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Abstract

This work presents the synthesis, characterization, and application of zirconium oxide
(ZrO2)-based catalysts, modified with macro (silica nanospheres, NSP-SiO2) and meso-
pore templates (Pluronic 123), impregnated with tungstophosphoric acid (TPA), in the
catalytic pyrolysis of tomato agro-industrial residues. The NSP-SiO2 (SXX) and P123
(PYY) amount mainly influences the ZrO2SXXPYY-specific surface area (SBET) and average
pore diameter (Dp). 31P MAS NMR and FT-IR characterization results show that TPA
(H3PW12O40) was partially transformed into [P2W21O71]6− and [PW11O39]7− during the
synthesis steps. The acidic properties of ZrO2SXXPYY samples containing 25 and 50 wt%
of TPA (ZrO2SXXPYYT25 and ZrO2SXXPYYT50, respectively) are dependent on both the
TPA content and the support nature. Bio-oil composition and product selectivity were
strongly influenced by the textural and acid-based properties of the catalysts. Notably,
non-catalytic pyrolysis favored pathways leading to C2 compounds, with a high content of
acetic acid and hydroxyacetone. In contrast, the use of catalysts promoted the formation of
higher molecular weight oxygenated compounds (C5–C6), specifically furans, aldehydes,
and ketones.

Keywords: tungstophosphoric acid; heteropolyacids; zirconium oxide; catalytic pyrolysis;
furans; acid catalysts

1. Introduction
Lignocellulosic biomass primarily comprises hemicellulose, cellulose, lignin, and

volatile compounds. A significant portion of this biomass is often discarded as waste
through agro-industrial activities, with many instances leading to open burning. This
practice not only poses health risks but also contributes to global warming [1,2].

The chemical composition of lignocellulosic biomass, including C5 and C6 sugars
(from hemicellulose), glucose (from cellulose), and phenolic units (from lignin) makes it a
valuable resource for the sustainable production of useful molecules in biorefineries. This
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promotes waste transformation via chemical or catalytic processes, allowing for conversion
into high-value products [3].

Various transformation routes include chemical or biochemical processes, such as
digestion and fermentation. Among thermochemical processes, carbonization, combustion,
liquefaction, and pyrolysis, which operate at high temperatures under controlled conditions,
are often used.

Globally, tomatoes are one of the most cultivated crops, with an annual production
exceeding 180 million tons [4]. This generates a massive volume of lignocellulosic residues
(stems and leaves) that are typically underutilized or burned in open fields. Therefore,
using tomato waste as a model substrate is highly relevant for developing sustainable
biorefinery protocols that are applicable to diverse agro-industrial regions worldwide [5].
In Argentina, approximately 19,532 hectares are dedicated to tomato cultivation, yielding
around 15 tons of waste per hectare [6,7].

This considerable volume of agricultural waste presents an opportunity for conversion
into valuable products through thermochemical technologies. Biomass pyrolysis stands out
for its capability to convert lignocellulosic waste into liquid, solid, and gaseous fractions.
Among these, bio-oils are particularly valuable due to their potential as a precursor for
biofuels and renewable chemical compounds.

Pyrolysis is a thermochemical process performed in a controlled, typically inert atmo-
sphere [8,9]. It can be categorized into three main types:

1. Fast pyrolysis: Biomass decomposes quickly at high temperatures, releasing volatile
compounds and forming a solid carbon-rich residue. Bio-oils are formed from the
condensation of condensable gases.

2. Slow pyrolysis: This operates at lower temperatures and longer residence times,
focusing more on solid product yield.

3. Flash pyrolysis: This is characterized by very rapid heating and short residence times.

Even with its advantages, bio-oil fractionation poses significant barriers to its indus-
trial application due to the high oxygen content and complex molecular diversity of the
resulting bio-oils. Despite the testing of numerous catalysts, there remains a lack of re-
search concerning the rational design of multimodal zirconia supports that are capable
of concurrently enhancing mass transport through macropores and enhancing selectivity
toward platform molecules (C5–C6) via regulated acidic sites [10,11].

Catalytic pyrolysis can be employed to enhance the quality and yield of bio-oils and
reduce the number of molecules in them. There are two types of catalytic pyrolysis: in situ
or ex situ catalytic pyrolysis. In the first one, the catalyst is present in the same bed as the
biomass, enabling direct interaction between the concentrated vapors, while in the second
one, the catalyst is in a separate bed, allowing for the primary vapors from pyrolysis to
interact with the catalyst, simplifying its separation from solid residues [12].

A variety of materials are used as catalysts in biomass pyrolysis. Supports that allow
the addition of acidic compounds are commonly sought to enhance catalytic efficiency and
selectivity. Common supports include zeolites, metal oxides, and activated carbons. The
addition of acid sites can help to manage selectivity and promote several reactions such as
depolymerization, cracking, dehydration and decarboxylation [13–15].

Zirconium oxide (ZrO2) is particularly interesting, due to its high thermal stability and
surface properties that are determined by different crystal structures. It also has controllable
acid-base and textural properties. The addition of compounds that confer acidity, such
as Keggin-type heteropolyacids, to this type of support can increase catalytic activity in
processes such as dehydration [16].

With regard to the use of ZrO2 in the catalytic pyrolysis of biomass, Jin et al. used a
combination of stage catalysts with Al-MCM-41, HZSM-5, and ZrO2 to improve the quality

https://doi.org/10.3390/reactions7010021

https://doi.org/10.3390/reactions7010021


Reactions 2026, 7, 21 3 of 22

and yield of the bio-oils obtained from the pyrolysis of sawdust. These authors highlight
the critical influence of ZrO2 in the ex situ catalytic pyrolysis efficiency. Incorporating ZrO2

led to an increase in the yield of heavy organics and also markedly enhanced the selectivity
for monoaromatic hydrocarbons [17]. Moreover, Hernando et al. studied nanocrystalline
ZSM-5 catalysts, modified by the incorporation of ZrO2 and agglomerated with attapulgite
(ZrO2/n-ZSM-5-ATP) for biomass pyrolysis. These authors demonstrated that materials
containing ZrO2 improved the quality of bio-oils from various lignocellulosic biomasses by
promoting deoxygenation reactions [18].

Although few studies have reported results on the catalytic pyrolysis of tomato plant
residues [19–21], it is generally known that this substrate, in addition to being abundant,
has the potential to generate pyrolytic bio-oils that are rich in high-value compounds.
In a previous study conducted in our laboratory, the effect of modifying pore size and
incorporating acid sites on the yield and composition of bio-oils derived from tomato
plant residues was demonstrated [22]. Overall, it was found that modifying the support
mesoporosity substantially altered the composition of the bio-oils.

This study aims to design ZrO2-based catalysts by tailoring their physical and chemical
properties and to evaluate their performance in the pyrolysis of tomato plant waste. The
ZrO2 catalysts were synthesized using the sol–gel method and modified with two pore-
forming agents: NSP–SiO2, employed as a macropore former, and Pluronic P123, used
as a mesopore former. These modifications yielded materials with distinct textural and
structural characteristics.

To introduce acidic properties, the catalysts were impregnated with tungstophosphoric
acid (TPA), a Keggin-type heteropolyacid. The purpose of this work is to determine whether
the formation of valuable compounds in the resulting bio-oils is primarily governed by
diffusion and confinement effects, catalytic transformations at acidic sites, or surface-
mediated rearrangements. The findings will contribute to a deeper understanding of the
structure–function relationships involved in the catalytic valorization of biomass waste.

2. Materials and Methods
2.1. Catalysts Preparation

Materials based on zirconia with different pore former proportions were synthe-
sized to achieve a multimodal oxide structure. Pluronic P123 (Poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol), PEO20PPO70PEO20) and silica
nanospheres (NSP-SiO2) synthesized by the Stöber method [23] were used as meso- and
macropore-forming agents.

A solution was prepared by dissolving 13.3 g of zirconium propoxide (Sigma-Aldrich,
St. Louis, MO, USA) in 168 g of ethanol (Merck, Darmstadt, Germany) under a N2 atmo-
sphere at room temperature.

After 30 min, an appropriate amount of Pluronic P123 (Sigma-Aldrich, St. Louis,
MO, USA) and NSP-SiO2 was added to the hydrolyzed solution under vigorous stirring,
as templates. The P123 and NSP-SiO2 amounts were chosen to obtain different weight
percentages of meso- and macropore templates. After 3 h, the stirring stopped and the
suspension was aged 24 h at 90 ◦C. The solid was ground into powder and washed with a
sodium hydroxide solution to remove SiO2 templates under constant stirring for 24 h. The
material was then washed with deionized water to remove the sodium from the solid until
a neutral pH was reached. The P123 template was removed by ultrasonic treatment for
one hour at room temperature. The samples were named ZrO2SXXPYY, where XX and YY
represent the weight percentage of SiO2 and P123 used during the synthesis, respectively.

The ZrO2SXXPYY materials were used as TPA support. The impregnation was per-
formed by contacting, at room temperature, 0.75 g (or 0.50 g) of the support with 0.25 g
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(or 0.50 g) of tungstophosphoric acid (H3PW12O40) (Sigma-Aldrich, St. Louis, MO, USA)
dissolved in 3 mL of water–ethanol 50 vol% solution to obtain a TPA concentration of
25 wt% or 50 wt% in the final material (named ZrO2SXXPYYT25 and ZrO2SXXPYYT50,
respectively). Finally, the solids were calcined at 450 ◦C for 2 h under the air atmosphere to
ensure the complete removal of any residual P123 template and to stabilize the supported
HPA phase. The procedure used to determine the TPA content in the calcined materials is
described in the Supplementary Material.

2.2. Catalyst Characterization

The nitrogen adsorption/desorption measurements were carried out at liquid nitrogen
temperature (−196 ◦C), using Micromeritics ASAP 2020 equipment (Norcross, GA, USA).
From the obtained data, the specific surface area (SBET) was determined using the Brunauer–
Emmett–Teller model, the micropore area (SMIC) by the t-plot method, and the mean pore
diameter (Dp) and the pore size distribution by the BJH method. The species present in the
supports and catalysts were evaluated by FT-IR, using a Bruker IFS 66 (Billerica, MA, USA)
with pellets of the sample in KBr, in the 400–4000 cm−1 range at room temperature. The X-
ray diffraction (XRD) patterns were recorded with Panalytical X‘Pert PRO (Worcestershire,
UK) equipment with a built-in recorder, using Cu Kα radiation, a nickel filter, 20 mA and
40 kV in the high voltage source, and a scanning angle between 5 and 60◦ 2θ at a scanning
rate of 1◦ per min. The acid strength and the number of acid sites were estimated from the
n-butylamine potentiometric titration results obtained using a Metrohm 794 Basic Titrino
apparatus (Herisau, Switzerland) with a double junction electrode.

The mean size and size distribution of the NSP-SiO2 were estimated using SEM mi-
crographs obtained using an ESEM FEI Quanta 250 microscope using ADDAII acquisition
device (FEI Company, Hillsboro, OR, USA), with a Soft Imaging System 5.1, at a magni-
fication of 10,000×, measuring a few hundred spheres. For sample preparation, a small
amount of the synthetized material was placed on a carbon ribbon and coated with gold
by sputtering.

The solids were analyzed by 31P magic angle spinning-nuclear magnetic resonance
(MAS-NMR) spectroscopy. For this purpose, Bruker MSL-300 equipment (Billerica, MA,
USA) was employed, using 5 ms pulses, with a 60 s delay, and working at a frequency of
121.496 MHz for 31P at room temperature; the resolution was 3.052 Hz per point. A 5 mm
diameter and 10 mm high sample holder was used; the spin rate was 2.1 kHz. Several
hundred pulse responses were collected. Phosphoric acid with a concentration of 85% was
employed as an external reference.

The chemical state and chemical composition of the surface of the studied materials
were studied by X-ray photoelectron spectroscopy (XPS) on a PHI Versa-Probe II Scanning
XPS Microprobe (Physical Electronics) spectrometer (Eden Prairie, MN, USA). X-ray sources
(Al Kα; hν = 1486.6 eV) operating at 100 W and 20 kV under a vacuum of 10−7 Pa were
used. The PHI SmartSoft software 4.3.1 and the MultiPak 9.3 package were used for fitting
the XPS spectra. The binding energy of the C 1s core level at 284.8 eV arising from the
adventitious carbon was used to calibrate the spectra.

The lignocellulosic biomass was obtained from tomato producers in La Plata, Buenos
Aires, Argentina. Aerial remains of tomato plants (Solanum lycopersicum L.) of the local
variety known as ‘tomate platense’ were used. The samples were collected through a
sampling and quartering process from a total sample of 10 kg. Only leaves and stems were
used, which were crushed to obtain particles with a diameter between 0.415 and 1 mm by
sieving them with steel meshes. The composition of hemicellulose, cellulose and lignin in
raw tomato plant leaves and stems was determined using the Van Soest method [24,25]
with an ANKON 200 FIBER ANALYZER (Macedon, NY, USA). The moisture content was
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determined by gravimetry, drying the samples at 105 ◦C for 24 h. The mineral components
were evaluated by quantifying the ash content through the incineration of aliquots of
material in a muffle furnace at 900 ◦C.

Pyrolysis tests were performed using the previously described biomass under a nitro-
gen flow of 200 mL min−1 at 450 ◦C in a flow down fixed-bed stainless steel tubular reactor,
as shown in the Supplementary Material. The biomass and catalysts were placed between
quartz wool plugs to retain solid products and allow for the vapors to pass through in
an ex situ catalytic configuration. The operating conditions were selected based on the
preliminary TGA results of the biomass.

The experimental setup consisted of a vertical electric furnace equipped with a tem-
perature controller, into which the down-flow fixed bed stainless steel tubular reactor
was inserted. For catalytic pyrolysis assays, 1 g of biomass and 0.5 g of the catalyst were
loaded into the reactor and separated by a quartz wool layer (see Supplementary Material
Figure S1 Schematic diagram of the experimental setup for the ex situ catalytic pyrolysis of
tomato plant residues). The reactor was then rapidly introduced into the isothermal zone
of the furnace (~2 s), which was preheated to 450 ◦C. With this procedure, the reactor is a
stainless-steel tubular reactor (ID = 1 cm, L = 10 cm in the isothermal zone). The heating
rate (225 ◦C s−1) was verified using a thermocouple centered in the biomass bed. The 0.5 s
residence time was calculated based on the effective volume of the catalytic bed.

The vapors generated during pyrolysis were condensed in an ice–salt–water bath to
collect the resulting bio-oil. After completion of the reaction, the reactor was withdrawn
from the furnace and cooled under an inert atmosphere to prevent the combustion of
the remaining solids. Four main product fractions were obtained: (i) bio-oil (condensed
fraction), (ii) solid residue/wax (solids retained in the condenser), (iii) biochar (solid residue
remaining in the reactor), and (iv) non-condensable gases.

The yields of bio-oils, wax, biochar, and non-condensable gas were determined gravi-
metrically and calculated as a weight percentage, relative to the initial biomass feed. The
following equations (Equations (1)–(4)) were employed:

Yield [wt%](bio-oils) = {(weight of the bio-oils collected)/(weight of biomass feed) × 100} (1)

Yield [wt%](wax) = {(weight of the wax collected)/(weight of biomass feed) × 100} (2)

Yield [wt%](biochar) = {(weight of the biochar collected)/(weight of biomass feed) × 100} (3)

Yield [wt%](non-condensable gas) = {100 − (Yield [wt%](bio-oils) + Yield [wt%](biochar) + Yield [wt%](wax)} (4)

The bio-oil was analyzed by GC–MS, using a Shimadzu GCMS-QP2010SE system
(Chiyoda-ku, Tokyo, Japan) coupled to a mass spectrometry detector and equipped
with a Supelco SPB™-5 capillary column (Millipore Sigma, Burlington, MA, USA)
(30 m × 0.25 mm × 0.25 µm). Semi-quantitative analysis was carried out on the assump-
tion that the peak areas are proportional to the concentration of the corresponding com-
pound in the sample. The data were reported, considering a relative error of 2%. A cut-off
of 1% was used for the analyses (Areas > 1%).

The GC-MS data were processed using GC-MS Solution software version 4.42. Chro-
matographic peaks were integrated, and compounds were identified by comparing their
mass spectra with the software library. A matching criterion of >95% was applied for
identification. Due to similar fragmentation patterns, structural isomers were not differenti-
ated and were aggregated under their corresponding chemical identities. The quantitative
results are expressed as relative area [%], calculated by the ratio of the individual peak area
to the total integrated area. It is important to note that this semi-quantitative approach
assumes similar response factors for all compounds. The compounds were aggregated into
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chemical families (e.g., acids, furans, phenols) by summing the relative areas of their con-
stituents. Peaks with a relative area below 2%, as well as unidentified compounds, proteins,
lignin derivatives, and plant-derived fatty acids, were grouped in the ‘Others’ category.

3. Results
3.1. Biomass Characterization

The residual biomass used as a substrate in this study consists mainly of stems and
leaves from tomato plant waste collected from a plantation located in La Plata, Buenos
Aires, Argentina. The results of the compositional analysis showed that the material has
a typical composition for this kind of waste (27.5% cellulose, 16.5% hemicellulose and
8.2% lignin). The remaining percentage corresponds to extractive compounds, which
include a wide variety of substances such as proteins, flavonoids, fatty acids, terpenes,
and other secondary metabolites. These components can influence the composition of the
obtained bio-oils because they are highly susceptible to thermal degradation and can give
rise to volatile products with added value during pyrolysis. On the other hand, cellulose
and hemicellulose, when subjected to thermal degradation, contribute significantly to the
generation of oxygenated compounds in the liquid phase, while lignin, which is more
recalcitrant, is a potential source of aromatic compounds [26,27].

The moisture and ash contents determined were 10.2% and 10.4%, respectively. Mois-
ture represents the water physically retained in the biomass, while ash reflects the inor-
ganic content, which is mainly associated with minerals that are naturally present in the
plant material.

As we previously reported [22], thermogravimetric analysis of tomato stem and
leaf residues revealed losses associated with water release (from room temperature to
100–115 ◦C); volatile constituent elimination (from 115 to 190 ◦C); hemicellulose, which can
degrade at around 150 ◦C according to the literature; and cellulose, which degrades between
200 and 450 ◦C, with maximum degradation occurring between 290 and 380 ◦C [28].

3.2. Materials Characterization

According to the SEM micrograph (Figure 1a), the NSP-SiO2 nanospheres present a
smooth surface and are well dispersed without the formation of silica aggregates. The
average diameter of the nanospheres was found to be 293.8 ± 17.5 nm (Figure 1b). These
spheres were used as templates in the ZrO2SXXPYY synthesis, using weight percentages of
25 and 50%.

SEM analysis of the ZrO2 sample (Figure 1c) reveals a compact structure formed by par-
ticles with irregular morphology and a wide size distribution (ranging from 134 to 790 nm).
The ZrO2P25 sample micrograph (Figure 1d), obtained by adding P123 (25 wt%) during the
synthesis, displays a looser structure formed by spherical particles with a homogeneous
particle size distribution (mean size 345 ± 78 nm).

The images of the ZrO2SXXPYY materials after the treatments were performed to
remove the NSP-SiO2 and P123 templates (Figure 1e) show the voids on the zirconia surface
generated by the silica nanospheres removal. They are more visible in the samples prepared
using the higher template proportions. The voids’ average diameters (372 ± 64 nm) were
slightly higher than that of NSP-SiO2.

The classical method to assess macropore size is mercury porosimetry. However, this
technique presents several drawbacks: among them are their destructive nature (samples
cannot be reused after analysis), toxicity, and environmental hazards [29].
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Figure 1. SEM micrographs of NSP-SiO2 (a), NSP-SiO2 particle size distribution histograms based on
SEM images (b), and SEM micrographs of ZrO2 (c), ZrO2P25 (d), and ZrO2S25P50 (e) samples.

The specific surface area (SBET) determined from the N2 adsorption–desorption
isotherms using the Brunauer–Emmett–Teller (BET) method, the average pore diameter
(Dp), and the pore volume (Vp) of ZrO2SXXPYY samples are summarized in Table 1.

Table 1. Textural properties ZrO2SXXPYY synthesized materials.

Sample NSP-SiO2 (wt%) P123 (wt%) SBET (m2 g−1) SMIC (m2 g−1) SMESO (m2 g−1) Vp * (cm3 g−1) Dp (nm)

ZrO2 0 0 213 162 51 0.14 3.0
ZrO2S25 25 0 69 3 66 0.19 3.7
ZrO2P25 0 25 192 15 177 0.19 3.7

ZrO2S25P25 25 25 181 8 173 0.18 3.6
ZrO2S50P25 50 25 141 4 137 0.25 6.9
ZrO2S25P50 25 50 157 0 157 0.45 10.8

* Estimated from the value corresponding to P/P0 = 0.98.

The reference sample ZrO2, synthesized without the addition of pore templates,
showed N2 adsorption–desorption isotherms (Figure S2 N2 adsorption–desorption
isotherm, Supplementary Material) that were typical of micro–mesoporous materials
(SMICRO = 162 and SMESO = 51 m2 g−1) and can be classified as type IV with an H2 hysteresis
loop, according to IUPAC classification [30]. The pore size distribution reveals the presence
of micropores and small mesopores (in the range of 4–6 nm).

The incorporation of NSP-SiO2 as a macroporous template during the ZrO2S25 syn-
thesis resulted in a notorious SBET value reduction (69 m2 g−1, almost entirely due to
mesopores) and a pore volume increase (0.19 cm3/g). The SBET and Vp ascribed to macro-
pores cannot be revealed by this technique, and they were estimated (~2 m2 g−1 and
0.09 cm3g−1, respectively), taking into account an average nanosphere diameter that was
equal to 294 nm. The PSD shows small mesopores (centers at approximately 2.0 nm) and
large mesopores (in the range of 10–40 nm).
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In comparison with ZrO2 (the reference sample), as a result of mesopore template
incorporation (ZrO2P25 sample), SBET slightly decreases and both Vp and Dp increase.
However, more than 90% of the specific surface area for this sample is due to its mesoporous
structure (SMICRO = 15 and SMESO = 177 m2 g−1). The pore size distribution shows the
presence of mesopores with a size of less than 10 nm, mainly in the range of 2–6 nm (centers
at approximately 3.0 nm).

The ZrO2S25P25 sample, which was synthetized using both templates, showed high
SBET (181 m2 g−1), with a negligible micropore contribution (Vp = 0.18 cm3 g−1 and
Dp = 3.6 nm). The PSD shows an increment of the mesopores in the range of 6–10 nm
increase, assigned to the NSP-SiO2 addition. The increments could be due to the presence
of voids generated by the unordered stacking of silica nanospheres, which can be partially
filled by P123. As a result of the NSP-SiO2 amount increment (keeping the P123 content
constant), the ZrO2S50P25 sample SBET decreases (SBET = 141 m2 g−1, without micropore
contribution), and again, both Vp and Dp increase (0.25 cm3 g−1 and 6.9 nm, respectively).
However, for the ZrO2S25P50 sample (SBET = 157 m2 g−1), higher Vp and Dp increments
were achieved (0.45 cm3 g−1 and 10.8 nm, respectively), increasing the P123 content but
keeping constant the NSP-SiO2 amount. The pore size distribution of this sample shows a
wide range (4–40 nm) of mesopore distribution with a maximum of ~10 nm.

The effect of the kind and amount of template used on the pose size distribution can
be seen in Figure S3 Pore size distribution.

The TPA and most of its salts [except Cs, Rb and K ones] present negligible specific
surface area values [<10 m2 g−1]. This fact is considered a drawback when they are used
as heterogeneous catalysts and can be overcome by immobilizing TPA on a solid support
with a high specific surface. The materials obtained by TPA impregnation show lower
SBET values than the parent solids used as support. For the ZrO2SXXPYYT25 samples, the
specific surface area value drops can be mainly explained by considering that the SBET of
bulk TPA is very low (<2 m2 g−1), and its proportions in ZrO2SXXPYYT25 and the sample
ZrO2SXXPYYT50 materials are 25% and 50%, respectively. In addition, it could also be
attributed to the micro-mesopores blocking of the ZrO2SXXPYY supports by the TPA anion
(main diameter 1.2 nm). For example, due to the impregnation of ZrO2 with 25 wt.%, the
SBET was reduced by approximately 60%, in this case as result of the SMIC drop (from 162 to
25 m2 g−1). The SBET reduction varies by a range of 54–87% (see Table S1), being the highest
for the solid sample with 50 wt.% of TPA (ZrO2S25P25T50)

As was previously reported for ZrO2 and ZrO2P25 materials [22], the XRD patterns of
ZrO2S25, ZrO2S25P25, ZrO2S50P25, and ZrO2S25P50 samples exhibited a broad peak at
2θ~32◦, which was indicative of low zirconia crystallinity.

The FT-IR spectrum of the ZrO2 sample (Figure S4 FT-IR spectrum of synthesized
materials) showed the bands assigned to the stretching vibrations of hydroxo and aquo-
OH (3455 cm−1), and to the bending vibration of the H2O and Zr-O-H species, placed at
1637 and 1385 cm−1 [31,32].

Additionally, the broad band associated with the Zr-O stretching vibration was ob-
served in the energy range below 850 cm−1 [31]. For the samples synthetized using P123,
the FT-IR spectra showed weak signals at 1081, 1055, and 850 cm−1, which are assigned
to the template C-O-C/C-O-H stretching and CH2 rocking vibrations, respectively. This
fact indicates that the ultrasound treatment and subsequent calcination at 450 ◦C did not
completely remove P123. Taking into account that the materials were evaluated at the same
temperature (450 ◦C) for 5 min, it can be ruled out that the P123 traces can potentially affect
the product distribution [33].

The FT-IR analysis of ZrO2SXXPYYT25 and ZrO2SXXPYYT50 materials reveals the
presence of the main TPA bands located at 1081, 982, 888, and 793 cm−1 (assigned to
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the P-Oa, W-Od, W-Ob-W, and W-Oc-W stretching vibrations, respectively) [34], which
overlap with those of the support. The intensity of these bands increases with the TPA
content increment. The FT-IR spectra also show bands at 1101, 1059, 957, and 818 cm−1,
assigned to the lacunar [PW11O39]7− anion. The [PW12O40]3− anion could undergo partial
transformation into the lacunar anion during the synthesis and drying steps due to its
limited stability. The intensity of those bands seems to be higher for the ZrO2 P25T25,
ZrO2S25T25, ZrO2S50P25T25, and ZrO2S25P50T25 samples.

31P MAS NMR spectrum of bulk hydrated TPA exhibits only one narrow peak at
−15.3 ppm (line width ~ 0.04 ppm), assigned to the deprotonated [PW12O40]3− Keggin
anion [35] that interacts with H+(H2O)2 species.

In the case of the ZrO2SXXPYYTPA materials (Figure 2), the 31P MAS-NMR spectra
showed a peak that was slightly wider at −15.1 ppm (line width ~ 0.5 ppm). The increase
can be assigned to W-O-Zr bonds formation, as a result of the thermal treatment, through
the following path (Equations (5)–(7)) [36]:

[Zr-OH2
+][PW12O40]3− → [Zr-O-W-PW11O39]2− + H2O (5)

Figure 2. 31P MAS-NMR spectra of ZrO2S25P25T25, ZrO2S25P25T50, ZrO2S25T25, ZrO2P25T25,
ZrO2S50P25T25, and ZrO2S25P50T25 samples.

During the impregnation and drying steps, the [PW12O40]3− anions interact electrostat-
ically with the positively charged species (Zr-OH2

+) that are present on the ZrO2SXXPYY
surface:

[PW12O40]3− + 3(H2O)2H+ + nZr-OH → [Zr-OH2
+]n[H3−nPW12O40]n− + 3H2O (6)

For the ZrO2S25P25T25 and ZrO2S25P25T50 samples, the spectra also show the
presence of two peaks at −13.3 ppm and 10.1 ppm, ascribed to the [P2W21O71]6− and
[PW11O39]7− species, respectively [37]. The intensities of those peaks were lower than the
one assigned to [PW12O40]3− anion.
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The ZrO2S25T25, ZrO2P25T50, ZrO2S50P25T25, and ZrO2S25P50T50 31P MAS-NMR
spectra reveal that the intensities of the peaks assigned to the dimeric and lacunar species
increase; however, they are still lower than that of the [PW12O40]3− anion.

According to the 31P MAS-NMR results, the main species present in ZrO2S25P25T25
and ZrO2S25P25T50 samples is the [PW12O40]3− anion. However, it was partially trans-
formed into [P2W21O71]6− and [PW11O39]7− anions during the synthesis and drying steps.
The [PW12O40]3− transformation degree increases for the other materials. Due to the limited
stability of the [PW12O40]3− anion in solution, at pH 1.5–2.0, it could be reversibly trans-
formed into the lacunar species [PW11O39]7−. It was proposed [38] that the transformation
occurs through the following scheme when the pH increases:

[PW12O40]3− ⇔ [P2W21O71]6− ⇔ [PW11O39]7− (7)

We have reported that the [PW12O40]3− transformation can occur during the materials
synthesis steps (impregnation and thermal treatment). It was also reported that when
more basic materials are used as support, the dimeric and lacunar species proportion
becomes more important [39]. So, as was revealed by 31P MAS-NMR, the less acidic
samples (ZrO2P25, ZrO2S25, ZrO2S50P25, and ZrO2S25P50) give rise to a higher dimeric
and lacunar species proportion.

The fact that the FT-IR bands of the dimeric anion are similar to those of [PW12O40]3−

is the reason why we could not identify it.
Bulk TPA is a purely Brønsted acid. When supported on ZrO2, the interaction between

the HPA and the surface hydroxyl groups (Zr-OH) can generate a combination of both site
types. The presence of lacunar species ([PW11O39]7−) and dimeric anions ([P2W21O71]6−),
as evidenced by 31P MAS NMR, suggests a significant contribution of the Lewis acidity.
These species often coordinate with Zr4+ cations from the support, which act as Lewis acid
sites (electron-pair acceptors). This combination of both Brønsted and Lewis acidity is a
key feature of ZrO2SXXPYYT25 and ZrO2SXXPYYT50 catalysts, playing a crucial role in
the dehydration and selective cracking pathways during the pyrolysis process.

For the materials used as TPA support (ZrO2SXXPYY samples), the XRD patterns
exhibited a broad peak at 2θ~32◦, which was indicative of low zirconia crystallinity (see
Figure 1).

Moreover, the XRD pattern of the impregnated materials (ZrO2SXXPYYT25 and
ZrO2SXXPYYT50 samples) exhibited a series of broad and weak reflections that could
be assigned to the presence of small H3PW12O40 crystals. However, the weak peak intensi-
ties suggest that TPA is predominantly either dispersed on the support in an amorphous
state or exists as crystalline domains that are below the detection limit of this technique [40].

Potentiometric titration curves were performed to estimate the acidic properties of the
synthetized materials (Figure S5 Potentiometric titration curves of synthesized materials).
The initial electrode potential (Ei) was used to estimate the acid sites’ strength (see the
classification scale in Supplementary Material) and the area under the curve provides an
estimation of the number of acid sites (NAS). The Ei and NAS values are shown in Table 2.

It can be observed that the ZrO2 display a higher Ei value (60 mV) than the other
ZrO2SXXPYY materials used as TPA support. The Ei value drop could be due to the
presence of pore templates remaining in the materials. Additionally, it could be ascribed
to the presence of sodium ions (which was corroborated by X-ray photoelectron spec-
troscopy) on the support, because of the treatment with NaOH during the preparation to
remove the templates (Table S2 Surface Na/Si atomic ratios of the ZrO2S25, ZrO2S25T25,
ZrO2S25P25, ZrO2S25P25T25, and ZrO2S25P25T50 materials determined by XPS in the
Supplementary Material).
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Table 2. Surface acidity (NAS) and initial potential (Ei) of the synthesized ZrO2-based samples.

Sample NAS (U/mL) Ei (mV)

ZrO2 41 62
ZrO2P25 24 −30
ZrO2S25 2 −81

ZrO2S25P25 15 −77
ZrO2S50P25 0 −175
ZrO2S25P50 0 −234
ZrO2P25T25 37 41
ZrO2S25T25 40 41

ZrO2S25P25T25 77 122
ZrO2S25P25T50 69 117
ZrO2S50P25T25 11 −35
ZrO2S25P50T25 15 −81

The ZrO2S25P25, ZrO2S25, and ZrO2P25 samples impregnated with TPA display
higher acidic strength and total number of sites than the parent supports. ZrO2S25P25T25,
ZrO2S25P25T50, ZrO2S25T25, and ZrO2P25T25 present very strong acid sites with
Ei > 0 mV values. No significant improvement of the acid properties was achieved in
the case of the ZrO2S50P25 and ZrO2S25P50 supports.

XPS analyses of the HPA, supports and TPA-supported catalysts were performed to
analyze the surface composition of the samples and the chemical state of the different
elements. The binding energies (B.E.) of the O 1s, W 4f, P 2p, Si 2p and Zr 3d signals are
included in Table 3.

Table 3. XPS results. Binding energies (B.E) of elements in TPA and catalysts.

Catalysts Binding Energies (eV)

O 1s Si 2p W 4f Zr 3d P 2p

TPA 531.3 - 36.3 - 134.1
532.7 38.5 135.0

ZrO2S25 530.2 101.8 - 182.1 -
531.9 184.5
536.6 -

ZrO2S25T25 530.4 101.9 35.6 182.3 133.4
531.9 37.7 184.7 134.2
535.9

ZrO2S25P25 530.8 101.8 - 182.1 -
531.7 184.5
536.1

ZrO2S25P25T25 530.4 101.9 35.6 182.3 133.1
531.9 37.7 184.6 133.9
535.5

ZrO2S25P25T50 530.9 102.4 36.0 182.7 133.8
532.4 38.1 185.1 134.7

The Zr 3d core level spectra of the ZrO2S25PYY, ZrO2S25PYYT25 and ZrO2S25P25T50
samples present the typical doublet at approximately 182 eV and 184 eV, corresponding
to the Zr 3d5/2 and Zr 3d3/2 levels, respectively [41,42]. The observed energy difference
between Zr 3d5/2 and Zr 3d3/2 (~2.4 eV) is consistent with the presence of ZrO2-type
species [43]. The values found for the Zr 3d5/2 signals (182.1–182.7 eV) are close to those
reported in the literature for ZrO2 (Zr4+)/Zr (IV) in an oxidic environment [44,45]. The Zr
3d5/2 and Zr 3d3/2 signals in the spectra of the TPA-containing catalysts (ZrO2S25PYYT25
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and ZrO2S25P25T50 samples) shift towards a higher B.E. compared to the ZrO2S25PYY
samples. These results suggest the interaction between the zirconia and the supported acid.

For the TPA (Figure 3), the W 4f core level spectrum shows a well resolved doublet
at 38.5 and 36.3 eV, corresponding to the W 4f 5/2 and W 4f 7/2 levels, respectively [46],
associated with the presence of W(VI) octahedrally coordinated by oxygen. In the spectra of
ZrO2S25T25 and ZrO2S25P25T25 samples, shown in Figure 4, W 4f 5/2 and W 4f 7/2 signals
appear at lower B.E. (37.7 and 35.1 eV, respectively). The shift in energy values suggests
a possible change or disturbance in the octahedron of oxygen atoms surrounding W [36].
This disturbance is attributed to the interaction of the Keggin structures of TPA with the
support, which can be due to W-O-Zr covalent bond formation or to electrostatic interaction
of the terminal oxygens (W=O) [31]. However, the disturbance could also be due to the
lacunar and dimeric species present.

50 45 40 35 30 25
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.)

Binding Energy (eV)

 ZrO2S25T25
 ZrO2S25P25T25
 ZrO2S25P25T50
 TPA

Figure 3. High-resolution W 4f XPS spectra of ZrO2S25T25, ZrO2S25P25T25, ZrO2S25P25T50, and
bulk TPA.

Finally, the P 2p core level region of the TPA spectrum shows contributions of the
P 2p1/2 and P 2p3/2 levels located at ~135 and ~134 eV, respectively. These signals appear
at lower B.E. in the spectra of ZrO2S25T25 and ZrO2S25P25T25 samples. This shift can also
be observed in the spectrum of the ZrO2S25P25T50 sample, but in this case, the shift is
less evident.

The high-resolution O 1s spectrum of TPA shows two distinct contributions at 531.3 eV
and 532.7 eV, associated with W-O-W and W-O-P bonds, respectively [47]. Meanwhile,
the spectra of the supported samples also show a broad signal located at ~530.2–530.8 eV,
which is typical of lattice O 1s in ZrO2.

Furthermore, surface analysis reveals that silica removal from the matrix was incom-
plete, as the spectra show signals associated with the presence of silicon. The Si 2p core
level signal appears at ~102–103 eV, which is attributed to silica photoemissions in an
oxidic environment.
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Figure 4. Effect of catalysts on the yields of each fraction obtained in pyrolysis experiments.

3.3. Catalytic Pyrolysis
3.3.1. Influence of Catalysts on Bio-Oil Composition

Figure 4 shows the percentage of each fraction obtained from the biomass pyrolysis
experiments. The liquid fraction includes only the compounds that remain liquid at room
temperature, while the wax fraction consists of those that volatilize during pyrolysis and
subsequently solidify in the condenser. In addition to small molecules, this fraction contains
condensation products, high-molecular-weight compounds, and fatty acids, among others.
These waxy phases were diluted in acetone and analyzed by GC–MS to confirm the presence
of such compounds. However, this fraction was not further characterized, as it fell outside
the scope of the present study. Finally, the solid fraction—referred to as the biochar—
comprises biochar and condensates made up of polycyclic compounds, large molecules,
and other components.

The low activity observed for bulk TPA is primarily due to its extremely low surface
area (<10 m2 g−1). Furthermore, in an ex situ fixed-bed configuration, bulk TPA suffers
from severe mass-transfer limitations, as the evolving pyrolytic vapors cannot effectively
penetrate the non-porous crystalline structure, resulting in minimal interaction compared
to the high-accessibility multimodal catalysts.

As shown in Figure 4, the decisive role of the porous architecture is evident: while
macropores facilitate mass transport, the introduction of mesoporosity is what truly triggers
the cracking of bulky tar species. It should be noted that catalysts prepared with mesopore
formers generate a higher proportion of waxes, at the expense of a lower bio-solids content.

To compare the similarities and differences in the catalytic behavior of the zirconia ma-
terials obtained in this study—where macroporous templates were incorporated during the
synthesis—Figure 4 also presents results from materials prepared without these templates:
ZrO2T25, ZrO2P25, ZrO2P25T25, and bulk TPA. These data were previously reported in
Ref. [22].

Non-catalytic pyrolysis of tomato stems and leaves yielded 22.4% bio-oils, 15.6% wax,
and 52.6% biochar. The experiment performed with bulk TPA showed efficiencies that were
comparable to those of the non-catalytic test, which was likely due to the low surface area
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of TPA, which limited its interaction with the evolving pyrolytic gases. The low activity
observed for bulk TPA is primarily due to its extremely low surface area (<10 m2 g−1).
Furthermore, in an ex situ fixed-bed configuration, bulk TPA suffers from severe mass-
transfer limitations, as the evolving pyrolytic vapors cannot effectively penetrate the
non-porous crystalline structure, resulting in minimal interaction compared to the high-
accessibility multimodal catalysts [21].

The use of ZrO2 resulted in the highest bio-oils yield (29.5%). This material is char-
acterized by moderate acidity and limited porosity, which favor the formation of volatile
liquids without inducing excessive cracking [22]. Pyrolysis assisted by the TPA supported
on ZrO2 produced a lower bio-oils yield and a higher gas yield than non-catalytic pyrolysis.
It is worth noting that the ZrO2T25 catalyst contains well dispersed TPA on its surface
and exhibits a very high acid strength (~E0 = 684 mV, see Table 2), thereby promoting
cracking reactions.

In contrast, the ZrO2P25 material, prepared using the mesopore-forming agent P123,
showed a slight increase in wax yield (26.5%) and a marked decrease in solid fraction
yield (43.3%) compared to the non-catalytic test. This behavior is attributed to its high
surface area (192 m2 g−1, see Table 1) and large proportion of mesopores, which enhance
the accessibility of bulky tar molecules and improve the efficiency of their cracking into
smaller compounds that eventually condense as waxes.

However, when this material was treated with TPA (ZrO2P25T25), its efficiency for bio-
oils production decreased significantly, favoring the formation of biochar (68.8%) and reduc-
ing the bio-oils yield to 6.7%. This behavior is attributed to its low-to-moderate acid strength
(~E◦ = 38 mV, see Table 2) and reduced porosity resulting from TPA impregnation [22].

In this context, the present study evaluated the synthesis of zirconia with a larger pore
size, using NSP-SiO2 as a macroporous template, resulting in ZrO2S25. Biomass pyrolysis
using this material yielded 24.3% bio-oils, 14.5% waxes, and 50.4% solid residue, which are
values similar to those obtained in the non-catalytic test. This catalyst exhibits very low
acid strength (E◦ = −81.5 mV, see Table 2), which likely explains its limited catalytic effect.

In contrast, ZrO2S25 impregnated with TPA (ZrO2S25T25) showed a restricted bio-oils
yield of 10.6% and a high gas fraction (22.4%). This behavior can be attributed to the
combination of macroporosity and higher acid strength (E◦ = 40.9 mV), which promoted
the cracking of bulky molecules and increased gas production at the expense of smaller
condensable compounds.

To develop new materials combining different pore sizes, catalysts were synthesized
using both mesopores and macropores templates. The ZrO2S25P25 sample exhibited the
largest surface area (see Table 1) but produced the lowest bio-oils yield (12.6%), while
increasing the wax content (25.3%) and gas fraction (17.5%) compared to the other zirconias.
This behavior suggests that the combination of macro- and mesopores promoted the
condensation of pyrolytic gases into a waxy fraction, whereas the gases that were able to
diffuse without reacting were released as part of the gas phase.

Zirconia impregnated with the lowest TPA concentration (25 wt%), ZrO2S25P25T25,
displayed a marked decrease in gas yield (6.7%). This indicates that the pyrolysis gases
could combine more effectively, possibly facilitated by the moderately strong acid sites of
this system (E◦ = 121.6 mV), resulting in a slight increase in the bio-oils and wax fractions.

By contrast, the ZrO2S25P25T50 catalyst produced lower amounts of bio-oils, wax, and
biochar (14.5%, 24.1%, and 40.8%, respectively) and a substantial increase in gases (20.6%).
Although this material exhibited similar acidic properties to ZrO2S25P25T25 (see entries 8
and 9 in Table 2), the distribution of pyrolysis fractions differed, which was likely due to a
higher density of active sites per unit area.
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Finally, tests with synthesized catalysts using higher amounts of pore formers, such
as ZrO2S50P25T25 and ZrO2S25P50T25, showed comparable efficiencies. These materials
were notable for producing high wax yields (34.1% and 30.8%, respectively) without signif-
icantly increasing bio-oils production (11.6% and 13.5%, respectively). The combination of
meso- and macroporous structures with low acidity likely promoted the formation of heavy
compounds that were not cracked on the catalyst surface and subsequently condensed as
waxes [48].

Although these multimodal materials exhibited lower bio-oils yields than the non-
catalytic test, the results underscore the significant influence of both catalyst acidity and
pore architecture on the quantity and characteristics of the condensable products, high-
lighting the importance of rational catalyst design to optimize the production of the
desired fraction.

3.3.2. Influence of Catalysts on the Composition of Bio-Oil

As previously reported, the bio-oils obtained in the presence of mesoporous catalysts—
TPA, ZrO2, ZrO2T25, ZrO2P25, and ZrO2P25T25—exhibited a higher concentration of C5
and C6 molecules compared to the non-catalytic sample, which predominantly produced
C2 compounds. The most abundant C5 species were furanic compounds, including fur-
fural and furfuryl alcohol (FA), as well as aldehydes and ketones such as pentanal and
1,2-cyclopentanedione. The main C6 molecule detected was the anhydro sugar dianhy-
droglucopyranose (DAGP). These results clearly indicate that the presence of catalysts
promotes the formation of valuable molecules for biorefinery-related applications.

Figure 5a,b illustrate the distribution of compounds in the bio-oils obtained from the
catalytic and non-catalytic pyrolysis of tomato plant waste (leaves and stems). Figure 5a
highlights the influence of catalysts on the relative content of different compound families
in the pyrolytic bio-oils, while Figure 5b shows the impact of catalysts on the relative
abundance of individual molecules. As observed, catalytic tests significantly affect the
composition of the resulting bio-oils.

The bio-oils from non-catalytic pyrolysis exhibited an oxygen-rich profile, consisting
of 27.1% carboxylic acids (including acetic and formic acids), 35.9% ketones (predominantly
hydroxyacetone, 2,3-butanedione, and cyclopentanone), and 10.4% furan compounds
(furfural and 2(5H)-furanone). Additionally, it contained 10.1% nitrogen compounds,
primarily a pyridine derivative, and a small amount of diols (3.6%), including ethylene
glycol. This composition is consistent with reports for the pyrolysis of similar biomasses,
such as corn cobs and certain grasses [49,50]. These bio-oils are rich in diverse oxygenated
compounds, making separation difficult and limiting their commercial value [27].

Figure 5a shows that pyrolysis performed in the presence of multimodal catalysts—
catalysts combining meso- and macropores—generated bio-oils with a lower number of
organic compound families, demonstrating a more effective combination of pyrolytic gases.

While acetic acid was the most abundant molecule in almost all bio-oils (Figure 5b)
formed through the cleavage of terminal acetyl groups from hemicellulose polymer
chains [51], the results obtained with multimodal catalysts revealed an interesting but
limited distribution of products. These products primarily belong to the families of
acids, ketones, and aldehydes. Furan compounds and esters are present to a lesser ex-
tent. This highlights the strong influence of the catalysts on the selectivity toward these
compound families.
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Figure 5. (a) Influence of the presence of catalysts on the relative content of different compound
families in the obtained pyrolytic bio-oils. (b) Influence of the presence of catalysts on the compounds
present in bio-oils.

The ZrO2S25 support, synthesized with silica nanospheres as the sole pore former, pro-
duced bio-oils containing the highest concentrations of acids (41.1%) and ketones (35.3%)
compared to the non-catalytic test. Acetic acid was the only acid detected, while the ketones
included hydroxyacetone, 2,3-butanedione, acetoxyacetone, and cyclopentanone. The pres-
ence of macropores in the catalyst likely facilitated the entry of larger molecules, promoting
sugar ring-opening reactions and/or protein degradation. This resulted in lower concentra-
tions of furans and nitrogenous compounds compared to the non-catalytic test [52].
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The ZrO2S25T25 catalyst, prepared by impregnating the aforementioned support with
TPA, promoted a higher proportion of furan compounds (27%) and aldehydes (17.2%),
while reducing acid formation to 19.9% (see Figure 5a). This indicates that the acidic sites in
the material favored glycosidic bond cleavage and sugar dehydration reactions, generating
furfural, 2(5H)-furanone, furfuryl alcohol, and pentanal (see Figure 5b).

Among the bio-oils obtained, the lowest selectivity toward a limited number of
molecules was observed for the pyrolysis test using the ZrO2S25P25 support, which con-
tains both macro- and mesopores. These bio-oils exhibited significant concentrations of
furans (34%), including furfural, furfuryl alcohol, and 2,3-dihydrofuran, as well as aldehy-
des (16%). The combined presence of macro- and mesopores likely promotes dehydration
and/or hydrolysis pathways [53,54].

Catalytic tests performed using ZrO2SXXPYY impregnated with TPA, such as
ZrO2S25P25T25, ZrO2S50P25T25, and ZrO2S25P50T25, yielded similar results, producing
bio-oils with a limited number of products. Notably, the composition of these bio-oils
was reduced to five or fewer compound families compared to the non-catalytic test. For
example, the ZrO2S25P25T25 catalyst, characterized by a meso-macropore architecture
and moderate acid properties, produced concentrations of acids and ketones that were
comparable to the non-catalytic sample, while promoting the formation of furfural as the
sole furanic compound at a high concentration (~27.9%), along with aldehydes (13.5%).
Among the aldehydes, the formation of pentanal from the lignin fraction and of glycolalde-
hyde, present in low concentrations from the secondary cleavage of levoglucosan and/or
cyclopentanone, was notable [55]. These results demonstrate that a favorable structural
and chemical balance promoted the generation of selective bio-oils with limited molecular
diversity [55]. The ketone fraction was dominated by hydroxyacetone (26.4%), with a
smaller proportion of 2,3-butanedione also present (see Figure 5b).

On the other hand, ZrO2S25P50T25 and ZrO2S50P25T25 samples produced bio-oils
with similar profiles and were highly selective toward the formation of furans and alde-
hydes compared to the non-catalytic test. In Figure 5b, the furans identified in both
bio-oils were furfural and its oxidation product, 2(5H)-furanone, possibly formed at the
redox sites of zirconia. Ketone production was 16.4%, exclusively as hydroxyacetone, for
ZrO2S50P25T25, and 27.3%, distributed between hydroxyacetone and 2,3-butanedione, for
ZrO2S25P50T25. This behavior is likely associated with the Vp of the materials; for instance,
ZrO2S50P25T25 had a Vp of 0.25 cm3 g−1, whereas ZrO2S25P50T25 exhibited a higher Vp

of 0.45 cm3 g−1 (see Table 1).
Finally, the ZrO2S25P25T50 sample, characterized by the highest TPA loading, pro-

moted the formation of a large proportion of acids (38.1%) and furanic compounds (34.7%),
accompanied by a moderate ketone content (27.2%). Notably, the composition of these
bio-oils was limited to only three compound families, suggesting that multimodal systems
with effective acid activity can exert selective control over the distribution of products.

In summary, multimodal catalysts impregnated with TPA improved the selectivity
towards organic compounds of interest, such as furfural. However, high concentrations
of TPA (ZrO2S25P25T50) generated large quantities of acetic acid (38.1%), furfural, and
its catalytic oxidation product (2(5H)-furanone). These tests determined that the optimal
meso/macropore and acidity ratio for obtaining 27.9% furfural was achieved with the
catalyst synthesized with ZrO2S25P25T25. In general, bio-oils obtained from pyrolysis
tests using the synthesized catalysts exhibited clear selectivity toward specific compounds,
influenced by the catalysts’ architecture and/or acidity. The structure–function relationship
is further confirmed; the hierarchical combination of meso- and macropores not only
increases yield but acts as a molecular filter, effectively reducing the number of chemical
families to just three or five in the TPA-functionalized systems.
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4. Conclusions
In this study, catalysts composed of tungstophosphoric acid (TPA) supported on

meso-macroporous zirconia were synthesized through the sol–gel method. A comprehen-
sive characterization of the materials was conducted using diverse analytical techniques.
The primary findings of this study demonstrate a significant correlation between the
ZrO2SXXPYY SBET and Dp parameters and the amount of NSP-SiO2 (SXX) and P123 (PYY)
utilized during the synthesis process. Furthermore, the FT-IR, NMR-MAS, and XRD results
indicated the presence of [PW12O40]3−, [P2W21O71]6−, and [PW11O39]7− anions dispersed
on the zirconia support.

The results of the catalytic pyrolysis of tomato residues have demonstrated that
the porous architecture of the catalyst and the presence of TPA play a pivotal role in
determining the distribution of the resulting fractions. While non-catalytic pyrolysis and
the macroporous support ZrO2 S25 exhibited comparable bio-oil yields (approximately
22–24%), the introduction of mesoporosity facilitated the cracking of bulky tar species,
thereby increasing the yields of the gas and wax fractions. These results provide evidence
that the combination of macropores, which enhance mass transport, and mesopores, which
provide active surface area, minimizes biochar formation and improves the release of
volatile species compared to conventional porous configurations.

Additionally, the incorporation of tungstophosphoric acid (TPA) proved to be pivotal
in modulating the bio-oil’s composition. The chemical evolution is driven by the catalyst’s
high strength acid and site density, which act as the primary drivers for selective dehy-
dration and cracking pathways. The multimodal meso-macroporous architecture ensures
the effective transport and accessibility of bulky tar molecules to these active sites. The
efficacy of this rational design is evidenced by the performance of the ZrO2 S25P25 system,
which achieved a furan content of 34%, and the substantial reduction in molecular diversity
attained with ZrO2 S25P25T25 and ZrO2 S25P25T50 catalysts, constraining the bio-oil to a
mere five and three chemical families, respectively.

A comprehensive analysis of the findings of this research reveals that the synergistic
interplay between a meticulously designed multimodal structure and controlled acidity
constitutes an effective strategy for directing pyrolysis toward products with reduced
complexity and higher industrial value. Subsequent investigations will concentrate on the
evaluation of the long-term stability and reusability of these catalysts. This evaluation will
include detailed leaching and deactivation studies, in order to assess their potential for
large-scale and continuous pyrolysis operations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/reactions7010021/s1, Figure S1. Schematic diagram of the experi-
mental setup for the ex situ catalytic pyrolysis of tomato plant residues. Figure S2. N2 adsorption–
desorption isotherm ZrO2, ZrO2 T25, ZrO2 P25, ZrO2 P25T25, ZrO2 S25, ZrO2 S25 T25, ZrO2
S25P25, ZrO2 S25P25T25, ZrO2 S25P25T50, ZrO2 S50P25, ZrO2 S50P25T25 ZrO2 S25P50 and ZrO2
S25P50T25. Figure S3. Pore size distribution ZrO2, ZrO2 P25, ZrO2 S25, ZrO2 S25P25, ZrO2 S50P25
and ZrO2 S25P50. Table S1. Textural properties and surface area reduction percentage (SBET drop
%) of the synthesized materials. Table S2. Surface Na/Si atomic ratios of the ZrO2S25, ZrO2S25T25,
ZrO2S25P25, ZrO2S25P25T25, and ZrO2S25P25T50 materials determined by XPS. Figure S4. FT-IR
spectrum of synthesized materials. Figure S5. Potentiometric titration curves of synthesized materials.
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