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Abstract

Food waste valorization represents a critical challenge and opportunity for sustainable
food systems. This study investigated the reuse of sauce production by-products through
two approaches: (i) solvent-free recovery of an oil-rich fraction and (ii) development of
polymeric films for potential edible or biodegradable packaging. Centrifugation recovered
approximately 10 g per 100 g of by-product. The recovered oil was characterized for total
polyphenols and fatty acid composition, showing a profile consistent with vegetable oils
(mainly olive oil), with minor contributions attributable to cheese and meat components. A
full factorial design was used to prepare and test films and to study the effects of the three
ingredients used, namely pectin, carvacrol, and sauce by-products, on their mechanical,
surface, and antibacterial properties. Chemometric analysis based on principal component
analysis (PCA) and regression-based modeling (multiple linear regression and response
surface analysis) was applied to identify the relationships among the responses and the most
influential factors. Among the tested formulations, N3 (low pectin and by-product; high
carvacrol) showed the most favorable overall balance, combining the strongest antibacterial
activity (mean inhibition halo diameter of 14.8 mm and 17.8 mm against Escherichia coli
ATCC 11229 and Staphylococcus aureus ATCC 6538, respectively) with favorable mechanical
performance, including the highest maximum force (0.53 & 0.01 MPa) and elastic modulus,
(6.8 £ 0.01 MPa) and intermediate elongation (12 £ 3%) and work at maximum force
(11.9 £ 0.9 N mm).
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non-negligible industrial side-stream that requires appropriate management and valoriza-
tion strategies. Addressing these residual streams through recovery and reuse directly
supports the 2030 Agenda for Sustainable Development, particularly Sustainable Devel-
opment Goal (SDG) 12. Indeed, Target 12.3 explicitly aims not only to halve retail and
consumer food waste but also to reduce food losses along production and supply chains [6],
thereby encompassing downstream industrial by-products such as those generated during
sauce manufacturing. In parallel, the Kunming-Montreal Global Biodiversity Framework
highlights food waste reduction (Target 16) as a lever to reduce pressures on biodiversity
by lowering the demand for primary production and the associated use of land, water,
and other resources [7]. Therefore, converting sauce by-products into new value-added
products could be aligned with both supply chain loss reduction and biodiversity-oriented
sustainability objectives.

Although tomato processing residues are often used as animal feed or fertilizers, they
also represent valuable sources of bioactive compounds. Indeed, several studies have
examined the reuse of tomato by-products, particularly peels and seeds, which are rich in
phenols, ascorbic acid, and lycopene [4,5,8-11]. For example, Knoblich et al. [11] assessed
the use of tomato processing by-products as poultry feed to increase carotenoid content in
eggs for human consumption. Benakmoum et al. [8] reported that enriching refined oils
with tomato peel and pulp increases lycopene, 3-carotene, and phenol content, improving
the nutritional quality of edible oils. Other work has investigated the anaerobic digestion
of tomato by-products for methane production and explored the relationship between
chemical composition and methane yields [9]. Furthermore, Manrich et al. [10] extracted
cutin from tomato processing residues and used it to produce edible films, with pectin as a
binding agent.

However, significant waste is generated not only from tomato peels and seeds but also
from finished tomato-based products such as sauces and condiments. Production errors or
deviations from quality standards can lead to non-compliant batches that must be discarded.
This waste stream is compositionally more complex than tomato pomace because it contains
tomatoes mixed with other ingredients (e.g., cheese, meat, basil, and olive oil). As a result,
it can retain substantial amounts of lipid and other bioactive compounds, polyphenols, and
carotenoids [12]. Therefore, if properly managed, these by-products could be considered as
raw materials or semi-finished products for food, pharmaceutical, or cosmetic applications.
While many valorization strategies focus on isolating specific high-value components [5],
conventional solvent extraction is still widely used for recovering bioactive compounds
from tomato pomace [5]. This approach has important limitations, including high solvent
consumption and the generation of residual biomass that remains difficult to exploit.

Based on these considerations, the present research provides an initial investigation
into the reuse of sauce by-products through two complementary routes: (i) recovery of an
oil-rich fraction by centrifugation only, without organic solvent, and (ii) development of a
tomato—pectin-based film for potential edible or biodegradable packaging applications. Re-
cent reviews highlight progress and the remaining challenges for biodegradable packaging
systems, including the need to balance mechanical and barrier performance with end-of-life
requirements and food contact constraints [13-17]. In particular, edible films and coatings
have attracted attention as environmentally friendly alternatives to conventional packaging
materials [18-22].

Previous studies using tomato-derived cutin have highlighted the potential of such
materials to protect food by limiting microbial growth, reducing contamination by food-
borne pathogens, and potentially delivering bioactive compounds [23,24]. However, to
the best of our knowledge, sauce production by-products have not yet been explored
as an ingredient for this type of film. We hypothesized that sauce by-products are suit-
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able for the valorization routes under study because they typically contain (i) an appre-
ciable lipid fraction derived from added ingredients (e.g., olive oil and other fats) [12],
which can be physically separated as an oil-rich phase, and (ii) a solid residue rich in
tomato cell-wall material (fibers and polysaccharides) that may act as a functional filler in
biopolymer matrices [5,10]. Accordingly, the recovered oil fraction was characterized for
total phenolic content and fatty acid composition. For film development, a full factorial
design (FFD) was applied by systematically varying the proportions of lyophilized by-
product, pectin, carvacrol, and water to study their effects on the mechanical, surface and
antibacterial properties.

Pectin was selected as the main film-forming biopolymer because it is widely used
in the food industry as a gelling, thickening, and stabilizing agent, owing to its favorable
physicochemical properties, including hydrogel-forming ability [21,25]. Beyond its con-
ventional applications, pectin has been investigated for packaging purposes, particularly
in edible coatings and films [10,21]. Du and Olsen proposed pectin-based edible films
for wrapping fruits and vegetables to extend shelf life and reduce pathogen growth on
food surfaces [26]. Carvacrol, a major constituent of oregano and thyme essential oils,
was incorporated as an active ingredient due to its well-documented antibacterial activity
against foodborne pathogens [16,27,28]. The combination of a pectin matrix with carvacrol
therefore supports the development of an edible film with both structural functionality and
antimicrobial potential. The developed films were then characterized in terms of carvacrol
content, the chemical composition of the surface (through attenuated total reflection Fourier
transform infrared spectroscopy, ATR-FTIR), mechanical properties, and antimicrobial
activity. Principal component analysis (PCA) [29] was applied on the obtained dataset as an
exploratory approach to highlight similarities and differences among films in terms of sur-
face, chemical, mechanical, and antibacterial properties. Multiple linear regression (MLR)
and response surface analysis [30] were then used to model the experimental outcomes
and to evaluate how formulation variables and their interaction effects affect the measured
responses. In this context, the present chemometric-driven approach enables a systematic
exploration of the formulation space and supports the identification of influential factors
and interaction patterns that would be difficult to capture by varying one ingredient at
a time.

Overall, this study provides a proof-of-concept for the valorization of complex sauce
production by-products and illustrates how combined chemical characterization and
data-driven approach can support the circular economy’s objectives and sustainable
product development.

2. Materials and Methods
2.1. By-Product Samples

The by-product samples used for oil extraction and polymer film development were
collected from a daily sauce production line of a food company (kept anonymous for
confidentiality) specializing in the manufacture of various pasta sauces. The sampling
plan (around 200 g every 8 h) followed the company’s standard practice for monitoring
by-products in continuous sauce processing. Each by-product sample was stored at 4 °C in
a separate glass container, obtaining three different samples labeled as Sample A, Sample
B, and Sample C. The samples were subsequently subjected to chemical characterization,
which included determination of the pH, total phenolic content, total acidity, and fatty acid
profile. All analyses were performed in triplicate.

https:/ /doi.org/10.3390/appliedchem6020027


https://doi.org/10.3390/appliedchem6020027

AppliedChem 2026, 6, 27

4 0f 22

2.2. Oil Mixture Extraction

From each glass container, a 100 g portion was thoroughly hand-mixed with a glass
rod for 2 min to ensure homogenization. Each portion was then transferred into centrifuge
tubes and subjected to centrifugation at 5000 rpm for 15 min at room temperature using an
ALC multispeed centrifuge (PK 121, ALC International Srl, Milan, Italy). The oil phases
recovered from tubes corresponding to each container were combined, yielding three
distinct oil samples. This procedure was designed to assess potential heterogeneity within
the daily waste sample matrix, given its high compositional complexity. From each 100 g
portion of sauce by-product, approximately 10 g of oil was recovered. The resulting oil
samples were then chemically characterized to determine the total polyphenols and fatty
acid composition.

2.3. Production of Polymeric Films

For the preparation of the polymer films, 50 g of material coming from each glass
container was combined (Figure 1a) and subjected to freeze-drying to remove water and
stabilize the sample, yielding a lyophilized product (Figure 1b) for subsequent experimental
phases. Lyophilization was performed using a Lio5P freeze dryer (CinquePascal, Milan,
Italy) and the operative conditions are reported in Table S1, Supplementary Materials.

(b)

Figure 1. Homogenized (a) and freeze-drying (b) sauce waste sample.

The production of the film was carried out using a home-made casting method, which
involves the following steps:

1. Preparation of the solvent-lyophilized sauce-thickener-bactericidal solution.
2. Pouring of the solution onto suitable support materials.

3. Solvent evaporation/recovery and film deposition.

4. Film retrieval.

Operationally, the process began by weighing, in this order, pectin (used as a thicken-
ing agent), distilled water, and the lyophilized sample into a 100 mL round-bottom flask.
Pectin was selected as a natural polysaccharide with recognized film-forming and thick-
ening properties [10], while carvacrol was incorporated for its established antimicrobial
activity [16,27,28].

The mixture was then stirred using a magnetic hot plate at 30 °C for 10 min. After
heating was stopped, carvacrol was added while maintaining agitation. The amounts of
lyophilized material, carvacrol, pectin, and water were systematically varied according
to the Design of Experiments (DoE) approach described in Section 2.4. In particular, for
DoE experiments, 10.0 g of each DoE film-forming solution was poured into plastic molds
(internal dimensions: 10 cm x 2 cm x 0.3 cm; casting area = 20 cm?) placed on a leveled

https://doi.org/10.3390/appliedchem6020027


https://doi.org/10.3390/appliedchem6020027

AppliedChem 2026, 6, 27

50f22

surface. Using a constant casting mass for all formulations ensured a consistent wet loading
per unit area. Films were dried under a hood at room temperature, protected from light for
24 h, and then peeled off.

2.4. Experimental Design

DoE is a systematic method used in research and industry to optimize and improve
formulation, processes, and products [31,32]. The objective of the DoE was to maximize
the information obtained while minimizing the number of experimental trials. In this
study, a two-level full factorial design was used to evaluate the effects of film formulation
(pectin, carvacrol, and sauce by-product levels) on the measured responses, including
color parameters, antibacterial activity, mechanical properties, extracted carvacrol content,
and surface chemical composition (see Sections 2.5 and 2.6). Equal amounts of Samples
A, B, and C were pooled prior to freeze-drying to remove water, in order to obtain a
representative averaged ingredient consistent with continuous industrial practice. This
pooled, freeze-dried material (hereafter referred to as the lyophilized by-product) was used
as the by-product ingredient in all planned film formulations. Consequently, the DoE results
describe the film’s performance as a function of formulation factors using a representative
pooled by-product and do not allow the attribution of mechanical/optical/antibacterial
properties to individual A-C compositional differences.

The three investigated ingredients (factors) and their levels are reported in Table 1. In
particular, for each factor, two levels were defined: a high level, denoted as (+), and a low
level, denoted as (—). Additionally, the middle level, used for replicates and to check for
the presence of a non-linear relationship between the variables and the responses, which is
denoted as Level 0.

Table 1. Factors and level used in DoE experimentation.

Factors Low Level (—) Middle Level (0) High Level (+)
x1: pectin (g) 0.50 0.70 0.90
xp: carvacrol (g) 0.05 0.175 0.30
x3: lyophilized by-product (g) 1.0 1.50 2.0

The pectin range was selected to bracket concentrations commonly reported to form
stable pectin-based cast films [10], while the carvacrol range was chosen to span literature-
relevant antimicrobial loadings [26] and to extend the domain to account for potential reten-
tion/release effects introduced by the complex sauce by-product matrix. The lyophilized
by-product range was defined according to preliminary formulation trials, aiming to iden-
tify practically feasible incorporation levels that maintain castability and film integrity after
drying, while still producing measurable changes in the optical, mechanical, and antibac-
terial responses. Overall, the factor ranges were therefore selected to balance literature
relevance with practical processing constraints.

Considering 3 factors at two levels, 8 different formulations were planned, along with
3 replicates of the central point, for a total of 11 experiments. The experimental plan
detailing the formulations based on the selected design is reported in Table 2. A full-
factorial design was feasible in this study, instead of a formulation design, because the
three ingredients could vary independently. Water was used as a “filler” to ensure that the
final solution in each trial weighed 10 g.
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Table 2. DoE experimental plan.
Expl::i;)rfent Pectin (g) Carvacrol (g) B;Ygf(fggcztegg) Water (g)
N1 0.50 0.05 1.00 8.45
N2 0.90 0.05 1.00 8.05
N3 0.50 0.30 1.00 8.20
N4 0.90 0.30 1.00 7.80
N5 0.50 0.05 2.00 7.45
N6 0.90 0.05 2.00 7.05
N7 0.50 0.30 2.00 7.20
N8 0.90 0.30 2.00 6.80
N9 0.70 0.175 1.50 7.625
N10 0.70 0.175 1.50 7.625
N11 0.70 0.175 1.50 7.625

Each solution resulting from the DoE formulation (Table 2) was placed onto a custom-
made support designed by the research team and spread evenly using a spatula to ensure
consistent dimensions across all DoE trials. After drying, the films had an approximate
length and thickness of 10 cm and 0.20 mm, respectively. The films’ thickness was mea-
sured using a high-accuracy digital micrometer (Mitutoyo Corporation, Kawasaki, Japan;
accuracy 0.001 mm). For each film, thickness was measured at five random positions, and
the mean value was used for data analysis.

Table S2 in the Supplementary Materials reports the quantities used for preparing the
11 films. The films exhibited uniform thickness and the characteristic color imparted by the
incorporated sauce residues. Variations in color and texture correspond to differences in
formulation according to the experimental design, as described in Section 3.2.

2.5. Oil Mixtures’ Characterization
2.5.1. Determination of Total Phenolic Content

Determination of the total phenolic content was carried out following the Folin—
Ciocalteu method [33]. Briefly, 1 g of the oil sample was transferred into a 100 mL round-
bottom flask, and 20 mL of an 80% methanol solution was added to the sample. The
phenolic component extraction occurred under reflux on a water bath at 80 °C for 30 min.
The obtained extract was diluted to 50 mL with an 80% methanol solution. Next, 0.5 mL of
prepared extract was mixed with 5.0 mL of Folin—Ciocalteu reagent, previously diluted 1:10
with distilled water. After a 4 min reaction, 4.0 mL of a 7.5% sodium carbonate solution
was added and mixed. After incubation at room temperature for 30 min, absorbance was
measured at 750 nm using an Ultraspec 3000 UV spectrophotometer (Pharmacia Biotech,
Uppsala, Sweden). All the processes mentioned above for the extracts were applied for the
different concentrations (0.02-0.2 mg/mL) of gallic acid solution as a standard to prepare a
calibration curve. Total phenolic content was expressed in grams of gallic acid per 100 g of
oil (g gallic acid /100 g oil) [33]. All the measurements were carried out in triplicate.

2.5.2. Determination of the Fatty Acid Profile

For this, 1 g of the oil sample was mixed with 1 mL of a 2 M KOH-methanol solution.
The mixture was heated at 70 °C for 15 min [34]. After cooling, 5 mL of n-hexane was
added, and the vessel was manually shaken for 5 min. The resulting hexane layer was then
filtered through a Pasteur pipette filled with anhydrous sodium sulfate. Fatty acid methyl
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ester (FAME) analysis was performed using an Agilent 7890B GC System (Santa Clara,
CA, USA) coupled with an Agilent HP 5973 mass spectrometer (Santa Clara, CA, USA)
and equipped with a split/splitless injector. Separations were achieved using a HP-5ms
((5-phenyl)-methylpolysiloxane) capillary column (30 m x 0,25 mm x 0,25 pm). Helium
was used as the carrier gas at a flow rate of 1 mL x min~! and a split ratio of 1:20. The
injector temperature was set at 250 °C. The oven temperature program was as follows: an
initial temperature of 45 °C, increased to 240 °C at a rate of 10 °C/min and held at the
final temperature for 15.5 min. Mass spectra were acquired in the m/z 25-300 range, with
the MS source temperature set at 255 °C and a transfer line at 270 °C. Putative compound
identification was performed using the NIST 14 (Gaithersburg, MD, USA) and Wiley 275
(Hoboken, NJ, USA) libraries. The fatty acid (FA) composition for each acid was expressed
as % of total FA.

2.6. Film Characterization
2.6.1. Film Color

L* a* and b* coordinates were obtained performing measurements with a UV—vis/Nir
V-770 spectrometer (Jasco, Tokyo, Japan). The parameters used for the measurements
are reported in Table S3, Supplementary Materials. Three readings were performed for
each film.

2.6.2. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)

FTIR measurements were carried out on a FTIR Vertex spectrometer (Bruker, Ettlingen,
Germany) operating in attenuate total reflection (ATR) mode. The setting parameters used
are reported in Table S4, Supplementary Materials. Three readings were performed for each
film. The average of the signals acquired at the three points was used for the chemometric
data analysis.

2.6.3. Measurement of Carvacrol in Films by HPLC

Carvacrol content in each film was determined to gain insights into the antimicrobial
properties of the developed materials. Briefly, 200 mg of each film was placed in a 20 mL
vial along with 10 mL of a 25% ethanol solution [26]. The vial was sealed with parafilm
to prevent solvent evaporation and left for six hours to ensure the complete release of
carvacrol from the polymer matrix. After the extraction, the liquid was diluted 10-fold with
acetonitrile and analyzed by HPLC (UFLC XR SHIMADZU, Tokyo, Japan).

HPLC analysis was performed on an RD-083 Hybersil C18 column (250 x 4.6 mm,
5 um particle size) (Thermo Scientific, Waltham, MA, USA). The B mobile phase consisted
of 80% acetonitrile with 0.1% phosphoric acid. Chromatographic separation was carried
out under isocratic conditions. The setting parameters used are reported in Table S5,
Supplementary Materials.

2.6.4. Mechanical Tests

The mechanical properties of the polymeric films were evaluated using the standard
ASTM D882 method (Standard Test Method for Tensile Properties of Thin Plastic Sheeting,
ASTM International, West Conshohocken, PA, USA, 2018), employing a universal testing
machine (Zwick/Roell Z005, Ulm, Germany) equipped with a 5 kN load cell. The tests
were conducted under controlled environmental conditions of 25 °C and 45% relative
humidity (RH), with a crosshead speed of 50 mm/min. The composition of a material
significantly influences its mechanical properties, such as elasticity and tensile strength. For
this reason, tensile tests were performed to assess the mechanical properties of the obtained
polymer films and their correlation with their composition. The following parameters were
determined with the software testXpert (V11.02).
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e  FElastic modulus (E): This measures the material’s stiffness, i.e., its elastic deformation under
a given tensile force. A higher modulus indicates a stiffer and less deformable material.

e Elongation at maximum force (¢ at Fmax): This quantifies how much the material can
be stretched before breaking.

e  Maximum force (Fmax): This represents the maximum force the material can withstand
before breaking.

e  Work at maximum force (W at Fmax): This measures the energy absorbed by the
material upon reaching the maximum force.

These tests provided a comprehensive understanding of the films’ mechanical behavior
and their dependence on compositional variations.

2.6.5. Antibacterial Activity Test

The antibacterial tests of the polymer films were performed according to an adapta-
tion of the ISO 20645:2004 method based on a Kirby—Bauer agar diffusion protocol [35].
Briefly, 7 mm disks (approx. 20 mg) of each film sample, containing the antibacte-
rial agent carvacrol, were placed onto plates containing 15 mL of Tripticase Soy Agar
(TSA; casein peptone = 15.0 g/L, soya peptone = 5.0 g/L, sodium chloride = 5.0 g/L, and
agar = 15.0 g/L). A disk containing 10 pg of carvacrol was included on each plate as a
positive inhibition reference. Ten milliliters of molten TSA, maintained at 45 °C, were
inoculated with a fresh overnight culture of Escherichia coli ATCC 11,229 or Staphylococcus
aureus ATCC 6538 to achieve a final concentration of approximately 10° CFU/mL and
carefully poured over the agar’s surface. This approach ensured that the polymer disks
remained stabilized on the testing surface while allowing close contact with the bacterial
lawn. Following overnight incubation at 37 °C, the presence of a clear inhibition zone
around the disks indicated suppression of microbial growth and confirmed the antibacterial
activity of the films. Growth inhibition was quantified by measuring the diameter of the
inhibition zones, with values reported as the mean of at least three independent replicates.

2.7. Statistical Analysis

One-way analysis of variance (ANOVA) was applied to the data. Mean values were
compared using Tukey’s test at a confidence level of 95% (p < 0.05).

PCA and MLR regression were carried out by using PLSToolbox 8.9.2 software (Eigen-
vector Research Inc., Manson, WA, USA) for MATLAB® (version R2024b). Designs of
experiments were planned with MODDE 9.1 (Umetrics AB, Umed, Sweden).

3. Results
3.1. Chemical Characterization of By-Product Samples

The collected by-products were subjected to chemical characterization. The results,
summarized in Tables 3 and 4, are consistent with those reported in previous studies on
similar waste samples [12]. Considering pH, total phenols, and total acidity, the samples
show differences. In particular, Sample C has a significantly higher pH (p < 0.05) and lower
phenol content than Samples A and B, while Sample B has the highest phenol content.
As regards fatty acid composition, the samples seem to be different for palmitoleic and
palmitic acid contents.
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Table 3. pH, total acidity, and total phenolic content (mean =+ standard deviation) obtained for the
sauce by-products.

pH g(i):;lc?é?di/?o(ogg of Total P.heno.lic Content .
Dried Sauce) (g Gallic Acid/100 g of Dried Sauce)
Sample A 421 +0.03a 73+£07a 184+02a
Sample B 426 £0.03a 6.0 £ 0.7 ab 220+0.2b
Sample C 4.67 £0.03b 55+0.7Db 178 £02c¢

3¢ Mean values + standard deviations followed by equal superscript letters within the same column are not
different (p > 0.05; one-way ANOVA followed by Tukey’s post hoc test).

Table 4. Percentage of fatty acid composition, FAME, (mean =+ standard deviation) obtained for the
sauce by-products.

FAME Sample A Sample B Sample C
Myristic acid, C14:0 (%) 04+02a 05+02a 04+02a
Palmitoleic acid, C16:1 (%) 0.4 + 0.1 ab 02+0.1a 06+0.1b
Palmitic acid, C16:0 (%) 104 £ 0.5 ab 93+05a 11.0£05b
Linoleic acid, C18:2 (%) 62+05a 6.6 +0.5a 62+05a
Oleic acid, C18:1 (%) 78+ 2a 80+2a 80+t2a
Stearic acid, C18:0 (%) 41+04a 474+04a 38+04a
Arachidic acid, C20:0 (%) 04 +0.1a 02+01a 02+0.1a
Cerotic acid (%) 04+02a 04+02a 04+02a

ab Mean values + standard deviations followed by equal superscript letters within the same row are not different
(p > 0.05; one-way ANOVA followed by Tukey’s post hoc test).

3.2. Characterization of the Oil Mixture

The overall workflow for sauce by-product valorization combining analytical chem-
istry and chemometrics is reported in Scheme 1.

> Fatty Acid Profile
By-product collection | Route 1' Centrifugation | msp| Recovered il | _{> TotaT phenolic
(A, B, C; every 8 h) (~10 g/100 g) content
l > Total acidity
Route 2

Freeze-drying

Lyophilized by-product
(LyoByPr)
l Chemometrics:
» Color » Principal Component
Design of experiment » Mechanical properties Analysis
(pectin & carvacrol |==) ﬂ > Antibacterial properties |m=p > Multiple Linear
& LyoByPr) > Surface analysis, ATR-FTIR Regression
» Carvacrol, HPLC > Response surface
analysis

Scheme 1. Overall workflow of the study.

Total phenolic contents obtained for the extracted oils (Route 1, Scheme 1) are reported
in Table 5.
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Table 5. Results of total phenolic content in extracted oils (mean =+ standard deviation). Total phenolic
content is expressed as grams of gallic acid per 100 g of oil.

Oil g of Oil Total Phenolic Content (g Gallic Acid/100 g Oil)
Sample A 1.0239 14+£02ab
Sample B 0.9820 17+02b
Sample C 1.0271 12£02a

ab Mean values + standard deviations followed by equal superscript letters within the same column are not
different (p > 0.05; one-way ANOVA followed by Tukey’s post hoc test).

The phenolic concentration measured in each oil sample was very low compared with
the total phenolic content of the original by-product (Table 3). This may be explained by the
preferential retention of phenolics in the solid phase during centrifugation, consistent with
reports on the partitioning of phenolic compounds in oil-related processing systems, as
reported in literature [36-38]. Since phenolics were not quantified in the post-centrifugation
solid residue, a complete mass balance cannot be established, and this interpretation should
be regarded as a limitation.

Fatty acid percentages obtained for each investigated oil sample are reported in Table 6.

Table 6. Concentration of fatty acids (%) in the oils extracted from Samples A, B, and C.

% Concentration

Sample A Sample B Sample C
FAME
Capric acid 0.21+0.04a 0.224+0.03a 0.23 £0.03a
Lauric acid 0.32 £0.06 a 0.35+0.03a 0.35+0.01a
Myristoleic acid 0.05+0.01a 0.05+0.02a 0.07 £0.01a
Myristic acid 1.5+02a 15+03a 1.58 £0.09 a

2-Methyl-decanoic acid

0.010 £ 0.003 a

0.010 £ 0.004 a

0.020 £ 0.002 b

(S)-12-methyl-tetradecanoic acid 0.030 + 0.006 a 0.04 +0.01a 0.040 £+ 0.004 a

Pentadecanoic acid 0.12 £ 0.03 a 0.13+0.02a 0.14£0.01a
Palmitoleic acid 0.54 £ 0.06 a 0.55 £ 0.09 a 0.59 £0.05a
Palmitic acid 120+ 0.6a 119+ 11a 121+05a
15-Methyl-hexadecanoic acid 0.03+£0.01a 0.03+0.01a 0.04 £0.01a
2-Hexyl-cyclopropaneoctanoic acid 0.05+0.01a 0.05+0.01a 0.07+0.01a
Margaric acid 0.09+0.01a 0.10£0.01a 010+ 0.01a

Linoleic acid 55+02a 59+ 03ab 6.1+£01b

Oleic acid 739+ 0.6 a 73.7+09a 727+ 05a

Stearic acid 52+04a 51+04a 55+02a
(Z)-11-Eicosenoic (gondoic) acid 0.09 £0.02a 0.11 £ 0.02a 0.11+£0.01a
Arachidic acid 0.12+0.01a 0.15+0.03a 0.13+0.01a
Cerotic acid 0.12£0.04a 0.15+0.03a 0.15+0.01a

ab Mean values + standard deviations followed by equal superscript letters within the same row are not different
(p > 0.05; one-way ANOVA followed by Tukey’s post hoc test).

The fatty acid compositions of the extracted oils closely resemble those of virgin olive
oil [39]. This finding suggests that the obtained oil fraction is mainly composed of vegetable
oils, particularly olive oil, which is a key ingredient used for condiments and, consequently,
is also present in the investigated non-compliant products that constitute waste from the
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production process. However, the detection of capric, lauric, and myristoleic acids in
the fatty acid profile is not consistent with typical vegetable oil compositions but rather
corresponds to constituents commonly found in milk, dairy products, and other animal
fats [40]. These fatty acids probably originate from the presence of cheese and meat in sauce
by-products.

Despite the overall similarity in values, some fatty acids show significant variation
among the oil samples, as indicated by the results of the ANOVA followed by Tukey’s post
hoc test. Specifically, capric, lauric, myristic, stearic, arachidic, and cerotic acids showed no
significant differences in concentration among the three oils (p-value > 0.05). On the other
hand, the contents of linoleic and 2-methyldecanoic acids differed significantly among the
three different oil samples (p < 0.05).

Although Samples A, B, and C differed in pH, total acidity, total phenolics, and the
content of selected fatty acids, oil recovery by centrifugation was essentially comparable
across the three by-products, yielding approximately 10 g oil per 100 g of by-product for
each sample. Therefore, within the investigated operating conditions, the compositional
differences among A-C did not translate into measurable differences in extraction efficiency.
However, the observed differences in the extracted oils could reflect intrinsic differences
in the by-product matrix. Indeed, this variability may be linked to the fact that sampling
was performed over a production day on a continuous line manufacturing different sauce
formulations (e.g., pesto, ragti, and tomato-based sauces), which can differ in lipid sources
and ingredient composition.

3.3. Characterization of Polymer Films
3.3.1. MLR Results

A multiple linear regression (MLR) model was developed to investigate the influence
of the used ingredients (pectin, carvacrol, and sauce by-product) and their interactions on
the monitored responses: the three color parameters, lightness (L*), red-green (a*), and
yellow-blue (b*); the area of carvacrol obtained by HPLC investigation; microbial (halo
diameters) results; and mechanical properties (Route 2, Scheme 1).

All the obtained values are reported in Table 56, Supplementary Materials.

For the development of MLR models the following equation was used

y =B1x1+ B2 X+ B3 X3+ Py XX+ P5 X1 X13 + P X2 X3+ € (1)

where y represents the dependent variable (responses); 31, 32, and 33 are the regression
coefficients associated with the main factors pectin (x;), carvacrol (x;), and sauce by-product
(x3); B4, Bs, and B¢ are the regression coefficients associated with the interaction among the
factors; and e holds the residuals of the model. The statistical significance of the regression
coefficients was assessed using a critical effect threshold (E) calculated according to
Equation (2)

Ecrit = to.9s,N—J—1 X Sy ()

where sy is the model error estimated from the residuals, N is the number of experimental
runs, J is the number of independent variables included in the model, and ty g5 Nn—j—1 is
the Student’s t value at the 95% confidence level with N — ] — 1 degrees of freedom.
Regression coefficients with an absolute magnitude greater than E,j; were considered to be
statistically significant.

All the MLR models showed good explained variance (R?> > 72%) and the most
influential factors, selected according to Equation (2), for each monitored response, are
reported in Table 7. The symbols (+) and (—) correspond to the high and low level for each
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factor, respectively, and they are distinguished by considering the sign of the respective
regression coefficients. A positive coefficient sign indicates that the maximum response is
achieved when a high value of this factor is set. Moreover, a term with a negative coefficient
provides the maximum of the analytical response when a low value is considered.

Table 7. MLR significant factors, where the (+) and (—) symbols indicate the sign of the coefficient for
a given factor and, therefore, the optimal level to obtain the maximum response; n.s.: not significant.

L* a* b* Carvacrol Areas E.C.11,229*%  S.A.6538"  Fmax ¢ at Fmax E W atFmax

Pectin, pec B1 (=) ns. ns ns. ns. ns. (=) (=) (=) (-)
Carvacrol, car B2 ns. ns. ns. (+) (+) (+) (=) (=) n.s. (=)
By-product sauce, smp Bs (=) ns. ns. ns. ns. n.s. (=) (=) (=) (=)
Pec*car Bs ns. ns. ns. ns. ns. n.s. (+) (+) n.s. (+)
Pec*smp Bs (+) ns. ns. ns. ns. ns. (+) (+) (+) (+)
Car*smp Be ns. ns. ns. (=) ns. ns. (+) ns. n.s. (+)

# Escherichia coli ATCC 11,229 halo diameters, mm; # Staphylococcus aureus ATCC 6538 halo diameters, mm.

The L* parameter was significantly influenced by the amount of pectin ((31) and by-
product sauce (f33) as the main and interaction terms. In particular, given the sign of the
regression coefficient, and the trend of the response surface plot (Figure S1, Supplementary
Materials), it increased with the decrease in the amount of sauce by-product. On the other
hand, the a* and b* parameters did not show significant dependence on any factor or
interaction. These findings highlighted how the visual properties of the polymer films
could be fine-tuned by varying the quantity of the sauce by-product. It is worth highlighting
that an optimal response does not exist, since it depends on the potential use of the films.
The insights provided by the MLR model could only guide the formulation of materials
with tailored aesthetic and functional attributes.

As regards carvacrol peak area, the only two significant terms were carvacrol (f3;) and
its interaction with by-product sauce (3¢), with positive and negative signs, respectively.
From these results and response surface plot (Figure S2, Supplementary Materials), it
was observed that the amount of carvacrol extracted from the polymers was directly
proportional to the amount of carvacrol present in the formulation (positive 3, coefficient)
but inversely correlated with the amount of sauce by-product. In fact, polymers N3
and N4 showed higher peak areas (Table S6, Supplementary Materials) than polymers
N7 and N8, despite containing the same amount of carvacrol, as they were prepared
using only half the amount of sauce waste. This could suggest that carvacrol might be
trapped within the polymeric matrix by components present in the sauce. Considering that
previous studies [12] identified the presence of lycopene in the sauce by-products analyzed,
it is plausible to hypothesize that an increase in lycopene concentration may favor the
formation of micelles with carvacrol, reducing its release [41]. However, this hypothesis
requires further investigation through in-depth structural and molecular characterization of
the films.

Antimicrobial activity against the two investigated bacteria seemed to be mainly
influenced by the amount of carvacrol (with a positive (33), and this result is explained in
more detail in Section 3.3.2.

Finally, all the used ingredients influenced almost all the investigated mechanical prop-
erties as the main and interaction terms. Therefore, a deeper discussion of the respective
results is reported in Section 3.3.3.
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3.3.2. Antimicrobial Activities of Films

The antimicrobial activity of the synthesized polymer films was assessed against the
foodborne pathogens Escherichia coli (Gram—) and Staphylococcus aureus (Gram+), both
known to be inhibited by carvacrol [42,43]. Despite the presence of carvacrol in all formula-
tions, some films did not show antibacterial effects. By way of example, the inhibition of
the growth of Staphylococcus aureus ATCC 6538 on petri dishes in the presence of different
film specimens (N1-N11) is reported in Figure 2.

Figure 2. Growth inhibition of Staphylococcus aureus ATCC 6538 on petri dishes in the presence
of different polymer film samples (N1-N11), tested as disks 7 mm in diameter and approximately
20 mg in weight. As a reference, 10 ug of carvacrol was applied at the center of each plate.

Specifically, Samples N1, N2, N5, and N6, which contained the lowest levels of the
active compound, failed to produce inhibition halos, suggesting that carvacrol did not
reach effective concentrations in the culture medium. In contrast, the other films generated
distinct inhibition zones ranging from 7 to 15 mm (Figure 3a,b).

Similar results were reported by Du et al. [26], who showed that carvacrol-containing
tomato-based edible films inhibited the growth of E. coli O157\:H7 in a concentration-
dependent manner. Among the most active formulations, higher loadings of lyophilized
sauce by-product material appeared to reduce efficacy, as Samples N3 and N4 produced
significantly larger halos than N7 and N8, despite containing equal amounts of carvacrol.
This effect may reflect a lower immediate availability of the compound, possibly due
to interactions with the matrix. Such behavior could also indicate the delayed release
and stabilization of carvacrol over time, as observed in nanocomposite films with nan-
oclays, where the filler protected carvacrol from thermal degradation and slowed its release
while preserving antimicrobial activity [44]. If confirmed, this mechanism could repre-
sent a valuable feature to enhance the long-term performance of waste-based films in
active packaging.

These behaviors match with chromatographic analyses, which confirmed a direct
correlation between carvacrol release and antimicrobial activity. Samples N1, N2, N5, and
N6, characterized by minimal release, exhibited negligible inhibition, whereas N7-N11
released comparable amounts of carvacrol and produced similar inhibition zones. Notably,
N3 and N4, which showed the highest release values, also displayed the strongest antibac-
terial activity. Overall, these findings indicate that both the amount and bioavailability of
carvacrol are critical determinants of the antimicrobial performance of the films.
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Figure 3. Antimicrobial activity of polymeric films N1-N11 against E. coli ATCC 11,229 (a) and S.
aureus ATCC 6538 (b). Values are the mean inhibition halo diameters (mm, n > 3). Bars with the same
letter are not significantly different (p > 0.05; one-way ANOVA followed by Tukey’s post hoc test).

3.3.3. Mechanical Test Results

No mechanical data were obtained for Sample N1 because the specimen fractured
during mounting due to its extremely brittle behavior. Notably, N1 corresponds to the
lowest levels of pectin, carvacrol, and sauce by-product in the factorial design. Visual
inspection revealed numerous defects (e.g., microvoids/holes), indicating poor matrix
continuity. Such microdefects act as stress concentrators and can trigger premature failure,
rationalizing the inability to test N1 under tensile loading. For all the other films, the
parameters measured included maximum force (Fmax), strain at maximum force (e at
Fmax), Young’s modulus (E), and work at maximum force (W at Fmax). The results of these
measurements are reported in Table 8.

Table 8. Results of mechanical tensile tests performed on the samples.

Samples F max (MPa) ¢ at Fmax (%) E (MPa) W at Fmax (Nmm)
N1 - - - -

N2 0.50 £ 0.01 11+£3 56+0.1 16.2 £ 0.9
N3 0.53 £ 0.01 1243 6.8+0.1 119+ 09
N4 0.15 £ 0.01 4+3 54+0.1 1.5£09
N5 0.17 £ 0.01 14+3 1.7+£0.1 43+09
N6 0.21 £0.01 15+3 3.0+0.1 57+09
N7 0.06 £ 0.01 4+3 14£0.1 0.5+0.9
N8 0.39 £ 0.01 14+3 44401 17.6 £ 0.9
N9 0.45 £ 0.01 15+3 59+ 0.1 10.7 £ 0.9
N10 0.44 +0.01 1l6£3 58+0.1 9.7 £ 09
N11 0.43 +0.01 14+3 57+01 89 +0.9
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The mechanical performance of the developed films (Fmax = 0.06-0.53 MPa; E = 1.4-1.6 MPa;
¢ at Fmax = 4-16%) is markedly lower in strength and stiffness than tomato-derived ed-
ible films reported in the literature [10,26]. For example, Du et al. [26] reported tomato
puree films containing carvacrol with a tensile strength of 8.9-14.8 MPa and an elongation
of 6.0-11.6%, depending on the casting method and carvacrol concentration. Similarly,
Manrich et al. [10] reported cutin/pectin films with a tensile strength of 9.6-36.7 MPa and
low elongation at break (0.4-4.0%). Overall, compared with these reference systems, the
films developed in this study fall within a different mechanical regime, while maintaining
elongation values in the same order of magnitude as carvacrol-containing tomato puree
films. Indeed, according to the results reported in Table 8, almost all polymers (except
polymers N4 and N7) exhibited an elongation at the maximum force (¢ at Fmax) higher than
11%. Sample N8 additionally absorbed the greatest amount of energy once the maximum
force was reached. Film N3 showed the greatest resistance and stiffness, as it required
the highest force (Fmax) to break and was characterized by the highest Young’s modulus.
N7 showed the lowest values for all the variables considered. Film N4, which, together
with N3, was particularly relevant in the biological analyses, in this case exhibited interme-
diate values of elastic modulus and showed a behavior similar to N7 with respect to the
other parameters.

The mechanical properties of edible films were modeled using multiple linear regres-
sion, MLR. For each response, models were estimated, including the main terms associated
with the formulation factors (carvacrol, pectin, and grams of by-product) and two-term
interactions (Equation (1)). In all of the obtained models (Table 7), the main terms are
statistically significant and associated with negative regression coefficients, indicating that
an increase in the level of each factor tends to reduce the mechanical response. A high
level of the factors studied could lead to a decrease in the continuity and cohesion of the
matrix and/or an increase in microstructural defects (e.g., microheterogeneity, voids or
microcracks) [36,45]. It is important to emphasize that the main negative effects should
be interpreted as trends within the domain studied and do not necessarily imply that
each ingredient is inherently harmful under all conditions. At the same time, statistically
significant positive interactions between two factors indicate a non-additive response. In
particular, the negative effect of one factor may be partially mitigated when another factor
is simultaneously increased or decreased. This model suggests the presence of synergistic
or compensatory mechanisms related to the formulation-dependent microstructure, such
as improved dispersion/stabilization of the hydrophobic phase and/or improved stress
distribution when two components vary together. Unfortunately, it was not possible to
obtain response surface plots in this case, since during mechanical characterization, the
formulation corresponding to the lowest level of all factors (sample N1) showed decidedly
fragile behavior, fracturing during specimen handling prior to the tensile test. Although
this prevented the determination of the modulus E, ¢ at Fmax, Fmax, and W at Fmax for
that formulation, this event should not be considered a loss of data; rather, it provides ex-
perimental evidence of insufficient structural integrity in that region (a low level for all the
three factors) of the formulation space. This behavior is consistent with the coefficient pat-
tern observed in the MLR models (negative main effects coupled with positive two-factor
interactions), which points to a strongly non-additive system where performance depends
on the combined balance of ingredients rather than on single factors alone. A plausible,
verifiable interpretation is that at low pectin/low by-product, the film may exhibit lower
matrix continuity and/or higher sensitivity to local defects (e.g., thickness variability or
drying-induced micro-heterogeneities), making it more prone to stress concentrations at
the grips. These interpretations remain verifiable mechanistic hypotheses and need to be
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further supported, for example, by measuring the variability in thickness and observing
the microstructure through optical microscopy or SEM analysis.

To obtain a more comprehensive overview of the relationships among the measured
responses, PCA was also applied to the data matrix including color parameters, antibacterial
results, mechanical properties, and the HPLC carvacrol peak area for the investigated
films. Sample N1 was excluded from this analysis because mechanical data were not
available, resulting in a dataset of 10 films. The data were autoscaled, and a two principal
component model was selected, based on the lowest RMSECV (leave-one-out), and the
retained components explained 81% of the total variance. Figure 4 shows the corresponding
biplot, where film samples are reported as red symbols and the measured variables as

blue symbols.
03F ! ! ! ! I P ! ! 1
A € at Fmax
‘| AWat Fmax
! A Fmax
02 |
I
I
-l o6 | @ N9 #10"_, ]
— I 1 E
§ o N5 A2 : o N8 ¢ b
© Of————— e ——— [ e -
o
1) I 3
= | "
O-01r : 1
Q. I
I Escherichia coli 11229
-0.2f HPLc:carvacroI area AA 1
: Staphylococcus aureus 6538
-03f N7 | :
¢ I
I @ N4
L ' " ! 1 L 1 "
-05 -04 =03 =02  -0.1 0 0.1 0.2 0.3 0.4

PC 1 (50.76%)

Figure 4. PC1 vs. PC2 biplot of PCA analysis applied to the data matrix including color parameters
(a*, b* and L*), antibacterial results (Escherichia coli 11,229 and Staphylococcus aureus 6538), mechanical
properties (Fmax, E, € at Fmax, and W at Fmax), and the HPLC carvacrol peak area (HPLC carvacrol
area) for the investigated films.

N3 and N4 are located in the lower right quadrant (positive PC1 and negative PC2).
Both films are associated with a high carvacrol HPLC peak area, which, as expected, is
closely aligned with the antibacterial variables in the biplot, indicating a direct relationship
between carvacrol content and antimicrobial performance. In contrast, N2 (high pectin, low
carvacrol, and low by-product) is separated mainly along the positive PC2 and is associated
with relatively high values for most mechanical properties.

Regarding the color variables, all monitored responses show positive PC1 loadings,
except for a*, which shows negative PC1 loadings. This indicates that a* captures a variabil-
ity trend opposite to the general pattern described by the other responses. Furthermore,
a* is closer to samples N5 and N6, suggesting that these formulations are characterized
by relatively higher a* values compared with the other films. PC2 is the component that
primarily discriminates between antibacterial performance, mainly associated with positive
PC1 and negative PC2 loadings, and mechanical responses (¢ and W at Fmax, and Fmax)
mainly associated with both positive PC1 and PC2 loadings. In this framework, L*, E,
and b* show positive PC1 loadings but PC2 values close to zero, suggesting that these
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descriptors are not strongly aligned with either the antibacterial (negative PC2) or the
mechanical performance (positive PC2) directions.

Considering the need to identify a compromise between mechanical performance
(mainly associated with positive PC2) and antibacterial performance (mainly associated
with positive PC1 and negative PC2), N3 appears to provide the most balanced profile.
Specifically, N3 maintains positive PC1 values while exhibiting higher PC2 scores than N4,
suggesting improved mechanical behavior at comparable antimicrobial potential. Overall,
these multivariate trends are consistent with the conclusions drawn from the MLR models,
supporting the identification of N3 as a promising formulation within the investigated
experimental domain.

3.3.4. ATR-FTIR Characterization

ATR-FTIR spectra obtained from the polymeric films produced according to the
different formulations planned within the DoE approach are reported in Figure 5.

11 !
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Figure 5. ATR-FTIR spectra of polymeric films.

The fingerprint spectra of the analyzed samples present characteristic bands mainly
attributable to cutin [10], namely the ones around 1730 cm ™! (ester vibrations) and in the
region of 2950-2850 cm ! (stretching vibrations of -CH, -CH,, and ~CHj groups). The bands
observed between 1200 and 1500 cm ™! are typical of deformation vibrations of C-OH groups
in carbohydrates, likely related to the presence of pectin [10]. The band in the range of
1155-1100 cm ! may be associated with the stretching vibrations of C-O bonds in alcohols.
The broad peak around 3250 cm ! could be attributed to the O-H stretching vibrations of
phenols, alcohols, or water. Finally, several bands between 1400 em ! and 1600 cm ! could
likely be assigned to functional groups of phenolic and flavonoid compounds [10].

A principal component analysis (PCA) was performed on the ATR-FTIR spectra in
order to gain insight into the similarities and differences among the samples based on their
surface composition. Specifically, the spectra were organized into a dataset with dimensions
of 11 x 1762 (number of films x number wavelength) and mean centered before PCA
analysis. The model was built considering two principal components (explained variance,
R2: 94.62%). The scores plot of PC1 versus PC2 is shown in Figure 6 and highlights both
similarities and differences among the films based on their ATR-FTIR spectra, reflecting the
influence of the formulation on surface composition.
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Figure 6. Score plot of PC1 vs. PC2 of the PCA model applied to the ATR-FTIR data.
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From the figure, it can be observed that the replicated samples N9, N10, and N11 show
good reproducibility, as they are well clustered in the same score space. Film specimens
N1, N3, and N6 are separated from the others with positive PC1 scores, while N2 and N4
are different along the PC2 scores. Samples N3 and N4, with similar microbial activities,
appear to be different, since N3 (high level for carvacrol and low for pectin and by-product)
presents the highest PC1 score value, while N4 (high level for pectin, and low for carvacrol
and by-product) presents the highest PC2 score values. The bands most responsible for the
variance captured by PC1 (loadings plot in Figure 7a) are located in the 3500-3000 cm !
range, around 1730 cm~1 and 1000 cm~1, which are characteristic bands of phenol, water,
and alcohols as well. Bands in the 1500-1200 cm ! region, characteristic of pectin (loadings
plot in Figure 7b), seem to be the most responsible for the variance captured by PC2.
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Figure 7. Loadings plot of PC1 (a) and PC2 (b) of the PCA model applied to the AT-FTIR data.

https://doi.org/10.3390/appliedchem6020027


https://doi.org/10.3390/appliedchem6020027

AppliedChem 2026, 6, 27

19 of 22

Samples N2 and N4, with the highest PC2 scores, seem to differ from the others,
primarily due to bands in the 1500-1200 cm~! region (loadings plot in Figure 7b), charac-
teristic of pectin. This separation is consistent with their formulation, as both films were
prepared with the highest amount of pectin. Although Sample N6 was also formulated
with a high amount of pectin, it does not cluster with N2 and N4. Instead, it shows distinct
spectral characteristics, likely due to its higher content of sauce by-product compared with
the latter samples. This compositional difference plausibly results in a greater contribution
of phenols and other organic compounds, which, in turn, modify the ATR-FTIR profile.

4. Conclusions

This study provides a preliminary proof-of-concept for the valorization of sauce
production by-products, addressing both the environmental challenge of food waste and
the need for innovative reuse strategies. Two exploratory routes were investigated: (i) the
recovery of an oil-rich fraction by solvent-free centrifugation and (ii) the pilot development
of polymer films incorporating the sauce by-product.

The fatty acid profile of the recovered oils was mainly consistent with the presence of
vegetable oils, particularly olive oil, which is a key ingredient used in sauce formulation
and are therefore expected to be present in non-compliant products generated along the
production process.

With regard to edible films, this study indicates that sauce by-products can be in-
corporated into pectin-based matrices to obtain self-standing film prototypes, suggesting
potential relevance for edible and/or biodegradable packaging applications. Importantly,
the use of an experimental design approach enabled a systematic screening of the for-
mulation parameters and their interactions, highlighting the importance of considering
factors in an integrated rather than a one-factor-at-a-time manner. Within the investigated
experimental domain, Formulation N3 emerged as the most promising candidate when
antibacterial and mechanical responses were jointly considered. From an antibacterial
perspective, N3 and N4 showed the highest activity, being associated with higher carvacrol
content and higher by-product loadings, whereas pectin percentage appeared to have a
limited influence within the tested range. However, when mechanical properties were also
considered, N3, formulated with a lower pectin level, provided the most favorable overall
balance among the tested films, with the highest maximum force and elastic modulus and
intermediate values of elongation and work at maximum force.

However, several limitations should be acknowledged. First, a comprehensive as-
sessment of packaging potential requires barrier characterization; therefore, water vapor
permeability and oxygen permeability measurements should be included in future work.
Second, the transfer of laboratory procedures to industrial contexts, particularly for oil
recovery, will require dedicated evaluation. At larger scale, the higher volume and hetero-
geneity of the waste stream may affect the process’s performance and product consistency;
moreover, industrial implementation would likely require disc-stack centrifugation and
process optimization. Future studies should therefore include a larger number of samples
to better quantify by-product variability and apply experimental design approaches to
optimize both oil recovery and film formulation under industrially relevant conditions.
Advancing along these lines may contribute to reducing food waste and supporting circular
economy strategies through the development of higher-value products from agri-food
by-products.

Supplementary Materials: The following supporting information can be downloaded at https:
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