular holes: one for PID inlet and one for nitrogen (Fig. 5a, i). Tem-
perature controller, heating plate and a thermocouple are used for
All the thermostat system is mounted inside a 3D-printed substrate
(Fig. 5a, iv). An opening was used for rapid sample insertion (Fig. 5a, v).
All the previous components are coupled with a commercial PID
(Fig. 5a, vi). The desorption temperature of 100°C was set to reduce the
evaporation phase not affecting the diffusion (which is mostly inde-
pendent from the temperature). The use of 100°C maximizes the evap-
oration rate, thus allowing the complete release of VOCs and ensuring
accurate detection of their real concentration [19]. Obviously, thermal
treatment is also set not to degrade the specific molecule. A reduced
volume of analysis to 50 cm® leads to a higher concentration of VOCs for
a shorter time duration compatible with that of PID.

The VOC emission rate during the thermal emission by the zeolite
layer can be described as an evaporation and diffusion model:

C) = E-klt + D-k2t '6))

where C(t) represents the overall emission rate inside the analysis
chamber (mg/(mz-min)), E (mg/(m2~min)) denotes the VOC emission
rate regulated by the evaporation process and D (mg/(mz-min)) repre-
sents the VOC emission rate regulated by the diffusion process. k; )
represents the evaporation coefficient while ko (s71) is the emission
decay constant related to diffusion. Integrating Eq. (1) and assuming
zero initial concentration, the model can be rewritten as:

C=Le(Es(e ™' — e ™)/(n-ky) + De(e *'~e ™)/(n — ky)) (2)

where L is the ratio between the area and volume of the zeolite layer
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Fatty acid

Palmitic acid

Fig. 4. (a) Fatty acid adsorption onto the zeolite 5 A framework and (b) Structure and dimensions of the fatty acids in TSO including (i) linoleic acid, (ii) oleic acid,

(iii) palmitic acid, (iv) stearic acid and (v) linolenic acid.

Table 1

Physical Characteristics Of Voc.
Ref. voc Size (A) IE (eV)
[29] Linoleic acid 9.3 x 20 8.80
[26,29] Oleic acid 9.0 x 20 8.6
[37]1 Palmitic acid 5x 20 9.6
[23] Stearic acid 5.6 x 21 9.75
[25] Linolenic acid 9.3 x 22 8.80

(m%/m3), n is the ratio between the nitrogen flows (m3/s) and the
chamber volume (rng) [41]. Data acquired from the PID in ppm were
converted in mg/m3 to match Eq. (2). Preliminary tests were performed
in environmental temperature (25 °C) to evidence any background
contributions due to the setup and solvents involved. The emissive
profiles of bare zeolite layer, pure pentane, and pure TSO oil adsorbed
for 10 minutes onto the zeolite substrate are shown in Fig. 5b. Previous
work evidenced as using an adsorption time close to 10 min, the emis-
sive pattern is characterized by a higher amplitude since after longer
time low temperature evaporation from the zeolite layer happens [19].
The thermal emission profile is thus characterized by a rapid growth
phase, followed by slower decay (e.g., diffusion). During thermal
desorption, evaporation occurs quickly as the absorbed molecules are
rapidly released from the zeolite layer. As a result, the signal increases
very sharply. In contrast, the descending phase, associated with diffu-
sion, is slower, and depends on the gas flow rate analyzed by the PID.
The bare zeolite layer did not evidence any background contribution.
Conversely, pure pentane results in a background emission with a peak
of 0.8 ppm. Pentane can completely evaporate before thermal emission.
The ionization energy of pentane (11.8 eV) is higher than the energy of
the PID, thus reducing the background contribution. Additionally,
pentane allows also a significant reduction in sample viscosity. Pure TSO
emissive profile evidenced a trend, which can be described by the
evaporation diffusion model characterized by an emissive peak 15 times
higher with respect to pentane (see Fig. 5b). In Table 2 are reported the
results of fitting model evidencing the evaporation constant 1/k; and
emission decay constant 1/ky of pentane and pure TSO emissive profile.

As expected, molecules diffuse in the environment with similar time

constant while the evaporation from the substrate occurs at time con-
stant mostly related to the specific characteristics of the molecule. In this
case, the higher volatility of pentane can explain the significantly faster
evaporation process. To reduce the viscosity of the TSO, diluted samples
in pentane were analyzed. Fig. 5¢ shows the emissive profiles of solu-
tions at different palmitic acid concentrations. Using HPLC data from the
TSO sample diluted in pentane (70 % v/v down to 0.3 %o v/v) a con-
centration ranges from 500 mmol/L down to 225 umol/L was evaluated.
Interestingly, the dynamics of profiles from 500 mmol/L down to
7 mmol/L evidenced similar patterns in terms of amplitude and time.
Conversely, further dilution down to 225 pmol/L evidenced an increase
in amplitude followed by a further sharp decrease as shown in Fig. 5d.
The result evidenced that a specific solution of TSO and pentane is
desirable to maximize the emissive profile. Such a solution can be seen
as a thermodynamic system in which TSO-palmitic acid and palmitic
acid-zeolite interactions can take place. Diluted TSO samples in the
range from 70 % v/v down to 1 % v/v (500 mmol/L down to 7 mmol/L)
have shown that the system is in thermodynamic equilibrium because
the concentration of absorbed palmitic acid is constant [40,42-44]. At
0.125 % v/v (885 pumol/L) of diluted TSO in pentane the interactions
between polar carboxyl groups of palmitic acid and the surface of zeolite
pores prevail enabling the maximum adsorption of palmitic acid since
these interactions are energy efficient. Further dilution with pentane
causes the occurrence of the desorption process due to a decrease in the
binding enthalpy of palmitic acid molecules, which implies that the
energy holding the adsorbed molecules to the surface has been reduced
enabling the release of molecules. [38,39,43] In addition, interaction
between palmitic acid and TSO takes place. A significantly higher con-
centration was observed at 885 umol/L, with a maximum peak recorded
of ~80 ppm, resulting in 5 times higher than the concentrations detected
and reported in Fig. 5d. The repeatability and reproducibility of the
sensor were evaluated through intra- and inter-day measurements at
885 umol/L, resulting in a mean value of 78.64 ppm with a standard
deviation of 3.61 ppm. The coefficient of variation (CV) was 4.59 %. The
higher emissivity can be attributed to the concentration of adsorbed
palmitic acid. In fact, the pentane further reduces the TSO oil density by
achieving weak London dispersion forces with the hydrocarboxylic
chain of palmitic acid. These interactions are based on temporary
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Fig. 5. (a) Fabricated PID-Zeolite prototype composed of a thermostat aluminum chamber with included the zeolite 5 A layer and the commercial PID; (b) com-
parison of thermal emissive profiles of bare zeolite layer and those obtained after adsorption processes of pentane and pure TSO; (c) emissive profiles of palmitic acid
molecules with varying TSO sample concentrations; (d) comparison of emission peaks vs TSO/pentane dilution (logarithmic scale) and (e)London interaction in
diluted TSO and formation of a hydrogen bonds between the COOH group of palmitic acid and Si-O-Al group of zeolite.

Table 2
Non-Linear regression Analysis On pure Pentane and Pure TSO Thermal Emis-
sion Profile.

voC 1/k; 1/ky E(mg/m®> D (mg/m?> L (m% n(L/
(s) (s) o5) o5) m%) s)
Pentane 10 87.7 0.55 0.30 0.30 0.17
Palmitic 35 100 8.21 1.07 0.33 0.17
acid

dipoles resulting from the motion of electrons responsible for the mixing
of TSO with pentane [39,44]. At the same time, repulsive interactions
may occur between the electron-rich polar carboxyl group (5-) of pal-
mitic acid and the electron cloud (6+) of the nonpolar pentane molecule.
Similarly, a strong attractive force appears between the polar carboxyl
group (-COOH) of palmitic acid and the polar (Si-O-Al) groups of zeo-
lites, resulting in the formation of hydrogen bonds that connect them
[45-49]. This not only enables the anchoring of palmitic acid on the
surface but also facilitates its entrapment within the pores of the
three-dimensional zeolite framework as shown in Fig. Se.

Three TSO samples with known palmitic acid concentration in the
range 0.45-1.8 mmol/L have been used as reference for PID-zeolite
sensor calibration. The corresponding regression was performed as
shown Fig. 6a. The results evidenced the PID response was linearly

correlated with the palmitic acid concentration. The sensitivity was of
34.65 ppmemmol ~'eL with an RZ = 0.92. The proposed technique based
on a nanoporous layer of zeolite 5 A in a controlled environment dem-
onstrates the possibility of detecting a specific molecule (i.e., palmitic
acid) among chemically similar VOCs in TSO sample. Correct storage of
edible oils in general, and thus also the TSO is important to avoid
alteration of its organoleptic properties, and therefore of the nutritional
grade of the product. The following results have been focused on
changes in palmitic acid concentrations related to different TSO storage
conditions. Thermal emission profiles at —20 °C, 4 °C and 25 °C are
shown in Fig. 6b, evidencing that at lower storage temperature a higher
emissivity was observed. Emissive profile at —20°C evidenced a peak of
101.8 ppm, while at 4 °C and 25 °C detected emissive peaks were
89.8 ppm and 69.5 ppm, respectively. The repeatability and reproduc-
ibility of the sensor were evaluated at different temperatures. At —20°C,
4°C, and 25°C, the CV was 4.91 %, 2.48 %, and 6.30 %, respectively,
with slightly higher variability at 25°C.

As shown in Fig. 6b, oil storage temperature significantly affects the
concentration of the detected palmitic acid. The higher emission at —20
°C can be attributed to the crystallization of the SFA fraction of the oil
[49]. Because of this phase transition, different crystalline polymorphic
structures are formed. Fatty acids can arrange in different types of lateral
packing: o polymorph, which is the least stable and § and f, which are
the more stable form. Looking lengthwise, fatty acid molecules can stack
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Fig. 6. (a) Linear regression of palmitic acid concentration vs peak of emission; (b) emissive peak of TSO stored at different temperatures; (c) comparison among
palmitic acid concentration time profiles of pure TSO, soybean oil (SO), and mixed oils and (d) related bar diagram of peak emission.

to form double (2 L), triple (3 L) and quadruple (4 L) chain lengths
[48-51]. Differential scanning calorimetry (DSC) analysis by Barba et al.
reports an exothermic peak at -14.1 °C indicating a phase transition of
palmitic (C16:0) and stearic (C18:0) acids. In addition to DSC, syn-
chrotron X-ray diffraction (XRSD) was also used to determine the type of
crystalline polymorphs formed [51-53]. It was proved that the
exothermic peak at —-14.1 °C corresponds to the §° polymorphs of pal-
mitic and stearic fatty acids [50-52]. Considering the reported poly-
morph lengths from literature [51,52], and the fact the length of acyl
chain -CH2-CH2- is 2.49 A and that the palmitic acid chain contains 16 C
atoms, we evaluated the chain length of 19.92 A. Thus, the reported
length of 59.76 A can be attributed to the triple chain length of palmitic
acid. Since the stearic acid chain contains 18 C atoms, the chain length is
22.4 A. Thus, the second reported length of 89.64 A is attributed to the
quadrupole chain length of stearic acid. In addition, at —20 °C, a volume
contraction of 3.25 % should be considered. However, this cannot
explain the higher emission amplitude. Therefore, at —20 °C the proba-
bility of finding palmitic acid in the form of tiple chains length molecule
significantly increases within respect to 25 °C. The latter results in a
higher probability of ionization of 3 molecules at -20°C versus 1
molecule at 25 °C. In addition, one peak was recorded at 2.5 °C indi-
cating partial crystallization of saturated fatty acids in TSO. Using the
solid fraction value of the obtained calorimetric melting curve, it is
assumed that 17 % w/w of the oil can crystallize during refrigerated
storage at 4 °C [50]. Therefore, storage of TSO sample before the anal-
ysis can be used as sample concentrator exploiting natural packing of
palmitic acid in 3 L chain length molecules.

3.3. Application of zeolite-PID sensor

To provide a real scenario analysis, a test was conducted on samples
of adulterated oil. Blended oils samples were prepared by mixing TSO oil
(50 % v/v) once with highly oxidated commercial soybean oil and once
with commercial grade soybean oil. Two samples were prepared using
commercial refined soybean oil (SO) at different storage stability: one
within the suggested expiration date, well conserved and stored and one
long time after the suggested expiration date. Refined vegetable oils are

produced using thermal annealing processes for neutralization and
deodorization. These processes are used to control acidity and to reduce
oxidation, extending the shelf life of the oil. Moreover, they are also
performed for odor and volatile components removal [54,55]. Oil
oxidation occurs during processing, storage, and heating, leading to the
destruction of essential fatty acids and the formation of harmful sub-
stances and polymers. While both oils are composed of similar fatty
acids profile, highly oxidated soybean oil (stored for several years after
the expiration date) is expected to have a very low content of essential
fatty acids. As evidenced by the emission profile in Fig. 6¢,d the total
amount of palmitic acid detected is on average much lower than that
shown in pure TSO samples. Conversely, the mixture with SO within the
expiration date evidenced a higher emissivity and thus a higher con-
centration of palmitic acid. For both emission profiles, as it is known, the
refining process reduces the quantity of bioactive compounds such as
polyphenols and tocopherols that have significant contribution to
nutritional value, which results in a lower amount of fatty acids [55,56].
TSO that is rich in linoleic (0v-6 PUFA) and oleic (MUFA) acids can dilute
the relative concentration of saturated fatty acids, such as palmitic and
stearic acid, in the oil mixture. Pure oil emissive patterns were reported
for comparison. When the oil is adulterated, the final fatty acid content
results in a weighted average, leading the mixture to have a lower
amount of palmitic acid than pure TSO. Therefore, from these results it
can be concluded that a rapid and reliable test can be developed not only
to determine the quality of the oil, but also to identify adulteration. Such
a test would make it possible to quickly verify whether a product has
been tampered with, thus ensuring the transparency and reliability of
the product to consumers. In accordance with data found in the litera-
ture, the crystalline structure of palmitic acid molecule shows that the
molecular size is 5 A. This measurement reflects the overall width of the
molecule, thus providing indications of its spatial configuration that
affect its physical and chemical behavior. In addition, the ionization
energy of palmitic acid molecules results in 9.6 eV. Table 3 reports a
non-exhaustive summary of the most recent sensors for palmitic acid
detection.

Literature survey on recent palmitic acid sensors evidenced that most
of the technologies are based on electrochemical sensors with carbon-
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Table 3
Representative characteristics of palmitic acid sensors.
Ref. Technology Sensor material Sensitivity Linear range LOD
[57] Piezoelectric PM polyimide —0.476 0.14-0.34 -
Hzeg ledm® gdm™®
[58] Electrochemical 1GO/ AuNPs/SPCE - 0.192-0.833 mM 15x10°°M
[59] Electrochemical MIP-MXene/Fc-GO-MWCNT/AuNPs/SPE 107°-10°M 0.48-1.61 nM 0.48 x 10°°M
[60] Electrochemical rGO/MnNPs/p-Ser 6.2 x 10° pAeLeM 2-10 pM 8.6 x 1071* M
10-100 pM
[61] Colorimetric polydiacetylenes (PDAs) 0-1M
This work Photoionization Zeolite 34.65 0.45-1.8 mM 0.1 ppm

ppmemmol teL

based sensing materials. To guarantee selectivity, porous membrane is
often used as in the case of quartz crystal microbalance-based sensor, in
which polymide films were used as selective layers. The linear range of
most sensors is useful for the analysis of fatty acids in vegetable or an-
imal oils. However, literature based on palmitic sensor exploiting PID is
limited. Most of them are usually combined with other separation
techniques, such as GC-PID, GC-FID [62,63]. This study thus demon-
strates that while PIDs are not typically used for fatty acid detection,
they can be effectively employed when combined with other techniques
(i.e. zeolite composite), to enhance selectivity.

4. Conclusions

In this work a PID-zeolite sensor was developed and evaluated to
detect palmitic acid in TSO oil as an alternative valid method for oil
assessment. The sensor is composed by a molecular sieve made of zeolite
5 A inside a metallic chamber maintained at 100°C to allow thermal
emission. The latter is detected by molecule ionization generated by UV
energy which generates an electric current proportional to the number
of ionized molecules per unit volume. The gold standard analysis for the
evaluation of fatty acids exploits HPLC or GS according to the European
commission and FDA. Recent literature has evidenced that palmitic acid,
which belongs to the family of fatty acids, is responsible for many
biochemical processes. It is involved in lipid oxidation, which affects
shelf life and flavor stability, and plays a role in the texture and structure
of fats within foods. In tomato seed oil, a low palmitic acid content is
considered favorable since a lower level helps maintain a better lipid
profile than oils with a higher saturated fatty acid. The system evidenced
a selectivity toward palmitic acid resulting in the possibility of oil
analysis without the need of a dedicated laboratory, to detect not only
the alterations due to degradation but also fraud and/or manipulation.
Analysis also evidenced that the use of —20 °C sample can be used to
improve the detection limit of the system acting as a natural concen-
trator for the oil sample thanks to the 3 L arrangement of palmitic acid
molecules The combination of PID and zeolite layer enhances selectivity
between chemically similar molecules, making it particularly useful for
analyzing complex matrices, such as TSO. This approach also offers the
advantage of portability, enabling in-situ real-time monitoring, without
the need for complex sample pre-processing. However, limitations
include the need for zeolite tailoring, which should be designed for each
specific molecule, and the interference from other analytes. Addition-
ally, the ionization energy of the photoionization detector may not al-
ways match that of the target VOCs, limiting its effectiveness. In
conclusion, the sensor offers a promising solution by balancing perfor-
mance, cost, and ease of use, with significant potential in industrial and
biomedical applications.
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