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Highlights

e (Glasses-(ceramics) from Na,O-V,0s5-(Al,05)-P,0s-Nb,Os system were evaluated for catalytic
properties.

e Fatty acid decomposition was monitored using TG/DSC, TG-IR, and STA-QMS experiments.
e Dielectric properties were studied through solid-state impedance spectroscopy (SS-IS).
e Catalytic results and dielectric properties were correlated to observed structural features.

e The improvements in dielectric properties relate strongly with superior catalytic performance and
increased V,05 content.

Abstract

In the quest to mitigate greenhouse gas emissions, biofuels, particularly biodiesel, are compelling
alternatives to fossil fuels due to their lower toxicity, renewability, biodegradability, lubricity, and cleaner
combustion. This study explores cost-effective, innovative catalysts: glasses-(ceramics) derived from the
Na,0-V,0;5-(Al,05)-P,05-Nb,Os system, for the pyrolytic deoxygenation of long-chain fatty acids into
alkanes. Thermogravimetric analysis/differential scanning calorimetry (TG/DSC) assessed catalytic
activity, while TG-IR and STA-QMS provided insights into the catalytic mechanisms. Dielectric properties
examined through solid-state impedance spectroscopy (SS-IS) revealed that increased V,Os content
enhances dielectric permittivity, dielectric strength, and dielectric loss, correlating with improved catalytic
activity. Optimal properties were achieved with the highest V,0; content, indicating potential applications
in memory and switching devices and battery technology. This study highlights the versatility and

multifunctionality of oxide glasses-(ceramics), enhanced through simple compositional adjustments.
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Introduction

Climate change, the escalating energy demand, and the depletion of natural resources are
pressing challenges of the 215 century. Biofuels offer a promising alternative to fossil fuels,
potentially mitigating global greenhouse gas emissions. Among biofuels, biodiesel emerges as the
most feasible substitute for petroleum diesel due to its lower toxicity, renewability, superior
biodegradability, enhanced lubricity, and cleaner combustion characteristics in compression
ignition engines [1].

The quality of biodiesel is intrinsically linked to the origin and composition of its feedstock,
which typically includes vegetable oils, microalgae, cellulose, and waste agricultural sources [2].
Biodiesel is characterized by a higher cetane number than diesel fuel, absence of aromatics and
virtually sulphur-free, containing 10 to 11 wt.% oxygen. These properties contribute to its ability
to significantly reduce emissions of carbon monoxide, hydrocarbons, and particulate matter in
exhaust gases when compared to petroleum-based diesel fuel. Biodiesel consists of mono-alkyl
esters of long-chain fatty acids, primarily produced via the catalytic transesterification of
triglycerides with short-chain alcohols under mild reaction conditions [3—8]. The typical alkyl fatty
acid chains range from C10 to C22 esters of methanol or ethanol. The transesterification reaction
presents significant challenges, including sensitivity to feedstock purity, the necessity of an
effective catalyst to prevent saponification, and the complexity of the separation stage. Alternative
methods include pyrolysis hydrotreating and deoxygenation reactions [9—14].

In recent years, research has focused extensively on developing high-performance
deoxygenation catalysts, yielding significant advancements in the field. Notably, various metal
catalysts (Pd, Pt, Ni, Rh, Ir, Ru, Os) supported on materials such as carbon, TiO,, SiO,, ZrO,, and

AL O3 have been successfully developed for the deoxygenation of fatty acids [14—18]. Moreover,



the catalytic activity of the glass system V,05-B,05-P,05 was evaluated through the oxidation of
fatty acids [19,20]. Building on these advancements, we introduce an innovative concept: utilizing
glasses-(ceramics) from the Na,0-V,0s5-(Al,03)-P,05-Nb,Os system as catalysts for the
deoxygenation of fatty acids (stearic, oleic and palmitic). The novelty of this approach is further
enhanced by employing thermogravimetric analysis/differential scanning calorimetry (TG/DSC),
along with coupled thermogravimetry-infrared spectroscopy (TG-IR) and simultaneous thermal
analysis-quadrupole mass spectrometry (STA-QMS) experiments to monitor the reaction process,
offering unprecedented insights into the catalytic mechanisms. To the best of our knowledge, this
approach has not been previously reported, ensuring the originality of this investigation.

The oxide glasses-(ceramics) in this study are analyzed for their dielectric properties using
solid-state impedance spectroscopy (SS-IS), revealing that dielectric permittivity (&), dielectric
strength (Aeg), and dielectric loss (tan o) increase with V,05 content, correlating with enhanced
catalytic activity. This relationship is similar to the one observed in the study of aluminosilicate
clay minerals during catalytic cracking of cumene, attributed to their greater polarizability and
higher permittivity, facilitating better substrate interaction and reaction [21]. Furthermore, the
dielectric properties of the glasses-(ceramics) under study are noteworthy due to their potential in
sodium-ion battery technology, acting as ionically conductive inorganic binders for solid-state
electrolyte/electrode materials [22,23]. Their intrinsic ionic conductivity enhances ion transport,
while higher dielectric constants improve ion dissociation and separation, boosting overall
electrode and electrolyte performance [24]. With the introduction of vanadium, these materials
may exhibit a mixed ionic-electronic electrical conductivity [25-27], where the electronic
contribution arises from electron hopping via V4*/V>* redox pairs governed by the small polaron

hopping (SPH) mechanism [28]. This opens new avenues for the use in memory and switching



devices [29], as well as in battery technology as cathode materials, [30-32] and as infrared
transparent oxide glasses in photonic devices [33]. Our study of the Na,0-V,05-(Al,03)-P,0s-
Nb,0Os system confirms that oxide glasses-(ceramics) are versatile and easy-to-prepare materials
with multifunctional capabilities, achieving enhanced dielectric and catalytic properties through
simple compositional adjustments. Details regarding the experimental part (materials and

methods) are given in Supplementary Information (SI).

Results and discussion

Stearic acid (SA) was selected as the model compound to optimize the measurement of the
thermal decomposition of fatty acids (FAs), see Figure S1 and Table S2 in SI, and to investigate
the influence of oxide glass-(ceramic) catalysts (CATs) on their thermal decomposition.
Additional experiments were conducted on oleic acid (OA) and palmitic acid (PA) to elucidate the
effects further. OA is unsaturated and contains 18 C atoms, while SA and PA are saturated and
contain 18 and 16 C atoms, respectively. Under a nitrogen flow atmosphere, pure SA melts in the
temperature range of 66—82 °C, and decomposes in a single step, with an onset temperature (7opser)
of 277 °C and an endset temperature (7epgset,) of 322 °C (Figure 1(a), Figure S2 and Table S3 in
SI), consistent with literature data [34—36]. The thermal decomposition data for OA and PA are
provided in Figures S3-S4 and Table S3 in SI, demonstrating also good agreement with literature
values [37,38].

Given that the selected glass-ceramic catalysts (CATs) for testing the thermal
decomposition of fatty acids (FAs) contain varying proportions of V,0s (up to 70 mol%), the
subsequent phase of the study utilized commercially available V,0s as the standard reference

material. The mass loss associated with the decomposition of SA in the presence of V,0s occurs



in four distinct steps. The first two decomposition steps, as indicated on the TG curve, correspond
to two exothermic signals on the DSC curve at 279 °C and 317 °C, respectively. The subsequent
two steps are accompanied by endothermic signals (Figure 1(b)). These exothermic signals are
followed by significant mass losses of 23% and 10%, respectively, attributed to the SA
decomposition in the presence of V,0s. Particularly, similar thermal behaviour has been reported
for pure crystalline V,0s, where the exothermic signals were ascribed to the oxidation of VO,
impurity to V,05 and the recrystallization of V,05 [39—43]. These processes cannot be excluded,
suggesting that commercially available V,0s may undergo changes upon interaction with SA
during thermal treatment. Although addition of V,0s5 significantly lowers the onset temperature of
SA decomposition from 277 °C to 245 °C, the broader temperature range and more complex

decomposition profile suggest that V,05 adversely affects the thermal decomposition of SA.
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Figure 1. TG/DSC curves of the thermal decomposition of (a) pure stearic acid and (b) stearic acid
mixed with V,0s in a 1:1 ratio.

In contrast to pure V,0s, all glass-(ceramic) samples used as CATs mixed with SAina 1:1
ratio exhibit a one-step weight loss (Figure 2(a)). Furthermore, the DSC curves for the prepared

SA and CAT mixtures reveal no additional exothermic processes, indicating that the



decomposition of SA with CAT is akin to that of pure SA (Figure S2 in SI). This suggests that
the tested glasses-(ceramics), wherein vanadium is arranged within the dominant V-based glass
matrix, are potentially more reliable catalysts for the thermal decomposition of FAs than
commercially available V,Os, as their addition does not result in complex decomposition process.

The thermal parameters of FA decomposition were determined from TG/DSC curves, and
their variations in response to various CATs were analysed. The addition of these CATs to SA
results in a shift of both onset and endset temperatures, Ty, and Tepgser, 0f SA decomposition to
lower values, with T, decreasing by 14-23 °C compared to that of pure SA (Figure 2(b-d),
Table S3 in SI). A clear correlation between the thermal parameters and the V,05 content in the
glass-(ceramic) CATs is evident. Samples rich in V,05 exhibit the most pronounced effects, as
exemplified by the 70V-10P-20Na sample, which contains 70% V,0s, and significantly reduces

the Tonset and Tepgset Of SA decomposition by 23 °C and 11 °C, respectively.
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Figure 2. The influence of the addition of different glass-(ceramic) catalysts on: (a) TG curves of
the thermal decomposition of stearic acid (SA), (b) the onset temperature, Tonset, (€) the endset
temperature, Tendser, OF the thermal decomposition of SA, the difference between (d) Tyt Of the
decomposition of SA and the SA mixed with the catalyst (CAT), Tonset (SA) — Tonset (SA + CAT),
and (e) the endset and onset temperatures of decomposition, Tendset — Tonsets Of SA.



Additionally, experiments performed using OA and PA as substrates exhibit a similar behaviour
pattern as SA (Figures S3-S5 and Table S3 in SI) with 7, shifting to lower values upon the
addition of CATs. However, a somewhat narrower range of T, reduction is observed for these
two FAs.

These findings are consistent with our prior publication, which highlighted the enhanced
activity and selectivity of V,0s-rich glass-(ceramic) CATs [44]. While our earlier work focused
on cyclooctene epoxidation reaction, the current study emphasises FA oxidation. The observed
trend of increased activity in V,0s-rich glass-(ceramic) CATs is also reflected in their impact on
the thermal decomposition of FA, underscoring the pivotal role of vanadium content in the
catalytic activity of the studied glasses-(ceramics). Besides the proportion of V,0s itself, the
proportion of vanadium ions in the +4-oxidation state (electron configuration [Ar]3d"), possessing
a partially filled 3d orbital, might play a crucial role in the catalytic activity of the studied materials.
Specifically, V4" ions are present in the glass-(ceramic) because of redox equilibria in the glass
melt, influenced by both the glass composition and the synthesis parameters. The V47/V, ratio
in samples containing V,0s, determined via EPR measurements, ranges from 3.4-20.5 % (Table
S1 in SI), and the presence of V#* ions could facilitate electron transfer from the substrate (FA) to
the CAT [45], thereby possibly accelerating FA decomposition.

To overcome the limitations of TG/DSC in identifying degradation products, deeper insight into
the thermal decomposition of FA with the addition of CAT was obtained through coupled TG-IR
experiments. While pure SA shows only a slight increase in CO, signal intensity over time, the SA
mixture with the 70V-10P-20Nb glass exhibits strong CO, signals that intensify notably as
decomposition advances, indicating SA decarboxylation (Figure 3, Figures S6-S7 in SI).

Moreover, pure SA shows a minimal decrease in the C=0O bond signal intensity, indicating that



decomposition is just beginning: In contrast, the addition of CAT results in a significant decrease
in the C=0 bond signal over time, suggesting that SA decomposes at a lower temperature and that
CAT accelerates its decomposition, a process that can be effectively monitored by IR
spectroscopy. This observation is consistent with existing literature, highlighting the critical role
of catalysts in achieving substantial conversion of SA and its decarboxylation to n-heptadecane.

Conversely, SA without a catalyst undergoes decarboxylation to a minimal extent [16—18,46,47].
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Figure 3. 3D colour maps showing the change in absorbance values of FT-IR spectra as a function
of wavenumber, v, and time, #, for the thermal decomposition of (a) pure stearic acid and (b) stearic
acid mixed with 70V-10P-20Nb sample.

Although the coupled TG-IR experiment could not detect a CO, signal for pure SA, likely
due to instrument limitations given the low concentration of CO,, the results of the coupled STA-
QMS experiment confirm partial decarboxylation (Figures S8-S9 in SI). This is evident by the
MS spectra of gaseous products showing characteristic signals for CO, at m/z =12, 16, 28, and 44
(Figure 4). However, the stronger signal at m/z = 28 compared to m/z = 44 suggests that the

decomposition of SA also involves a decarbonylation reaction, releasing CO, with the m/z = 28

signal attributed to a mixture of CO and CO,. Moreover, the prominent signals at m/z =17 and 18



correspond to H,O and can be elucidated by the decomposition mechanism of SA [17]. This
mechanism involves the release of water when two molecules of SA react to form stearic
anhydride, and during the decarbonylation of SA to heptadecene (Figure S9 in SI).
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Figure 4. Comparison of (a) experimental MS spectrum of the thermal decomposition of stearic
acid and (b) MS spectrum of CO,.

A detailed analysis of the IR spectra collected during the thermal decomposition of SA,
combined with the results of the coupled STA-QMS experiment, proposes that the resulting
reaction mixtures likely consist of the starting material (SA), stearic anhydride (described in the
literature as a reactive intermediate), along with n-heptadecane and CO, formed through the
decarboxylation reaction (Figure S7 in SI), consistent with the proposed reaction mechanisms
[16—18,46—48]. Nevertheless, since the bands corresponding to SA and n-heptadecane overlap,
identifying the detected species via the IR method is challenging. Though, the strong CO, signal
intensities, as previously mentioned, indicate improved SA conversion due to the catalytic effect

of the 70V-10P-20Nb glass (Figure S7(b) in SI).
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Alongside catalytic testing, the dielectric properties of all prepared samples were evaluated
using Solid-State Impedance Spectroscopy (SS-IS). A detailed analysis of the complex
permittivity (Figures S10-S11 in SI) and its scaling properties [49] (Figure S12 in SI) is provided
in SI. The corresponding values of dielectric parameters, including dielectric permittivity, &',
dielectric strength, Ae [50], and dielectric loss, tan 0, are presented in Table 1 and Figure S13 in
SI. Dielectric parameters reach their highest values in V,0s-rich samples (x(V,0s) = 70 mol%),
declining with lower V,0s content due to changes in glass composition, especially the reduced
proportion of V,05 and presence of less polarizable elements (Na, P, and O). It is worth mentioning
that the highest dielectric parameters correlate with superior catalytic activity, exemplified by the
70V-10P-20Nb glass and 70V-10P-20Nb glass-ceramic achieving the most significant reduction
in FA decomposition temperature. Drawing on insights from the study of the relationship between
dielectric permittivity and the catalytic activity of aluminosilicate clay minerals in cumene
cracking [21], it can be inferred that the higher proportion of highly polarizable V,05 within the
glass matrix of the studied glasses-(ceramics) similarly enhances catalyst reactivity toward FAs.
This enhancement could occur by inducing polarization of weakly polar hydrocarbons, thereby
augmenting their adsorption to the catalyst surface—an essential initial step in catalytic process.

Table 1. Dielectric permittivity, €., dielectric strength, Ae, and loss factor, tan J, for studied
glasses-(ceramics).

Sample Ew Ag? tand »°
70V-10P-20Na 23.76 18.42 0.831
70V-10P-20Nb 29.76 20.45 0.739
55V-10P-35Na 27.91 101.37  0.074

35Na-25V-20P-20Nb 23.44 84.49 0.008
35Na-10V-35P-20Nb 17.47 43.46 0.019
35Na-45P-20Nb 15.20 34.29 0.066
35Na-10Al1-35P-20Nb 18.31 46.69 0.030

dat T=303 K
bat v=1 MHz
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Conclusions

The research focuses on novel and cost-effective catalysts derived from the Na,0-V,05-(AL,03)-
P,05-Nb,0;5 glass-(ceramic) system for the decarboxylation of fatty acids (stearic, oleic, and
palmitic acids) into long-chain alkanes, which are valuable compounds to produce new generation
of biofuels. Comprehensive characterization techniques, including thermogravimetric
analysis/differential scanning calorimetry (TG/DSC) coupled with infrared spectroscopy (TG-IR),
and simultaneous thermal analysis-quadrupole mass spectrometry (STA-QMS), were utilized to
elucidate the catalytic mechanisms, with a focus on stearic acid as a model substrate. To the best
of our knowledge, the instrumentation and methodologies employed in this study represent a novel
application in this field of research. The study also delves into the dielectric properties of these
glasses-(ceramics) through solid-state impedance spectroscopy revealing that an increased V,0s
content significantly enhances dielectric permittivity, dielectric strength, and dielectric loss. These
improvements in dielectric properties correlate strongly with superior catalytic performance and
observed structural features. This research underscores the versatility and multifunctionality of
oxide glasses-(ceramics), demonstrating that their properties can be finely tuned through

compositional adjustments to meet specific technological demands.
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