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ABSTRACT. The use of waste wine byproducts in packaging manufacture 
can offer an alternative to plastic pollution. Thus, grape pomace possesses 
properties that could improve the performance of plastic materials. In this 
work, the conditioning of grape pomace was studied for the purpose of 
adding PLA films. Resveratrol was extracted from grape pomace, which was 
then incorporated into PLA films to enhance their performance. The obtained 
biopolymers were characterized by determining the mechanical, thermal, and 
structural properties. The tensile strength of the composites has similar values 
for the composite with pomace and those with resveratrol, and a similar 
flexibility of the analyzed samples. The thermal stability of the pomace waste 
and the composites to which pomace and resveratrol were added was 
high. DSC tests of PLA-based composites revealed two endothermic peaks at 
temperatures above 120 °C, probably caused by the melting of amorphous 
structures. Surface examination indicated a relatively uniform distribution of 
pomace or resveratrol particles in the polymer matrix, and surface roughness 
parameters calculated by atomic force microscopy indicated a low to moderate 
level of roughness, with higher values for pomace-containing films than for 
resveratrol-based ones, highlighting the more hydrophilic nature of pomace-
containing films compared to resveratrol-based ones. 
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INTRODUCTION 
 
Grape pomace, one of the main by-products of winemaking, describes 

approximately 20% of the total mass of processed grapes; it is a complex 
product composed of polysaccharides, pectins, phenolic compounds, lignin, 
structural proteins and phenols [1]. Thus, it has been highlighted that grape 
pomace contains bioactive compounds that can be obtained along with other 
value-added products, to bring socio-economic and environmental benefits 
[2-3]. 

The field of nanotechnology reveals innovative solutions for waste 
valorisation through the synthesis of nanomaterials with special chemical and 
physical properties, making them suitable for numerous applications, including 
safety protocols and environmental monitoring [4-8]. 

Directing bio-wastes on new pathways to usable products or raw 
materials has gained a lot of popularity [9-12]. In recent years, there has been 
great development underway to improve bio-waste transformation processes 
to generate different raw materials, especially for bioplastic production [13]. 
Thriving use of renewable resources will not only help changeover to the circular 
economy but will also lead to significant ecological advantages such as 
decreasing greenhouse gas emissions, reducing the volume of harmful 
pollutants, and protecting ecosystems and biodiversity [14-17]. 

According to previous studies, the winemaking by-products contain 
a significant number of fatty acids and phenolic compounds with viable 
applications in the food industry [18]. Pomace has been partially valorised by 
now, mainly for oil extraction from the grape seeds in view of utilising it in the 
pharmaceutical industry for its antioxidant and antibacterial properties [19]. 

In addition, sustainable food packaging materials have been developed 
from polyphenols and associated fibre extracted from pomace. The use of these 
active extracts in the development of biodegradable active packaging materials 
serves as a striking substitute for food preservation, adding value to bioplastics 
by enhancing their functionality [20-22]. The food packaging materials have to 
protect food against UV light and should also be supplemented with probiotics, 
a class of microorganisms with great importance for the digestive system, 
which can improve digestion when they reach the stomach along with the 
packed food [23-24]. 

The increased consumer demand for fresh and natural foods comes 
along with innovative concepts of smart food packaging with an extended shelf 
life, competitive price and greater accessibility during storage and transportation 
[25]. Antimicrobial agents impregnated on packaging materials can slowly 
diffuse onto the food surface to combat food-borne microorganisms [26]. The 
grape skin cell wall contains cellulose, hemicellulose, pectin, and lignin, which 
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form a complex structure, while the main components of grape seeds are 
cellulose and pectin. Cellulose Nano Crystals (CNCs) are the best options for 
the development of nano-composite materials, due to their high crystallinity 
and large surface area, which are important properties for high-performing 
composites [27]. These active compounds can be extracted by various 
methods, such as ultrasound, high interest in using environmentally friendly 
solvents, like subcritical water, instead of conventional organic solvents. The 
efficiency and selectivity of the process depend on the state parameters, 
water-increasing temperature being the most important factor, which reduces 
the dielectric constant and the polarity of water molecules, thus enhancing 
the dissolution of less polar compounds in water [28]. 

Polysaccharide films investigated for food packaging have a good 
oxygen barrier, but their humidity resistance is weaker. A solution to this 
problem is bilayer films made by crosslinking and PLA addition. Cellulosic 
multilayer films proved to offer a good barrier for oil and gas, although they 
require chemical modification through esterification or etherification processes. 
The results demonstrate that multi-layer structures of PLA, fully biodegradable 
by natural microorganisms such as bacteria and fungi, can be designed 
with the aim of enhancing performance in food packaging [29]. 

Among the available biobased polymers, there is polybutylene 
succinate (PBS), which has convenient mechanical properties in comparison to 
petrochemical polymers such as polyethylene or polypropylene. The main 
inconvenience to PBS is its tendency to degrade by thermo-oxidative 
mechanisms. To prevent unwanted degradation processes, there comes the 
need to stabilize the polymers by adding functional stabilizers.  Resveratrol, 
another important component of the grape seeds, has also proven to be able to 
slow the oxidative chain reaction of polymers through a peroxyl radical 
scavenging mechanism, while it has little effect on the direct photolytic 
cleavage of the ester bonds [30-31]. 

The food packaging industry is expected to grow, as the use of waste 
such as wine by-products minimizes food waste and offers an alternative to 
plastic pollution, with a negative impact on the environment. Grape pomace 
possesses favorable properties for the addition of plastics and, through physical 
processes such as extraction or chemical processes such as maceration, 
active principles can be obtained that can contribute to improving the 
performance of biopolymers to obtain valuable packaging materials with 
favorable mechanical properties, flexibility, as well as improved antibacterial 
activity. This work addresses the valorization of grape pomace in order to 
obtain active food packaging based on polylactic acid (PLA). The pomace 
waste was conditioned in powder form or was recovered by extracting a 
concentrated fraction of resveratrol. The two additives, namely pomace and 
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resveratrol, were characterized and used in the preparation of PLA-based 
composites, which were characterized by determining the mechanical, thermal, 
and microstructural characteristics. 
 
 
RESULTS AND DISCUSSION 

Characterization of grape pomace 
Scanning Electron Microscopy (SEM)  

From the SEM images, bundles with a fibrous structure, under 100 µm, 
with numerous holes formed as a result of the entanglement of the fibers 
are observed (figure 1). 

 

 

Figure 1. SEM images of grape pomace powder  
 

Thermogravimetric Analysis (TGA) 

The thermal decomposition of PLA Cu samples is depicted in Figure 2. 
Three important areas are observed. (1) The first one is an area with a 
mass loss of up to 6.45% by weight, the area located at temperatures of up 
to approximately 225oC. (2) The second one is an area with a mass loss of 
up to 16.90% by weight, the area located at temperatures of 225-325oC. 
(3) The last one is an area with a mass loss of up to 63.60% by weight, the area 
located at temperatures of 325-500oC. Mass losses for the first two zones are 
due to the evaporation of water and compounds with different volatilities, such 
as polyphenols, carboxylic acids, etc., and for the third zone, they are due to 
the thermal decomposition processes of hardly volatile compounds such as 
carbohydrates, lignin, resveratrol etc. 
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Figure 2. Thermogravimetric analysis (TGA) for grape pomace 

Characterization of resveratrol  
SEM analysis  

Resveratrol powder particles have geometric or irregular shapes, 
with flat, shiny surfaces and sharp edges, on which deposits of much smaller 
powder particles can be noticed (Figure 3). Most cylindrical particles have 
lengths below 100 µm. 
 

 
Figure 3. SEM images of resveratrol  
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HPLC analysis 
 The HPLC chromatogram of the resveratrol extract after concentration 
and the resveratrol standard are shown in Figures 4 and 5. The HPLC 
chromatograms show the presence of a relatively small number of components 
in the concentrated resveratrol extract. Based on this analysis, the efficiency 
of the purification process of the concentrated resveratrol extract can be 
highlighted, considering the large number of components present in such 
products. 
 

 
Figure 4. HPLC chromatogram of the resveratrol standard. 

 

 
Figure 5. HPLC chromatogram of concentrated resveratrol extract 

 

FTIR analysis of grape pomace 
In Figure 6, the asymmetric and symmetric stretching vibrations of 

the CH2 groups are observed at 2919 and 2852 cm-1, respectively. These are 
mainly associated with the hydrocarbon chains of lipids or lignins as noted 
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by Lucarini et al. [33]. The spectral band at 1741 cm-1 is attributed to the 
absorption of the C=O bonds of ester groups and is related to the presence 
of fatty acids and their glycerides, as well as pectins and lignins as noted by 
Gao et al. [34]. The fingerprint region from 1500 to 800 cm-1 is very rich in 
peaks originating from different stretching, bending, rocking, shearing and 
torsion modes. This region is, on the one hand, very rich in information, but, 
on the other hand, difficult to analyze due to its complexity. This region 
provides important information about the organic compounds, such as sugars, 
alcohols and organic acids, present in the sample. The aliphatic C-O stretch at 
1261 cm-1 is related to alcohols. The aromatic C-H stretch at 1143 cm-1 can 
be attributed to phenolic compounds. The O-C-C stretch at 1457 cm-1 indicate 
the presence of the phenolic compounds as noted by Heredia-Guerrero et al. 
[35]. The out-of-plane CH3 bending at 1064 cm-1 is related to polysaccharide 
structures as noted by Gao et al. [34]. The band at 788 cm-1 is due to the 
CH2 swing of phenolic compounds as noted by Lucarini et al. [32]. 

 

 
Figure 6. FT-IR spectra of grape pomace and resveratrol  

 

Characterization of synthesized recipes 
The prepared PLA films were homogeneous, opaque, faintly colored, 

and did not contain embedded air bubbles. 
Tensile test results 

As can be seen in Table 1, the tensile strength of the composites 
has similar values for the composites with pomace and those with resveratrol. 
Young’s modulus has higher values for the composites with pomace and 
the breaking elongation has higher values for the composites with resveratrol. 
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Table 1. Tensile test results 

Sample 
Code 

Tensile 
strength  

(MPa) 

Maximum 
load 
 (N) 

Breaking 
Strength 

(N) 

Breaking 
Elongation  

 (mm) 

Young’s 
modulus 

 (MPa) 

Breaking 
Stress 
 (MPa) 

PT1 16.31±2.84 157.97±51.77 159.69 34.290 556.11 15.01 
PT 2 15.45±5.97 159.69±38.26 159.69 23.600 532.22 13.38 
PT3 18.726±4.68 189.29±50.21 181.60 54.356 593.68 15.98 
PR1 19.40±6.84 194.88±49.15 194.88 103.78 126.71 19.40 
PR2 25.99±6.87 237.89±47.56 237.89 127.14 15.23 25.96 
PR3 19.38±4.33 201.54±45.85 201.54 118.28 11.42 19.28 

p-value * ** ** *** *** ** 

* first relevant statistic group (p < 0.05) ** second relevant statistical group (p < 0.05)  
*** the third statistical relevant group (p < 0.05) 
 

Flexural Strength Testing 

The results obtained for the three-point bending tests are depicted 
in Table 2. From the investigation of the bending tests it is observed that 
the flexibility of the samples presents close values for all the analyzed 
samples. The Young’s modulus of the samples is directly proportional to the 
maximum force supported and is inversely proportional to the elongation and 
decreases with increasing additive concentration. 
 

Table 2. The obtained results for three points Flexural Tests 

Sample 
Code 

Maximum 
Load (N) 

Young Modulus 
(MPa) 

Bending 
Stiffness  

(Nm²) 

Maximum Bending 
Stress at Maximum 

Load (MPa) 
Elongation 

(mm) 

PT1 44.24±4.14 214.7690±40.16 0.0044 22.45±2.85 9.22±1.01 
PT 2 40.48±0.57 196.24±16.72 0.0047 19.07±1.33 9.12±0.6 
PT3 12.49±4.08 105.02±58.44 0.0030 5.50±1.95 8.86±0.5 
PR1 5.02±2.70 383.31±1.79  0.0016 2.12±0.58 5.56±1.57 
PR2 12.33±1.44 155.96±50.86 0.0029 6.72±0.53 8.74±0.34 
PR3 42.48±1.23 59.17±40.92 0.0066 22.16±1.32 9.79±0.46 

p-value ** *** * ** * 

* first relevant statistic group (p < 0.05) ** second relevant statistical group (p < 0.05)  
*** the third statistical relevant group (p < 0.05) 

 
The elongation value did not change significantly with the content of 

pomace or resveratrol, probably due to the mobility induced by the nature 
of the plasticizer used in the experiments. 
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Thermogravimetric analysis  

The behavior of PLA films added with grape pomace is illustrated in 
Figure 7 through TG curves and in Figure 8 through DTG curves. For the three 
composites it is observed that the mass losses are insignificant at temperature 
values lower than 300 ºC and are due to the vaporization of the more volatile 
components present in the pomace or plasticizer. These mass losses become 
significant at temperatures above 300 ºC and are due to the homolytic 
dissociations of the C-O and C-C bonds in the plasticizer and polyester 
molecules. The mass losses decrease at temperatures of almost 380 ºC. 
The cracking residue at temperatures above 400 ºC has relatively low values 
(tends to zero). 
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Figure 7. TGA curve for grape pomace-based composites 
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Figure 8. DTG curve for grape pomace-based composites 
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The thermal stability of PLA composite containing 0.5 to 1.5 wt.% 
resveratrol is illustrated in Figures 9 and 10. Both the TG and DTG curves 
show that the three resveratrol-based composites exhibit similar thermal 
stability to the pomace-based composites. 
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Figure 9. TGA curve for resveratrol-based composites 

 

0 100 200 300 400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

2.5
 

 

D
er

iv
. (

%
/ºC

)

Temperature (ºC)

 PR1 
 PR2
 PR3

 
Figure 10. DTG curve for resveratrol-based composites 
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DSC analysis 
The influence of grape pomace and resveratrol on the thermal 

transitions of PLA composites is shown in DSC thermograms Figure 11 and 
in Table 3. As can be seen, the addition of pomace to PLA induced the 
appearance of two endothermic transformations located at temperature 
values higher than 120 °C. Also, over the temperature range studied, the 
transition from the glassy state to the thermoplastic state was not identified, 
Tg therefore having values lower than 25 oC. This behavior is attributed to 
the improvement of PLA mobility due to the characteristics of the plasticizer 
that enhance the decrease of the glass transition temperature, regardless 
of the pomace concentration value. In the case of samples to which resveratrol 
was added, a similar behavior was observed, with two endothermic peaks being 
evident at temperatures above 120 °C, probably caused by the melting of 
amorphous structures, the size of the peaks being proportional to their 
concentration. 
 
 
Table 3. Characteristic temperatures for PLA films added with pomace and resveratrol 

 

Sample Quantity    
(mg) 

DSC  
  

The process type  Temperature 
interval (oC) 

Temperature 
transformation (oC) 

PT1 13.9020 
25-135 Onset 119 

132 endothermic process 

135-200 145 endothermic process 

PT2 13.9380 
25-135 Onset 121 

133 endothermic process 

135-200 146 endothermic process 

PT3 10.3000 
25-135 Onset 122 

131 endothermic process 

135-200 146 endothermic process 

PR1 16.0600 
25-135 Onset 124 

132 endothermic process 

135-200 146 endothermic process 

PR2 11.4540 
25-135 Onset 118 

131 endothermic process 

135-200 146 endothermic process 

PR3 13.8850 
25-135 Onset 121 

131 endothermic process 

135-200 146 endothermic process 
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Figure 11. DSC curve for: (a) PT1 composite, (b) PT2 composite,  

(c) PT3 composite. 
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Figure 12. DSC curve for: (a) PR1 composite; (b)PR2 composite;  

(c) PR3 composite. 
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Scanning electron microscopy (SEM) analysis 
Scanning electron microscopy analysis of PLA films doped with 

pomace or resveratrol (PT1-3 and PR1-3), performed at 2000 magnifications 
(40 µm) (Figures 13), reveals a relatively uniform distribution of pomace or 
resveratrol particles in the polymer matrix, probably facilitated by the close 
polarity of the plasticizer with the two additives. The presence of additive 
microclusters is observed in all samples, especially at higher resolutions. 
Increasing the additive concentration determined the increase in the size of 
the microclusters, a more obvious increase in the case of the PLA film 
doped with pomace. In conclusion, the SEM micrographs demonstrate that 
the incorporation of the two additives into the PLA matrix was successful, 
with minimal surface defects, which makes the material potentially suitable 
for packaging applications. 

 

 
Figure 13. SEM micrographs of: (a) PT1; (b) PT2; (c) PT3 sample at 2000 

magnifications. 

 
Figure 14. SEM micrographs of: (a) PR1; (b) PR2;  

(c) PR3 sample at 2000 magnifications. 
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Atomic force microscopy (AFM) analysis 
Analysis of the surface of PLA-based films, previously stored in 

saline solution, by atomic force microscopy (AFM) provided a more detailed 
picture of the microstructural units and their topographical characteristics. 

The analysis of the PLA film surface by atomic force microscopy 
provided more detailed images of the microstructural units, as well as the 
topographical features. Both the advanced dispersion of the pomace (Figure 
15) and resveratrol nanoparticles (Figure 16), but also variations in the film 
thickness are highlighted. The topographical image reveals clusters of pomace 
or resveratrol, with a more or less uniform distribution, suggesting a relatively 
good compatibility between the PLA matrix and the two additives. The three-
dimensional profile of the film surface highlights a texture whose homogeneity 
decreases with increasing pomace or resveratrol content. The calculated 
surface roughness parameters, an average roughness (Ra) and a root mean 
square roughness (Rq) at a low to moderate roughness level, with higher 
values for the films containing pomace than for those based on resveratrol 
and increasing with the additive content. This behavior is due to a higher 
water absorption in the pomace-based PLA film, probably due to its more 
hydrophilic character compared to resveratrol. 

Literature data reveal that the proper dispersing of the filler particles 
ensures an optimal cohesion within the composite material [36, 37]. The mineral 
filler (e.g., such a small micro fraction) dispersion is very susceptible to the 
fluidity of the dispersion environment [38]. Mugnaini et al. reveal that the 
grape pomace addition into the composite material causes a relative increase of 
the surface roughness from about 40 nm up to 60 nm due to the enhancing of 
the hydrophilic behavior that interacts with the cantilever’s tip [39]. Similar 
behavior is observed by de Souza Cohelo et al. [40]. Thus, the initial fluidity of 
the composite material plays an important role in the even particle distribution, 
which is kept after polymerization. 
 Furthermore, a smooth and uniform surface has a small roughness 
as observed by Atomic Force Microscopy [41] and the composite materials’ 
roughness strongly depends on the filler particles reaching the outermost 
layers [42,43]. The initial well-done lamination of the filler particles keeps the 
surface roughness as low as possible. Literature reveal that the lateral 
pressure [44] associated with any liquid penetration might cause delamination of 
the outermost filler particles increasing the surface roughness. Resveratrol has 
spreading into the composite nanostructure increases the surface 
roughness in a pronounced manner via local hydrophilicity associated with 
highly negative charged surface as observed by Tan et al. [45]. The roughness 
increase is caused by the increasing of contact angle from 88.2 ± 4.58˚ to 
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about 115.54 ± 1.12˚ induced by resveratrol (Brahamian et al.) making the 
composite ideal for proactive food packaging. [46] The proactive role of the 
relative increased roughness under bioactive behavior of resveratrol filled 
composites is also confirmed by Wu et al. [47]. The local heights of the gelatin–
resveratrol increase from about 20 nm to about 40 nm as consequence of 
its uniform distribution within the matrix (Fu et al.) [48]. 
 

 
Figure 15. Topographic characteristics of: (a) PT1 - scanned area 10 µm x 10 µm, 

Ra area 31.6 nm; Rq area 40.5 nm; (b) PT2 - scanned area 20 µm x 20 µm,  
Ra area 63.6 nm; Rq area 78.5 nm; (c) PT3 - scanned area 20 µm x 20 µm,  

Ra area 61.5 nm; Rq area 85.0 nm. 
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Figure 16. Topographic characteristics of: (a) PR1 - scanned area 5 µm x 5 µm, 
Ra area 21.4 nm; Rq area 27.1 nm; (b) PR2 sample - scanned area 20 µm x 20 µm, 

Ra area 47.5 nm; Rq area 61.3 nm; (c) PR3 - scanned area 20 µm x 20 µm,  
Ra area 56.6 nm; Rq area 68.1 nm. 

 
The limitations of the current study are generated by the low 

concentrations of the powdered additive (below 1.5%), either due to the color 
change of the PLA film favored by the pomace, or due to the high price of 
resveratrol. 
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Future research directions consider optimizing the composition of 
the plasticizer mixture in order to improve the film elongation and 
performing bacteriological studies of the optimized formulations. 

 
 

CONCLUSIONS 
 
Grape pomace waste was conditioned in powder form or was 

recovered by extracting a concentrated fraction of resveratrol. The two 
additives, respectively pomace and resveratrol, were characterized and 
used in the preparation of PLA-based composites that were characterized 
by determining the mechanical, thermal and microstructural characteristics. 
The tensile strength of the composites has similar values for the composites 
with pomace and those with resveratrol, with Young’s modulus having 
higher values for the composites with pomace. Bending tests revealed a 
similar flexibility of the analyzed samples and values of Young’s modulus 
directly proportional to the maximum force supported. The thermal stability 
of the grape pomace waste and the composites added with pomace and 
resveratrol obtained was evaluated by thermogravimetric analysis, highlighting 
their good thermal stability. DSC tests of PLA-based composites revealed 
two endothermic peaks at temperatures above 120 °C. The melting of the 
amorphous structures, the size of the peaks being proportional to their 
concentration probably cause these. The mobility of PLA macromolecules 
induced by the plasticizer tributyl 2-acetylcitrate favored the decrease of Tg 
and the obtaining of an elongation of applicative interest for the two types of 
composites studied. Surface examination indicated a relatively uniform 
distribution of pomace or resveratrol particles in the polymer matrix with 
small micro-clusters of additive aggregates, especially in composites where 
the additive concentration is higher. Surface roughness parameters calculated 
by atomic force microscopy indicated a mean roughness (Ra) and root mean 
square roughness (Rq) at a low to moderate roughness level, with higher 
values for pomace-containing films than for resveratrol-based ones, highlighting 
the more hydrophilic nature of pomace-containing films compared to resveratrol-
based ones. 
 
 
EXPERIMENTAL SECTION 

Materials and Methods 
Polylactic acid (PLA, Ingeo® brand, NatureWorks LLC, Tokyo, Japan), 

Proviplast® 2624 by Proviron (tributyl 2-acetylcitrate), chloroform, methanol and 
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ethyl acetate from Aldrich-Sigma (Schnelldorf, Germany). In this study, grape 
pomace was from the grape variety “Vitis” interspecific crossing “Noah”, family 
Vitaceae. 

Preparation of the Biomass 
The pomace was washed in three stages with distilled water at 

a mass ratio of water/pomace 10/1, then dried in an oven at 60 °C for 24 hours 
and cut into smaller pieces. The resulting dried pomace was finely ground 
with a GRINDOMIX GM 200 knife mill, manufactured by Retsch GmbH, and 
sieved to a powder with a particle size ≤ 200 µm. 

Resveratrol was obtained from grape pomace according to the 
procedure described by Trifoi A. et al. [32]. Thus, we macerated 100 g of dried 
and ground grape pomace in 1000 ml of methanol at room temperature for 24 h, 
after which the mixture was subjected to a reflux extraction process for 60 min., 
under continuous stirring, at a rotation of 400 rpm. After reflux extraction, the 
mixture was filtered and the extract solution was concentrated under vacuum, 
then dispersed in water adjusted to pH 1 with hydrochloric acid, at an extract: 
water ratio of 1:10 and subjected to the hydrolysis process for 20 h, at 60°C. To 
recover resveratrol from the hydrolyzed aqueous solution. The aqueous solution 
of resveratrol was subjected to a three-stage liquid-liquid extraction process in a 
separatory funnel in the presence of ethyl acetate at a volumetric ratio of 1/1. 
Then the extract was decolorized with TONSIL bleaching earth, and the 
resveratrol was recovered by precipitation in water and filtered. 

Preparation of PLA-based films  
The solubilization of polylactic acid (PLA) was carried out at a controlled 

temperature of 50°C, using a stirring speed of 500 rpm. After complete 
dissolution of PLA, the plasticizer and then the additive (pomace or resveratrol 
powder) were successively added to the solution. The resulting homogeneous 
mixture was then poured into sterile Petri dishes for solvent evaporation to form 
the film. Three active formulations based on powdered pomace and three active 
formulations based on resveratrol were prepared, as shown in Table 4. 

Table 4. Composition of PLA-based films 
Sample 

no. 
Polylactic Acid 

(% w/w) 
Proviplast 2624 

(% w/w) 
Grape pomace  

(% w/w) 
Resveratrol (% 

w/w) 
PT1 79,5 20,0 0,5 - 
PT2 79,0 20,0 1,0 - 
PT3 78,5 20,0 1,5 - 
PR1 79,5 20,0 - 0,5 
PR2 79,0 20,0 - 1,0 
PR1 78,5 20,0 - 1,5 
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Biomass and PLA composite characterization 
The obtained pomace powder was analyzed by SEM microscopy, 

FTIR analysis and TGA. Resveratrol was analyzed by SEM microscopy and 
by HPLC chromatography. To evaluate the physicochemical characteristics 
of the developed PLA-based composite films, mechanical thermal, and 
surface analyses were performed using state-of-the-art techniques. These 
characterizations aimed to evaluate the impact of pomace and resveratrol 
additives on the performance of the films.  

HPLC analyses were performed on a Jasco HPLC chromatograph 
(Japan) equipped with an HPLC pump (Model PU-980), a ternary gradient 
unit (Model LG-980-02), a column thermostat, a UV-Vis detector (Model 
UV-975), and an injection valve equipped with a 20 μL sample loop (Rheodyne). 
Samples were manually injected with a Hamilton Rheodyne syringe (50 ml). 
The HPLC system was controlled and the experimental data were analyzed 
with ChromPass software.  

The microstructural characteristics of the samples were determined 
using scanning electron microscopy (SEM) and atomic force microscopy 
(AFM). SEM images were acquired using an Inspect S- SEM microscope 
(FEI, Hillsboro, OR, USA) operated under high vacuum at an accelerating 
voltage of 30 kV. This method enabled detailed visualization of the dispersion of 
fillers, phase separation, and surface homogeneity. The surface topography 
of the samples was investigated by scanning Atomic Force Microscopy (AFM) 
performed with a JEOL JSPM 4210 device, produced by JEOL, Japan, Tokyo. 
Fourier Transform Infrared Spectroscopy (FTIR): was employed to investigate 
the molecular structure and the specific functional groups present in the pomace.  

Fourier transform infrared (FT-IR) spectra were recorded on a 
Spectrum BX (Perkin Elmer, Waltham, MA, USA) FTIR spectrometer, equipped 
with an ATR accessory (PIKE MIRacleTM), with a diamond crystal plate in 
attenuated total reflection (ATR) mode.  

Thermogravimetric analysis assessed the thermal stability of biomass 
and biochar using the thermogravimetric/derivative apparatus TGA/DTG (TGA 2 
Star System Mettler Toledo, Zurich, Switzerland). Differential Scanning 
Calorimetry (DSC) was carried out with the help of a 630e, 700C Mettler-
Toledo calorimeter (Switzerland). Measurement conditions: aluminum crucible-
40 µL; heating speed: 10 oC/min; temperature range 25–200 oC; final landing 
0.5 min; atmosphere: nitrogen; flow rate: 80 mL/min. 

The rectangular specimens specific to this test were subjected to 
tensile tests using the Lloyd LR5k Plus universal mechanical testing machine 
(Lloyd Instrumente, Ameteklns, West Sussex, England), with a maximum 
allowed capacity of 5KN, at a loading force of 0.5 N and a speed of 1 mm/minute 
at ambient temperature (25 oC), according to the ASTM D638-14, using 
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Nexygen software (version 4.0). The flexural strength was achieved by the 
3-point technique, according to ASTM D 790; the data were processed 
using the Nexygen software (version 4.0). All the data are the average of at 
least seven measurements. The statistical differences between the groups 
of investigated samples were statistically analyzed using the one-way ANOVA 
test. 
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