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ARTICLE INFO ABSTRACT
Keywords: PLA/PBAT bioplastic is a commercial biodegradable plastic employed for packaging and several
Walnut shells food and agriculture applications. In this regard, properties such as the antioxidant ability to

Agricultural waste

UV protection
Microwave-assisted extraction
Polyphenols

Response surface methodology

extend food shelf life and light resistance, are of great interest in the production of packaging and
mulching films, respectively. These features are obtained by developing blends with pure
chemicals and/or natural products as additives. In the present work blend formulations of PLA/
PBAT with a walnut shell extract rich in antioxidants were developed and evaluated for their
properties in comparison with classic PLA/PBAT. Specifically, natural additives, and most
importantly the production process were purposely selected to i) be green and cost-effective; ii)
confer antioxidant properties; and iii) improve material performance.

To this aim, a walnut shell extract (EWS) with high antioxidant activity was obtained thanks to
a novel green and cost-effective microwave-assisted extraction (MAE) procedure. A response
surface methodology was utilized to explore how the total phenolic content (TPC) and antioxidant
activity are influenced by varying aqueous ethanol concentration, extraction time, and micro-
wave power. The highest predicted TPC and antioxidant activity were achieved when employing
the ideal conditions for Microwave-Assisted Extraction (MAE): using a mixture of 30 % ethanol in
water, an irradiation time of 120 s, and a microwave power of 670 W. The optimized EWS was
characterized by HPLC-MS determining qualitative and quantitative data with the identification
of flavonoids, fatty acids, and anacardic acids among the main components, responsible for
antioxidant activity. The resulting EWS powder was melt-mixed at 140C° and 20 RPM with the
bio-based PLA/PBAT bioplastic at two different concentrations (0.5 and 1.5 w/w) by forming film
specimens. All EWS-based bioplastic films showed increased antioxidant features determined by
the DPPH bleaching test, TEAC, and ORAC assays. The films keep the antioxidant capacity even
after 7 days of UV-accelerated aging. Remarkably, adding 1.5 % EWS boosted the bioplastic UV
light resistance, reducing the abatement of molecular masses by more than 60 % without affecting
mechanical properties.
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1. Introduction

Walnut shells (Juglans regia L.), accounting for a large part of the total weight of the walnut, are treated as waste for the ostensible
low economic value, generally employed as fuel for domestic heating. Additional uses of the shells are proposed but of little economic
impact [1]: abrasives for cleaning and polishing plastics, soft metals, stone, wood, and fiberglass; filtration media for both separating
raw oils and heavy metals from water and for treating wastewater from the petrochemical industry.

In recent years, there has been a growing attention on extracting bioactive compounds, such as polyphenols, from various parts of
the nut. Among these, walnut shells subjected to extraction with both lipophilic and hydrophilic extraction media proved to be a source
of value-added compounds belonging to the classes of terpenes, fatty acids, and polyphenols [2]. The hydroalcoholic extracts from
walnut shells have even higher phenolic content and antioxidant activity than walnut kernel and fruits. In particular, taxifolin, gal-
locatechin, gallic acid, and tyrosol are the most abundant phenolics identified in walnut shell extracts with antioxidant activity [2].

Recently, other shells as by-products from the agrifood industry, namely almond and pistachio hard shells [3,4], were extracted
with alcoholic solutions to yield antioxidant constituents, including tannins, flavonoid glycosides, and phenolic acids derivatives. In a
similar work, carried out on hazelnut skin by-product, several natural deep eutectic solvents (NADES) were investigated to optimize
the extraction of bioactive compounds, highlighting the use of bio-renewable DES to recover natural antioxidants from hazelnut
by-products [5]. Though the chemical composition of walnuts and other shells is still little investigated, is clear that this waste could be
a promising feedstock for biologically active compounds, thus for preparing food additives with antioxidant and antimicrobial activity,
as well as for food packaging and pharmaceutical applications. One of the main challenges in a zero-waste circular economy is the
recovery of natural antioxidants from agri-food wastes and the application of “green” extraction procedures employing reduced
extraction times, thus limiting the degradation of the bioactive constituents [6].

Microwave extraction (MAE) effectively satisfies these desirable requirements and was specifically chosen for this study. However,
the extraction is greatly affected by time, solvents, and microwave power. Therefore, the Design of Experiment (DOE) was selected to
assess how various factors impact the extraction procedure and consequently influence the outcomes of this process [7]. DOE offers
benefits such as identifying the optimal response within the design matrix and elucidating the interactions among different factors.
Response Surface Methodology (RSM) serves as an efficient tool that utilizes DOE to forecast the conditions resulting in the best
possible response. Consequently, RSM process proves to be fast, allowing the optimization with a limited number of experiments or
simulations [8]. In this study, the interplay between three factors—ethanol concentration, irradiation time, and microwave power-
—was analyzed using 3-D response surface plots for each dependent variable, including total phenolic content measured by TPC assay
and antioxidant activity assessed by TEAC, DPPH, and ORAC assays.

Moreover, this study aims to demonstrate the real ability of optimized extract from walnut shells (EWS) to work as a UV stabilizer
and antioxidant agent for bioplastic formulations.

Specifically, in view of an entirely eco-sustainable approach to designing new composites and blends, the EWS was directly added
to PLA/PBAT bioplastic as an additive to improve the polymer’s behavior in terms of UV resistance, without affecting the mechanical
properties of the material. In this scenario, careful consideration is essential when assessing the incorporation of fillers into the matrix.
Indeed, despite the improvement of the target properties, the risk of influencing the mechanical stability could be high. PLA/PBAT
bioplastic is a commercial biodegradable plastic produced by BASF that covers packaging and agriculture applications [9]. This
bioplastic is a mixture of 84 % poly (butylene adipate-co-terephthalate) (PBAT), 4 % polylactide acid (PLA), and 12 % of inert additives
[10].

In this regard, properties such as the antioxidant ability to extend food shelf life [11], and light resistance, are of great interest in
producing packaging and mulching films, respectively.

It is worth noticing that, the literature reports several notable papers on the use of natural molecules as potential antioxidants and/
or stabilizers for plastics [12-14]. However, most of them proposed a “model approach” in which the obtained positive results are
related to the addition of pure active molecules to the plastic samples [14-18]. The proposed approaches could be far from some
industrial requirements such as the overall reduction of cost in terms of additives production, management of waste products and
purification streams, time, and energy consumption [19,20]. Noteworthy, from the eco-sustainable point of view, the inevitable
purification steps needed to obtain pure molecules, can thwart the effort in replacing synthetic additives with natural ones. With this
regard, the use of extracts, rich in antioxidant compounds, obtained from agri-food wastes, is a challenge for the study and realization
of new bioplastics for industrial purposes, reducing the costs relative to the use of pure compounds.

Recently, Li et al. showed that cardanol-loaded halloysite added to PLA improved its long-term thermo-oxidative resistance and
crystallization property (owing to the stabilizing properties of cardanol [18]. P. Scarfato et al. demonstrated the ability of hazelnut
perisperm to provide antioxidant properties to PLA/PBAT bioplastic films making them sealable in a wide range of temperatures [11].
In a different study, films made from composite PLA/PBAT-grapefruit seed extract demonstrated excellent UV-light blocking abilities
and strong antibacterial effects against Listeria monocytogenes [21]. Considering these outcomes, and the poor searches in the use of
antioxidants from biowastes for the formulation of new bioplastic blends, EWS was included in the PLA/PBAT blend formulation and
tested as follows reported.
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2. Experimental
2.1. Chemicals and reagents

All chemicals were of reagent grade and were used without further purification; Folin-Ciocalteau, 2,4,6-tri (2-pyridyl)-1,3,5-
triazine, 2,2-diphenyl-1-picrylhydrazyl radical (DPPHe), formic acid (FA), fluorescein, quercetin, gallic acid, potassium persulfate
(K2S20g), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox®), 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), tetrahydrofuran (THF) were bought from Merck (Darmstadt, Germany). The 2,2-Azobis (2-methyl-
propionamidine) dihydrochloride (AAPH) was purchased from Acros Organics. Sodium carbonate (NapCO3), HPLC grade water, and
acetonitrile (ACN) were bought from Carlo Erba (Milan, Italy). Analytical standards quercetin-3-O-glucoside and (17:1)-anacardic acid
were bought from Merck (Darmstadt, Germany); stearic acid was bought from Carlo Erba (Milan). Ecovio® F23B1 bio-based and bio-
degradable PLA/PBAT pellets were purchased by BASF SE Global Marketing Biopolymers (Ludwigshafen Germany). They were used
after an overnight stay in a vacuum oven at 50 °C.

2.2. Plant material

Walnuts (Juglans regia L.) harvested in October 2021 were furnished by a local farmer in Milo (Catania, Italy). Cleaned shells were
dried at room temperature, and ground in an electrical grinder (KYG model-CG9430, 300 W). The ground powders were passed
through a 1 mm sieve used to ensure the homogeneity of the residue powders, then collected in vacuum packaged in PET bags and
stored at —20 °C until further use.

2.3. Microwave-assisted extraction (MAE)

The extraction from walnut shell samples was performed on a domestic microwave oven (Smeg S43 Type F322EC). The apparatus
consists of a digital control system for setting microwave power (linearly adjustable from 150 to 1000 W) and extraction time and. The
oven was modified with a hole on the top (18 mm diameter) and a chilled water system to condense the vapours produced during the
extraction.

The walnut shell samples (3.0 g) were extracted using aqueous ethanol as solvent at a solid-to-solvent ratio of 1:10 (w/v). The
ethanol concentration, microwave power and extraction time were varied according to the experimental design reported in Table A.
The extractions reported in Table A were carried out in sealed vessels, and no evaporation was observed. Following Microwave-
Assisted Extraction (MAE), the extracts underwent filtration using a Buchner funnel lined with Whatman No.1 filter paper. The
resulting supernatants were gathered and then dried until reaching a constant weight. During the extractions performed in optimal
condition, the temperature of the samples at the end of extraction never exceeded 54 °C. The extracts were stored in a freezer (—20 °C)
until their use.

To evaluate the feasibility of a possible scale-up of the extraction protocols proposed in this study, extraction was performed onto a
glass bulb connected to the chilled water system. Walnut powder (58 g) was suspended in 580 mL of hydroalcoholic solution and
extracted under the optimized MAE conditions (62 % EtOH, 670 W and 120 s). The extract was filtered under vacuum and dried to
constant weight.

2.4. Total phenolics content (TPC) quantification

The TPC of extracts was evaluated by the Folin-Ciocalteu assay, as already reported [3]. Briefly, samples were solubilized at a
concentration of 10 mg/mL and diluted to 0.5 mg/mL. Distilled water (75 pL) was pipetted in each well; then samples were added (25
pL) followed by Folin—Ciocalteu’s reagent previously diluted in water (25 pL). The plate was shaken at 25 °C for 6 min. Lastly, 100 pL of
a 1.9 M NapCOs solution were added. The plate was put again under stirring for 1 min and incubated at room temperature for 1 h and
30 min, protected from light. Subsequently, the optical density was measured at 765 nm using the Synergy H1 microplate reader
(BioTek, Bad Friedrichshall, Germany) equipped with Gen5 software.

Gallic acid served as the standard and underwent the same protocol as the other samples. A 1 mg/mL stock solution of gallic acid
was prepared and diluted in aliquots (25, 50, 100, 200, and 400 pL) to produce the calibration curve. Results, obtained in quadru-
plicate and reported as mean + SD, were calculated as mg of gallic acid equivalents per g of extract (mg GAE/g). Afterward,
considering the extraction yields, these units were converted to mg GAE/g of dried walnut shells starting material (mg GAE/g dw),
considering the yield of each extract effectively obtained.

2.5. Evaluation of the antioxidant activity

2.5.1. Oxygen radical absorbance capacity (ORAC) of extracts

The ORAC of the extracts was determined according to a previously reported method [22]. A stock solution of fluorescein (0.54
mM) was prepared by dissolving 7.5 mg of fluorescein in a mixture of 50:50 PB S (50 mM; pH 7.4): EtOH; a diluted solution (8.16 x
10-5 mM) was freshly prepared in PBS before the assay. Concisely, buffer (for blank; 25 pL), sample solutions from extracts (0.05
mg/mL; 25 pL), Trolox (5-40 uM; 25 pL) or quercetin (2.5 mM; 25 pL) were pipetted in 96-well-microplate, followed by the addition of
fluorescein (8.16 x 10~> mM in PBS; 150 pL). The microplate was incubated at 37 °C for 10 min. Finally, AAPH (0.153 mM; 25 pL) was
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pipetted and the fluorescence was immediately acquired every 1 min for 30 min, setting excitation at AEx = 485 nm and emission at
AEm = 528 nm. The ORAC values were obtained from the elaboration of the area under the curve (AUC) by linear regression (R? =
0.9993) with Trolox results. The final data (as mean + SD; n = 4) of extracts were expressed as pmol of Trolox equivalents per g of dried
extract (pmol TE/g), considering the yield of each extract effectively obtained.

For all the samples and the standard, the antioxidant capacity was calculated according to equation (1):

orAC— AUCumic = AUCH) 1
(slope AUCryo10x) (% sample)

(€Y

2.5.2. DPPHe radical scavenging activity of extracts

The electron donation ability of the extracts was measured by bleaching the purple-coloured solution of DPPHe. This solution,
freshly prepared (190 pM in methanol; 200 pL), was mixed with 10, 20, 40, 60 pL 20 pL of extract samples (0.5 mg/mL) or standard
(quercetin, 0.05 mg/mL) and the mixture was incubated at 25 °C for 1 h in the dark.

The optical density of the mixture (ODsample) was acquired at 515 nm with Agilent BioTek Synergy H1 Multimode Reader using
the Gen5 software. For each group of samples, a blank was prepared by employing MeOH or EtOH in place of samples (these solutions
are employed to determine the ODcontrol). DPPHe/methanol solution was used as a blank.

For all the samples and the standard, the yield of the % of quenched DPPH was determined according to equation (2).

(OD.oniror — ODyampe)

hed DPPH - % =
quencie ’ OD control

x 100 (2)

The results of the extracts were expressed as mg of Trolox equivalents per gram of starting material (mg TE/g dw), by means of a
calibration curve obtained with Trolox (0-0.8 mM; R? = 0.9997).

2.5.3. Trolox equivalent antioxidant capacity by ABTSe+ assay (TEAC) of extracts

The ABTSe+ stock solution was prepared as previously reported [3]. A working solution (70 uM) was obtained by dilution with
EtOH, and pipetted (200 pL) in each well after the addition of sample solution (0.05 mg/mL; 10, 20 or 30 pL). The plate was stirred at
23 °C for 6 min, and the OD at 734 nm was read. The % of quenched ABTSe+ was obtained by equation (3). The obtained results were
analyzed using linear regression based on the standard curve of trolox. (obtained in the range 5-40 pM; R2 = 0.9991) and are expressed
as mg of Trolox equivalent antioxidant capacity (TEAC) per gram of walnut shells starting material (mg TE/g dw).

ODblzmk - ODsample)

: ABTS ™ :( 1
quenched St % oDy x 100 3)

2.5.4. Antioxidant activity of PLA/PBAT film films

ORAC assay. Samples of films 1-4 and 1a-3a were suspended in EtOH (concentration ranging from 40 to 20 mg/mL). The mixtures
were sonicated (Bandelin sonorex; 480 W, 35 kHz) at 27 °C for 30 min. Then the mixtures were incubated for 24 h at 25 °C. For ORAC
assay a fluorescein working solution (8.16 x 10-5 mM; 150 pL) was shaken with 20 pL of extracted samples in a black 96-well
microplate at 37 °C for 10 min. Subsequently, a 153 mM AAPH solution (25 pL) was introduced, and the fluorescence intensity
was monitored using the specified parameters: AEx = 485 nm, AEm = 528 nm, gain 50, for 30 min at 1-min intervals. The data were
processed using equation (1), and the outcomes were reported as pmol TE/g of film.

DPPHe assay. Samples of the obtained films 1-4 and 1a-3a were weighted (6.8-2.1 mg) and extracted with EtOH (150 pL) by
sonication (Bandelin sonorex; 480 W, 35 kHz) at 27 °C for 30 min. Afterward, the plate was kept in an incubator at 25 °C for a duration
of 24 h. The resulting solutions were mixed and incubated with a 0.38 mM DPPH solution (150 pL) at 25 °C. After 2 h, the solutions
were moved to 96 well-microplate plate and OD was recorded at 510 nm with Sinergy H1 plate reader. Results were elaborated as
mgTE/g of film referring to a calibration curve (R? = 0.9991) obtained testing trolox standard solutions (0.01-0.2 mg/mL) and plotting
the % of quenched DPPH vs Trolox concentration. For all the samples and the standard, the yield the % of quenched DPPH was
determined according to equation (2).

The percentage of radical scavenging activity (RSA%) obtained at 10 mg/mL was also reported in Table 5.

TEAC assay by ABTS. For the assay the same mixtures of 1-4 and 1a-3a prepared for ORAC were employed. A 70 pM ABTSe+ was
added (200 pL) to each well where aliquots of extracts (20 pL) were previously inserted. The mixtures were agitated at 23 °C for 6 min,
following which the optical density at 734 nm was measured. The data were elaborated as Trolox equivalents antioxidant capacity
(TEAC) per gram of film (umol TE/g) referring to a calibration curve (R? = 0.9979) obtained testing trolox standard solutions (40-350
pM) in the same conditions of the samples. For all the samples and the standard, the % of quenched ABTSe+ was determined according
to equation (3).

All assays were performed in triplicate. Student’s t-test was used to determine the significant difference of the antioxidant.

2.6. Experimental design and statistical analysis

Response surface methodology (RSM) with a three-factorial Box-Behnken experimental design (BBD) was adopted to evaluate the
effects of operating extraction variables (X1 — X3) on the TPC and antioxidant activity (measured with DPPHe, ORAC, and TEAC
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assays) of Juglans regia L. shell extract. The developed models were used to assess the impacts of individual factors and their in-
teractions, enabling the determination of the most favorable extraction conditions for achieving the highest recovery of polyphenols
exhibiting antioxidant properties from walnut hard shells.

The experimental design was generated using JMP® statistical software (SAS Institute S. r.l., Milano, Italy). Equation (4) was
derived from mathematical models based on a 15-run experimental setup, incorporating three replicates at the central point (as
outlined in Table 1):

N=2k(k—1)+C, 4

in this equation, k represents the number of factors, and CO denotes the count of central points. Three levels of factors were coded as —1
(low), 0 (midpoint), and +1 (high), as detailed in Table 1. To mitigate the impact of systematic errors on the observed response, all
experiments were conducted randomly.

The response surfaces of the dependent variables TPC (Y1), ORAC (Y2), DPPHe (Y3), and TEAC (Y4) underwent a natural loga-
rithmic transformation and were accommodated by a second-order polynomial model, as expressed in Equation (5):

k k k
Y=Bo+ Y BXi+» BiX+ Y BiXX;,+E 5)
i=1 i=1 i>j

where Y represents the predicted response; X represents the independent variable; BO is a constant coefficient; Bi, Bii, and Bij are the
linear, quadratic, and interactive regression coefficients, respectively. The assessment of model adequacy included examining the lack
of fit, the coefficient of determination (R2), and the F-test value derived from the analysis of variance (ANOVA). Regression analysis
and three-dimensional response surface plots were generated to ascertain the ideal conditions for maximizing TPC and antioxidant
activity. Statistical significance testing relied on the total error criteria with a confidence level of 95 %.

Experimental measurements were plotted on Excel 16 and reported as mean + standard deviation of four measurements. All the
obtained data were compared by one-way ANOVA using OriginPro 2021 software. A p-value threshold of 0.05 was considered sta-
tistically significant according to Tukey’s test.

2.7. HPLC-MS analysis

Mass spectrometric (ESI-MS/MS) analysis was carried out on an ion trap mass spectrometer equipped with an ESI ion source (LTQ,
Thermo Fischer Scientific, San Jose, CA, USA). The mass spectrometer was coupled online with an LC pump (Dionex Ultimate 3000,
Thermo Fischer Scientific, San Jose, CA, USA). The optimized extract was dissolved in a 50:50 mixture of MeOH and H20 at a con-
centration of 50 mg/mL. Then, 20 pL of the sample was loaded onto a Waters Symmetry RP-C18 column (150 mm x 1 mm i. d., 100 A,
3.5 pm), using the autosampler, and the column was maintained at 25 °C.The elution was conducted at a rate of 50 pL/min using a
gradient of H,O + 1 % FA (solvent A) and ACN + 1 % FA (solvent B) as follows: at t0 min, B (5 %); at t25 min, B (15 %); at t40 min, B
(25 %); at t55 min, B (55 %); at t60 min, B (95 %); at t65 min, B (100 %); and finally at t80 min, B (5 %). Full scan mass spectra were
acquired in negative ionization mode in the m/z range 150-2000. ESI ion source operated with 220 °C capillary temperature, 30 a. u.

Table 1
Experimental design and results in terms of TPC and radical scavenging activity for Juglans regia L. hard shells.

Run  Independent variables Dependent variables

MAE conditions Experimental measures

X; (MW, X, (EtOH, X3 (Time,s)  Y;, TPC! (mg GAE/g Y,, ORAC? (ymol TE/ Y3, DPPH (mg TE/g Y., TEAC (mg TE/g

w) %) dw) 2 dw) dw)
1 670 30 90 7.87 + 1.68%¢ 605.94 + 41.7% 1.60 + 0.65%° 2.16 + 0.75%¢
2 1000 30 90 5.94 + 1.55%f% 438.03 + 19.0°%f 1.34 4+ 1.82%" 1.78 + 0.39%
3 670 90 90 5.33 + 1.38%® 393.14 + 30.1¢ 0.63 + 0.399f 0.81 + 1.23f
4 1000 90 90 5.16 + 1.21% 380.82 + 10.7¢ 0.77 + 0.11°%f 0.96 + 0.66°F
5 670 60 60 7.36 + 1.54%d 542.55 + 32,67 1.43 + 0.73%¢ 1.92 + 0.18"
6 1000 60 60 5.83 + 1.39°® 430.10 + 11.39f 1.10 & 1.29Pcdef 1.33 + 0.45%f
7 670 60 120 7.99 + 0.71% 589.01 + 51.2 1.44 4+ 1.91% 2.51 + 1.03%
8 1000 60 120 7.43 + 1.08%¢ 547.11 + 30.7°%¢ 1.37 + 1.26%¢ 1.87 + 0.24"
9 850 30 60 5.65 + 1.26°f% 408.15 + 32.4° 1.26 + 1.95¢d 1.64 + 0.43°%
10 850 90 60 6.51 + 0.78°df 482,02 + 42.1bcde 0.61 + 1.74% 0.81 + 0.52f
11 850 30 120 8.36 + 1.76% 615.91 + 36.8% 2.00 + 0.822 2.64 + 0.77°
12 850 90 120 4.98 + 1.028 365.76 + 20.2 0.55 + 0.78° 0.71 + 0.67°
13 850 60 20 6.43 + 1.23¢4°f 477.23 + 34.8°% 1.32 + 1.56% 1.71 +1.33%¢
14 1000 90 120 5.51 + 1.67°% 406.80 + 61.1¢ 0.53 + 0.34f 0.83 + 0.92f
15 850 60 90 6.67 + 0.94Pcde 444.42 + 12.7°%f 1.33 + 0.57%¢ 1.83 +0.97°¢

Total phenolic content (TPC): results are presented as equivalent of gallic acid (GAE) in mg/g of dried starting material, expressed as mean + SD (n =
4). 2Oxygen Radical Absorbance Capacity (ORAC). *TEAC assay using ABTS. All antioxidant activity results are depicted as Trolox equivalent (TE) of
dried walnut shell starting material, displayed as mean + SD (n = 4). Dissimilar letters within the same column signify significant differences (Tukey’s
test p < 0.05).
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Sheath gas, 4 kV source voltage and —18 V capillary voltage. The data-dependent method was used for mass spectrometric analysis,
employing a normalized collision energy of 29 a. u. And setting the activation Q at 0.250. Mass calibration was conducted using a
standard mixture comprising caffeine (Mr 194.1 Da), MRFA peptide (Mr 524.6 Da), and Ultramark (Mr 1621 Da). Data acquisition and
analyses were carried out utilizing Xcalibur v. 1.3 Software (Thermo Fischer Scientific, San Jose, CA, USA).

2.8. Blend preparation

After permanence in a vacuum oven at 50 °C, the extract and the polymer were physically mixed respecting the percentages shown
in Table 5. The materials were stored in the vacuum oven until the processing.

2.9. Film preparation

Specimens were prepared by hot press forming process. Specifically, the polymer was put in a Brabender’s chamber at a tem-
perature of 140 °C. The polymer was introduced in small aliquots, in the time window of 1 min, under a screws rotation rate of 20 RPM.
When melted, the polymer was processed for 5 min. The melt was recovered and split into two aliquots of 10 g each. After that, the
material was subjected to molding pressure through a hydraulic press PM20 by Campana S. r.l. Milano, Italy at 140 °C and 5 bar. After
5 min, the plates were rapidly cooled keeping the pressure constant. Two films having a thickness of 32.2 4+ 3 pm were produced for
each sample.

2.10. Methods of analysis

2.10.1. Differential scanning calorimetry (DSC)
DSC analyses were performed through a Q100 DSC calorimeter (TA Instruments, New Castle, Delaware, US). The reliability of the
analyses was verified by performing the calibration by evaluating the melt purity of Indium Standards (156,6 °C and 28.45 J/g).
Each sample was subjected to a heating ramp (10 °C/min) from 20 °C to 200 °C, followed by a quenching (rate 50 °C/min) to
—80 °C. The samples were brought back to 200 °C via a second heating ramp (10 °C/min). Fig. S2 shows the thermograms referring to
the second heating ramp of Samplel, 2, and 3.

2.10.2. Thermogravimetric analysis (TGA)

Weight Loss Analyses were performed on ca 5 mg of each sample using a TGA Q500 (TA Instruments, New Castle, Delaware, US).
The nitrogen flow during the analyses was set at 60 mL/min; the temperature range investigated was 50-800 °C, at a heating rate of
10 °C/min.

2.10.3. Size exclusion chromatography (SEC)

All the analyses were carried out through an AZURA® SEC Lab system (KnauerWissenschaftliche Gerate GmbH, Hegauer Weg, 38,
14,163 Berlin, Germany), equipped with 1 TS K gel Guard Super H-H column (3 pm, 4.6 x 35 mm) and 3 columns TSK gel connected in
series and a RI detector.

2.10.4. UV light aging

All film samples were subjected to UV light irradiation up to 7 days by using a QUV Panel apparatus. The aging chamber is equipped
with UV lamps with a maximum of 340 nm operating with an irradiance of 0.68 W/cm x nm at 60 °C. At least three films for each
sample were exposed.

2.10.5. Mechanical characterization

The tensile properties were estimated at room temperature and humidity using an Instron machine (Tensometer 2020, Alpha
Technologies) according to ASTM test method D882. Pristine and UV-irradiated films were tested at 10 mm min ' until break. The
Young’s modulus (E), tensile strength (oax) and elongation at break (epreak) Were recorded. The data reported are average values.

3. Results and discussion
3.1. Model fitting

In this study, the effects of microwave (MW) power (X3), ethanol concentration (X3), and extraction time (X3) were evaluated with
the Box-Behnken experimental design (BBD) for MAE extraction of walnut hard shells. As is known polar organic solvents such as
methanol and ethanol (EtOH) are the most effective in the recovery of (poly)phenolic compounds, among these, ethanols is GRAS and
commonly employed in industrial preparations for food and pharmaceutical applications. Thus, EtOH was chosen extractive solvent
together with water. The data for Total Phenolic Content (TPC) and antioxidant activity, evaluated through ORAC, DPPH, and TEAC
assays from 15 experimental runs employing MAE, were subjected to ANOVA analysis, as presented in Table 1. These results were
listed concerning the starting material (hard shells), in agreement with previous studies on similar waste biomasses [4,23]. The TPC
ranged from 4.98 to 8.36 mg GAE/g dw, whereas for the antioxidant capacity, the ORAC values ranged from 365.75 to 615.90 pmol
TE/g, the DPPH values from 0.53 to 2 mg TE/g dw, and the TEAC values from 0.71 to 2.64 mg TE/g dw. The quality of the fitted models
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can be determined by the coefficients of correlation (R2), which were R? = 0.98 for TPC and ORAC, R?=0.97 for DPPH, and R%>=0.96
for TEAC. The adjusted determination coefficients (Adj. R?) were 0.96, 0.94, 0.93, and 0.90 for TPC, ORAC, DPPH, and TEAC,
respectively (Table S2). The coefficients being near 1 suggest a strong correlation between the observed and predicted values. The
relationship between actual (experimental data) and predicted values is shown in Fig. S1. Additionally, the low coefficient of variation
(CV = 1.43 %) signified a high level of precision and reliability in the experimental values [24]. The adequate precision, measuring the
signal-to-noise (S/N) ratio, was higher than 4 for all the models (Table S2), indicating the models’ appropriateness to navigate the

experimental space [25].
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Fig. 1. Response surface 3D plots for the effect of the independent variables of ethanol concentration, extraction time and microwave power on the
dependent variables TPC (A), ORAC (B), DPPH (C) and TEAC (D).
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A quadratic equation was applied to the gathered data to assess the significance and adequacy of the model. The obtained p-values
for both the Total Phenolic Content (TPC) and antioxidant activity confirmed the model’s capability to accurately predict responses.
The regression coefficients of the model’s intercept, linear, quadratic and interaction terms were calculated using the least squares
technique, as shown in Tables S1 and S2 of Supporting materials. The p-value of the model was less than 0.05 for all the considered
responses, which indicates that the model adequately explained the responses observed about the phenolic content and antioxidant
activity of walnut hard shells.

Table S2 shows the ANOVA results with the contribution of each factor under study. The greater the absolute F-value, the more
significant the corresponding variables. The F-value of the model was 42.29 for TPC, whereas concerning the free radical scavenging
activity, the F-value of the model was 29.83 for ORAC, 23.24 for DPPH, and 16.97 for TEAC.

Moreover, all examined operational parameters (X1 — X3) notably impacted (p < 0.05) both the Total Phenolic Content (TPC) and
the antioxidant activity of the extract. However, the model highlighted that the most significant linear variable for TPC, ORAC, DPPH,
and TEAC was the ethanol concentration, with respective F-values of 102.70 (p < 0.0001), 74.50 (p < 0.0001), 146.38 (p < 0.0001),
and 91.41 (p < 0.0001). That is, the increment of phenolic content and antioxidant activity depended mostly on ethanol concentration.

Moreover, the interaction between the solvent concentration and the irradiation time (X2X3) was found to be highly significant (p
< 0.05) for the ORAC, the DPPH, and the TEAC values. On the opposite, the interaction between the microwave power and the
extraction time (X;X3) was found to have no significant effects on the antioxidant activity.

Lastly, the fitting of each model was also evaluated by the lack of fit, which was insignificant for TPC (0.2160) and antioxidant
activity (0.4384, 0.2811, and 0.2848 for ORAC, DPPH, and TEAC, respectively), indicating the goodness of the model (Table S2).

Based on these findings, the model proved suitable for predicting TPC, ORAC, DPPH, and TEAC due to the high R? values, sig-
nificant p-values, and the lack of significant p-values for the lack of fit. The final second-order polynomial equations, illustrating the
empirical relationships between the responses (Y1 — Y4) and the extraction operating conditions (X1 — X3), are provided below:

Y,(TPC) = 16.2798 — 0.0203x; + 0.0821x; — 0.0509x; +4.11 x 10°x% — 6.89 x 107*x3
+5.08 x 107*x3 + 9.51 x 10 7xx, 4 5.11 x 107%x;x3 — 0.0012:x53

Y>(ORAC) = 1684.0462 — 2.4341x; + 3.7378x, — 4.4265x; + 8.25 x 107*x? — 0.0369x7
+0.0439x2 + 0.0082x;x, + 0.0035x,x3 — 0.0893xx3

Y;(DPPH) =2.2659 — 0.003Lx; + 0.0221x, + 0.0040x; + 4.99 x 1077x; —2.61 x 107*x3
+1.55%1075x; + 10.23x10 %2, + 0.0035x,x5 — 2.09 x 10 “x,3

Y,(TEAC) =4.8341 — 0.0077x; + 0.0233x, + 0.0047x3 +2.38 x 107x} + 3.67 x 107*x3

+ 8.68 x 10’5x§ +3.15%107x,x, + 6.84%107%x,x3 — 3.07 X 10 ™*x,x3

The results obtained from the optimization analysis using RSM for the evaluation of the effect of extraction parameters demon-
strated the achievement of a reliable mathematical model that could be applied for the maximum recovery of TPC and antioxidants
from walnut shells.

3.2. Response surface analysis of total phenolic content (TPC) and antioxidant activity

The response surface analysis allows for the observation of the correlation between the independent and dependent variables
incorporated within the model. 3D-response surface plots, based on the model equations mentioned above, make it easier to visualize
the mutual effects between two factors and how the responses are influenced by their interaction [26].

Fig. 1 shows the effects of paired independent variables on TPC (Fig. 1A), ORAC (Fig. 1B), DPPH (Fig. 1C), and TEAC (Fig. 1D). In
general, all four response variables exhibited comparable behavior in their respective response surface profiles. Fig. 1A shows that
when the ethanol in water concentration was fixed at 30 %, the extraction of phenolic compounds showed a slight increase with longer
extraction times, reaching its peak at 120 s. Moreover, the interaction between MW power and ethanol concentration (X;X3), as well as
between MW power and extraction time (X;X3), showed that the highest TPC yield could be obtained by using low MW powers
(600-700 W). Farid Dahmoune et al. noted a comparable trend in their observations for the MAE of polyphenols from Myrtus com-
munis L. leaves, probably due to the thermal degradation of phenolic compounds occurring at higher MW powers [27]. Fig. 1B to D
depict the combined influence of microwave power and irradiation time on the antioxidant activity assessed by ORAC, DPPH, and
TEAC. Overall, as the microwave power and extraction time (X;X3) decreased to 600 W and 120 s, respectively, the values of all
dependent variables exhibited an increase. Regarding the interaction between microwave power and ethanol concentration (Fig. 1B to
D), it is notable that higher antioxidant capacity values were evident at lower microwave power settings (600-700 W) and an ethanol
concentration around 30 %.
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3.3. Walnut shells extraction: model validation

Based on the RSM predictive models and values shown in Fig. 1, the ideal MAE conditions for maximum TPC recovery from walnut
hard shells were estimated to be: 30 % for the ethanol concentration, 120 s for the irradiation time, and 670 W for the microwave
power. Thus, according to the polynomial equations obtained, optimal conditions were: for ORAC = 34 %, 114 s, and 670 W; for DPPH
= 30 %, 120 s, 670 W; for TEAC = 37.8 %, 118 s, 681 W.

Hence, it was concluded that the optimal experimental conditions to have an extract from walnut hard shells with maximum re-
covery of polyphenols and with the highest antioxidant activity were: EtOH: 30 % in water, irradiation time 120 s and microwave
power 670 W. Under these optimized conditions, the expected values are: TPC (8.43 < 8.92<9.42 mg GAE/g4qw, ORAC (644.84 <
692.5< 740.07 pmol TE/gqw), DPPH (1.61 < 1.93< 2.25 mg TE/gqw) and TEAC (2.68 < 3.02< 3.36 mg TE/gqw), respectively. A new
extraction was performed under the above-mentioned optimal conditions to validate the adequacy of the model. Predicted and
experimental (n = 4) results for the optimized extract from walnut hard shells (EWS) are shown in Table 2. The experimental results
were in great agreement with the predicted values, suggesting that the proposed MAE protocol can be effectively used to extract
phenolic compounds from walnut hard shells. Moreover, EWS exhibited a TPC of 8.49 mg GAE/g dw of shells, which was higher than
the one reported by Prgomet et al. for an almond shell extract (6.30 mg GAE/g dw) obtained by stirring [4].

In Table 2, the TPC and antioxidant activity are also referred to the dried extract instead of walnut shell powder, to compare our
data with findings on similar works. Specifically, the TPC of 8.49 mg GAE/g dw corresponds to a value of 249.7 mg GAE/g of extract,
which was notably higher than the one reported by Herrera et al. for the walnut shell extract (13.14 mg GAE/g of extract) obtained by
accelerated solvent extraction (ASE) in water [2], suggesting that the use of hydro-alcoholic solvent allows greater extraction of
phenolic compounds.

Regarding the antioxidant activity, EWS showed a DPPH value of 1.67 mg TE/g dw of extract, corresponding to 59.2 mg TE/g of
shells. This outcome is higher the finding reported by Soto-Maldonado et al. with DPPH values ranging from 25 to 30 mg TE/g for
walnut shells extracted by conventional solid-liquid extraction [23].

3.4. Characterization of the optimized extract from walnut shells and quantification of the main constituents

HPLC/ESI-MS/MS was performed on the extract obtained with the optimized extraction parameters (EWS) in both positive and
negative ionization in order to identify the phytochemicals. However, all the identifications were tentatively obtained using the
negative ionization mode. The resulting total ion current chromatogram (TIC) obtained in negative mode is reported in Fig. 2.

ESI-MS and MS/MS data were cross-referenced with relevant literature to tentatively identify each compound, as outlined below.
Table 3 enumerates the identified compounds, progressively numbered according to their HPLC/ESI-MS retention times. For each
compound, the [M — H]— m/z value is provided, alongside the primary fragments observed in the MS/MS spectrum. A total of 46
compounds were tentatively identified (Table 3) and grouped mainly in hydrolyzable tannins (14, 15 and 20), flavonoids (7, 10-13,
16, 18), xanthones (19, 21), fatty acids (9, 23-26, 28-31, 33-35, 37, 38, 40-44) and phenolic lipids such as anacardic acids (31, 35,
38, 44-46). These two last groups encompass the most abundant components of the TIC chromatogram, with trihydroxy-octadecenoic
acid isomers (24 and 25) eluting in the peak with the highest intensity.

In addition, other constituents including organic acids (1-5), a lignin oligomer (22) and a lignan (26) were tentatively identified as
well. Despite the efforts made, three unknown compounds for which it was not possible to elucidate a structure due to a lack of
sufficient evidence are included in Table 3. These latter are listed as unknowns (U1, U2 and U3).

The identification of hydrolyzable tannins (compounds 14, 15, and 20) in EWS was supported by the formation of characteristic
product ions arising from the depletion of gallic acid (M — H - 170), galloyl unit (M — H - 152), as well as from the consecutive losses of
gallic acid and galloyl (M — H - 170-152) [50,51].

A total of seven flavonoids were identified in EWS, including quercetin and kaempferol derivatives. Compound 7, with a [M — H]-
ion at m/z 433, was tentatively recognized as a quercetin pentoside isomer. This conclusion was drawn from the presence of a fragment
ion at m/z 301 (M — H - 132), signifying the loss of a pentose, and a fragment at m/z 271, suggesting a 3-O-glycosyl flavonol (M — H —
CH20) [3]. Compounds 10 to 13 exhibited product ions resulting from the loss of a hexose moiety (M — H — 162). Moreover, the
MS/MS spectrum of compound 10 revealed a fragment ion at m/z 303, characteristic of the taxifolin aglycone, tentatively identifying it
as a taxifolin 3-O-hexoside isomer. The MS/MS spectrum of 11 displayed a product ion at m/z 285, indicative of kaempferol, leading to
its tentative identification as kaempferol-3-O-hexoside. Similarly, compound 12 was identified as quercetin-3-O-hexoside, owing to the
presence of an intense fragment ion at m/z 301, corresponding to the quercetin aglycone. Additionally, peak 13, with [M—H]— at m/z
303, was tentatively identified as taxifolin, evidenced by diagnostic fragments at m/z 285 (M — H — 18, loss of HyO) and 125 (M — H -
178) [38]. Compound 16 displayed a molecular ion at m/z 447 and was tentatively recognized as quercetin-O-rhamnoside due to

Table 2
TPC and in vitro antioxidant activity evaluation (ORAC, DPPH, and TEAC) of optimized extract from walnut hard shells (EWS). Comparison between
actual-by-predicted values.

Response Y3, TPC (g Y3, TPC (mg Y, ORAC (pmol Y3, DPPH (mg TE/ Y3, DPPH (mg Y4, TEAC(mg TE/ Y4, TEAC (mg
GAE/gaw) GAE/g) TE/gaw) 8aw) TE/g) 8aw) TE/g)

Observed 8.49 £+ 0.94 249.7 £ 3.5 668.3 + 30.5 1.67 £ 0.15 59.20 + 2.6 2.88 +£0.21 96.26 + 0.6

Predicted  8.92 + 0.50 278.9 +18.1 692.5 + 47.6 1.93 £+ 0.32 57.03 + 3.8 3.02 +0.34 100.26 + 10.3
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Fig. 2. HPLC/ESI-MS/MS profile of the optimized walnut hard shell extract (EWS). Peak assignments are reported in Table 3. Peaks enhanced with
colours are quantified as reported in Table 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

fragment ions at m/z 301, resulting from the loss of a rhamnoside moiety (M — H —146), and at m/z 300, corresponding to quercetin
[36]. Compound 18 exhibited a molecular ion [M — H]— at m/z 615, along with product ions at m/z 301 related to quercetin, a
fragment ion at m/z 463 resulting from the loss of a galloyl unit (M — H - 152), and at m/z 453, indicating the loss of a hexose. Hence, it
was tentatively identified as a quercetin galloylhexoside isomer.

Tentative identifications of fatty acids were achieved by comparing the molecular masses with the information retrieved from LIPID
MAPS® Structure Database (LMSD) [52]. Moreover, characteristic fragmentation patterns were observed. Peaks 23-25, 27-30 and 37,
exhibiting [M — H] ™ ions at m/z = 329, 327, 313, 311 and 295, respectively, show a characteristic negative product ion at m/z 171,
containing both a carboxyl and a hydroxyl group (-OOC(CHj3);CH-OH). Furthermore, a neutral loss of [M — H — 100] caused by the
fragmentation of the end-group HO-CH—CH(CH>)3CHj3, can be observed as well [43].

A total of six anacardic acids (31, 35, 38, 44-46) with different saturation degrees and lengths of alkyl chains (C13, C15, C16 and
C17) were identified in EWS. The characteristic loss of CO3 (M — H — 44) from the phenolic carboxyl group was observed for all of
them. In addition, compound 44 exhibited a daughter ion at m/z 107, corresponding to the loss of the phenol group [37].

Some constituents of the extract have been quantified by HPLC-MS employing as standards quercetin-3-O-glucoside for compound
12, 16 and 18; (17:1) anacardic acid for 23, 25, 26, 28, 29, 31, 32, 39, 43-47. The results are reported in Table 4.

3.5. Polymer formulation

The obtained extract (EWS) was used as an antioxidant additive to formulate bioplastic films. In addition, the efficacy of EWS in
working as a UV light stabilizer was also investigated by measuring variation in molar mass values pre and after aging. Mechanical
modules were also tested.

To this purpose, commercial PLA/PBAT blend (see experimental part) was processed in a Brabender and then molded with a hot-
press obtaining two different film formulations with the 0.5 and 1.5 % w/w of EWS. Other formulations have been not studied as
increasing in the % of extract worsens the mechanical modules of the film.

All PLA/PBAT films were exposed to UV accelerated aging for up to 7 days and characterized by thermal, chemical-physical, and
mechanical analysis. The first two columns of Table 5, report the names and the description of formulated films. Fig. S3 (A, B, and C)
shows the photo of samples 1,2 and 3 immediately after passing through a heat press for the preparation of the films. The IPCB Institute
logo has been placed under each membrane to show its transparency. Fig. S4 shows the portion of each of the three samples (1,2, and
3), placed in the holders for insertion into the accelerated aging system.

10
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Table 3
Results of the identification from HPLC/ESI-MS/MS of the main constituents within the walnut hard-shell extract (EWS).
Peak tr [M — MS/MS Fragments, m/z (Relative Intensity) Identification Ref.
no (min) HI
1 2.5 133 115(100); 87(5) malic acid [28]
2 2.5 195 129(100), 177(40); 99(10), 75(5) gluconic acid [29]
3 3.6 209 191(100); 85(30); 165(30); 133(30); 173(5); 129(5) glucaric acid [29]
4 3.6 191 111(100); 173 (50); 127(5); 155(5) quinic acid [30]1
5 4.6 353 191(100); 179(40); 309(20); 135(5) neochlorogenic acid [31]
6 14.5 447 401(100); 269(10); 161(10); 327(5) benzyl alcohol hexose-pentose derivative (formate [32]
adduct)
7 14.5 433 301(100); 151(5); 271(5) quercetin-3-O-pentoside [3]
8 14.5 377 331(100); 179(5); 119(5) saccharide derivative [33]
9 14.5 333 167(100); 285(40); 165(30); 135(20); 152(10); 315(5); (20:5) hydroperoxyeicosapentaenoic acid isomer [34]
271(5)
10 15.2 465 447(100); 299(10); 239(10); 303(5); 285(5) taxifolin-3-O-hexoside isomer [35]
11 16.7 447 281(100); 285(40) kaempferol-3-O-hexoside [36]
12 17.5 463 301(100); 271(10) quercetin 3-O-hexoside 371
13 17.8 303 285(100); 125(10) taxifolin [38]
14 18.6 787 617(100); 623(20); 465(10) tetragalloyl hexose isomer [3]
15 20.3 939 769(100); 787(15); 617(10); 447(5) pentagalloyl hexose isomer [3]
16 21.3 447 301(100); 300 (30); 302(20) quercetin-O-rhamnoside [36]
17 22.2 187 125(100); 169(20); 160(20); 97(5) hydroxygallic acid [39]
18 22.5 615 585(100); 597(80); 453(50); 463(20); 301(20) quercetin galloylhexoside isomer [3]1
19 23.1 583 463(100); 301(40); 565(5); 271(5) tetrahydroxyxanthone-di-O,C-hexoside [40]
20 23.1 1091 - hexagalloyl hexose isomer [3]
21 23.4 273 255(100); 258(5) methoxy-trihydroxyxanthone [41]1
U1 34.3 597 505(100); 553(80); 383(80); 549(30); 401(20); 357(10) -
22 38.1 809 791(100); 743(80); 761(70); 773(60); 713(40); 565(30); oligolignol G (8-0-4)S (8-8)S (8-0-4)G) [42]
417(15)
23 39.8 327 229(100); 291(80); 171(80); 211(60); 209(20) (18:2) trihydroxy-octadecadienoic acid isomer [43]
U2 40.6 449 403(100); 311(20); 329(15) -
24 43.3 329 229 (100); 211 (60); 311(40); 293(20); 171(20); 183(10) (18:1) trihydroxy-octadecenoic acid isomer [43]
25 43.3 329 229 (100); 211 (60); 311(40); 293(20); 171(20); 183(10) (18:1) trihydroxy-octadecenoic acid isomer [43]
26 44.1 375 357(100); 297(20) 7-hydroxylariciresinol isomer [44]
27 46.3 327 309(100); 291(40); 209(20); 171(20); 163(5) (18:2) trihydroxy-octadecadienoic acid isomer [28]
28 48.3 329 171(100); 201(80); 229(10); 211(10); 185(5) (18:1) trihydroxy-octadecenoic acid isomer [45]
29 51.3 311 293(100); 275(20); 211(10); 183(10); 171(5) (20:0) dimethyl-octadecanoic acid isomer [28]
30 53.5 313 295(100); 277(10); 171(10); 213(5) (18:1) octadecanoic acid isomer [45]
31 54.3 359 341(100); 315(40); 297(30) (16:1) anacardic acid [37]
32 55.3 265 97 (100); 238(10) (17:2) heptadecynoic acid isomer
33 55.8 279 97(100); 261(10); 235(10) (18:2) linoleic acid [46]
U3 56.4 430 386(100); 412(60); 144(40); 368(20); 259(10); -
34 56.9 315 297(100); 295(20); 279(20); 199(20) (18:0) dihydroxystearic acid isomer [45]
35 56.9 361 317(100); 293(50) (16:0) anacardic acid [471
36 57.8 309 291 (100) (20:1) eicosenoic acid isomer [48]
37 58.9 295 277(100); 171(60) (18:2) octadecadienoic acid isomer [48]1
38 58.9 341 323(100); 297(60) (15:3) anacardic acid [37]
39 59.4 293 249(100); 97(80); 185(60); 197(20) (19:2) octadecadienoic acid isomer [28]
40 59.9 530 279(100); 249(40); 511(25); 267 (15) (36:3) linolenyl oleate [49]
41 60.7 339 183(100); 239(10); 198(100); 321(5); 99(5) (22:0) docosanoic acid [46]
42 61.2 337 294(100); 319(49) (22:1) docosenoic acid [48]
43 63.4 271 225(100); 187(10); 125(10) (16:0) hydroxypalmitic acid isomer [45]
44 64.5 317 273(100); 107(5) (13:1) anacardic acid [37]
45 66.3 345 301 (100) (15:1) anacardic acid [37]
46 68.1 373 329 (100) (17:1) anacardic acid [371

3.6. Thermal analysis

In Fig. 3A-C was reported the TG and the DTG of the A) EWS; B) the pristine PLA/PBAT film, and C) the blend with the addition of
1.5 % of EWS.

As expected, the DTG registered for EWS consists of a multi-complex peaks profile due to the weight loss overlap of the different
components constituting the extract. Up to 100 °C the EWS is stable to the temperature showing a weight loss inferior to 1.14 % of the
mass. From 130° to 200 °C, the main decomposition process is most likely associated with the decarboxylation of the acidic part of EWS
compounds such anacardic acids [53,54]. Indeed, it is well stated in the literature that in this range of temperature, the decomposition
of anacardic acids, among the main EWS constituents, takes place by forming cardanols [55]. At higher temperatures, the maximum
rate of decomposition registered at around 276 °C can be reasonably assigned to the decomposition of cardanol. The latter was
produced at lower temperatures (decarboxylation step) from the anacardic acids [53,54]. In Fig. 3B the TG and DTG of PLA/PBAT film
were reported. The thermal profile evidenced a shoulder at 345 °C ascribable to PLA decomposition and a temperature at a maximum

11



V. Muccilli et al.

Table 4

Heliyon 10 (2024) e24469

Quantification + standard deviation of the main constituents of walnut hard-shell extract (EWS)

by HPLC/ESI-MS.

Table 5

Compounds

Flavonoids

mg/g of dw extract

quercetin-3-O-galactoside (12)°
quercetin-O-rhamnoside (16)°

quercetin galloylhexoside isomer (18)"

Fatty acids

(18:2) trihydroxy-octadecadienoic acid (23)"

(18:1) trihydroxy-octadecenoic acid isomer (24, 25)°
(18:2) trihydroxy-octadecadienoic acid isomer (27)"
(18:1 trihydroxy-octadecenoic acid isomer (28)"
(20:0) dimethyl-octadecanoic acid (29)

(18:1) octadecanoic acid isomer (30)"

(22:1) docosenoic acid (42)"

(16:0) hydroxypalmitic acid (43)"

Phenolic lipids

(16:1) anacardic acid (31)"

(15:3) anacardic acid (38)"

(13:1) anacardic acid (44)"

(15:1) anacardic acid (45)"

(17:1) anacardic acid (46)"

0.223 + 0.014
0.039 + 0.002
0.061 + 0.008

0.515 + 0.058
4.958 + 0.023
0.463 + 0.034
0.131 £ 0.018
0.249 + 0.011
0.858 + 0.026
0.197 £ 0.016
0.862 + 0.027

0.436 + 0.032
0.068 + 0.009
0.040 + 0.012
0.100 + 0.008
0.077 £ 0.007

@ Quantified as quercetin-3-O-glucoside.
Y Quantified as (17:1) anacardic acid.

Nomenclature of prepared PLA/PBAT Films and antioxidant activity of films 1 — 4 evaluated with DPPH, TEAC, and ORAC assays.

Sample Composition DPPH (mgTE/g) RSA% DPPH" TEAC (pmol TE/g) ORAC (pmol TE/g)
1 Pristine PLA/PBAT 0.19 £ 0.01 29+0.1 0.17 £+ 0.05 21.7 £ 1.9

la aged PLA/PBAT 0.19 + 0.04 3.4+0.7 0.28 + 0.09 28.3 £2.0

2 PLA/PBAT + 0.5 % EWS 1.25 + 0.08 19.8 £ 0.8 0.76 £ 0.13 42.1+2.6

2a aged PLA/PBAT + 0.5 % EWS 0.92 £+ 0.07 22.2+1.0 0.71 £ 0.16 46.8 + 1.8

3 PLA/PBAT + 1.5 % EWS 2.10 £0.10 29.4 +£1.3 1.57 £ 0.11 85.4 + 2.5

3a aged PLA/PBAT + 1.5 % EWS 2.20 + 0.15 29.0 £ 0.6 1.22 +£0.31 83.1+1.6

4 PLA/PBAT + 0.5 % Trolox 8.2+0.8 77.3+£21 9.00 £ 0.15 165.8 + 2.1

# Means (n = 3) + SD of data acquired on 10 mg of film extracted with 1 mL of DPPH solution.
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Fig. 3. TG/DTG plot of A) EWS; B) pristine PLA/PBAT, C) PLA/PBAT +1,5%,,,w EWS.

decomposition rate of 399 °C due to the degradation of PBAT co-polyesters constituting the blend. The other degradation steps were
attributed to fillers commonly added to the commercial blend. Once the EWS was added and processed at 140 °C to form films, is
reasonable that the anacardic acids were readily converted into cardanols. Therefore, in Fig. 3C decomposition steps related to
decarboxylation disappeared whereas it is visible at 274 °C a weight loss imputable to the presence of cardanol molecules within the
blend. The residues calculation considering values of the three samples (44.3, 14.7, and 15.4, respectively) nicely confirmed the EWS
weight added to the blend (1.5 % w/w), and the homogeneity of its dispersion since analysis performed in triplicate provided com-

parable results.
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3.7. Mechanical characterization

Tensile tests were performed to investigate the effect of the extract addition on the mechanical behavior of PLA/PBAT films, as
shown in Fig. 4(A-C). For pristine samples, the presence of EWS extract only has a marginal effect, with a slight reduction of the
elongation at break, while Young’s modulus and tensile strength are basically unaltered. Overall, we can conclude that the extract
addition has no detrimental action on the mechanical performance of the polymer matrix. This is a non-trivial result, as the addition of
natural extracts has been often reported to have a negative impact on the mechanical properties of polymeric films. The addition of
extract powders, indeed, can be responsible for a combination of different factors, among which are the decrease of the polymer matrix
crystallinity, the release of low molecular weight constituents, and stress concentration at the polymer/extract interface [11].

Focusing on the UV-irradiation aging, instead, it clearly emerges that it has a dramatic effect on the mechanical properties of the
films. For the unfilled PLA/PBAT sample, Young’s modulus, tensile strength, and elongation at break all were significantly reduced. In
the presence of the extract, the worsening of the mechanical properties is slightly less pronounced, suggesting a possible stabilization
action of the extract powders towards UV-induced aging of the polymer. To get more accurate information about this aspect, SEC
analyses were carried out.

3.8. Molar masses determination

Radical degradation processes triggered by light in polyester [56,57], determine the depletion of Molar Masses (MMs) due to
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Fig. 4. Tensile properties of pristine (full symbols) and UV-irradiated (empty symbols) films of PLA/PBAT with different content of EWS: A) Young’s
modulus, B) tensile strength, and C) elongation at break.
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random chains scission mechanisms. This undesirable process is generally avoided by adding stabilizers that protect the polymer
backbones from radical attack. In this view, the efficiency of EWS in working as a polymer stabilizer can be measured by evaluating the
MMs changes achieved after materials’ UV exposure. For this purpose, all samples were analyzed by SEC analysis. In Fig. 5 were
reported the SEC profiles of each sample typology, pre (1, 2, 3) and after aging (1a, 2a, 3a). Fig. 5A revealed that light exposure
drastically affected the material with a reduction of Mw of about 52 % after seven days. Conversely, EWS preserved the blend from the
radical chains scission as visible from data reported in Fig. 5B and C. Remarkably, sample 3a containing 1.5 % of EWS displayed a
reduction of only 20 %. It is worth noticing that PLA/PBAT blend utilized in this work is a commercial sample that already includes a
UV stabilizer in its formulation. Nevertheless, the resistance of the virgin sample to the accelerated aging results to be very poor.

3.9. Antioxidant activity of optimized walnut shell extract-loaded films

To assess the antioxidant activity of the different films (1-3 and 1a - 3a), preliminary antioxidant tests (ORAC, DPPH and TEAC
determined with ABTS) were applied to Ecovio + 0.5 % Trolox (4). Trolox has been used as a reference standard for these antioxidant
activity assays. The results are reported in Table 5. It is worth noticing that PLA/PBAT film showed slight antioxidant activity, most
likely due to the presence of light stabilizers as additives. Nevertheless, an increase of one order of magnitude (DPPH test) was
measured by adding 0.5 % of EWS.

All the films loaded with EWS show valuable antioxidant activity with results ranging from 0.92 to 2.20 mg TE/g for DPPH-based
assay, 0.71-1.57 pmol TE/g for TEAC (ABTS-based assay), and 42.1-85.4 pmol TE/g for ORAC. Indeed, the values are consistent with
those obtained for optimized EWS (Table 2) tacking into account the amounts (0.5 and 1.5 %) loaded into the films. In detail, the
antioxidant activity is higher for samples 3 and 3a with respect to the corresponding 2 and 2a as a consequence of the increasing
amount of walnut shell extract. In fact, as clearly highlighted in Table 5, the percentage of radical DPPH quenched (RSA%) increases
from 19.8 % (sample 2) to 29.4 % (sample 3). Furthermore, these data were comparable with those obtained by Scarfato et al. for
Ecovio-haxelnut perisperm composites for active packaging application [11]. In particular, the Ecovio loaded with 1.5 % of EWS
(sample 3: RSA% 29.4 %) is promising as that obtained from Scarfato et al. including 10 % of hazelnut perisperm extract and even
better than composites obtained with 5 %.

Moreover, all samples 2a and 3a, resulting from the aging process of the corresponding samples 2 and 3, show comparable
antioxidant activity if compared to the original samples. This trend is exhibited for all couples of samples (non-aged/aged), and is in
agreement with the three assays reported in Table 5. It is reasonable to suppose that for both pre-existing antioxidant and EWS for-
mulations, molecules are well embedded within the polymeric matrix. When heated at 60 °C during UV exposure, glass transition of
PLA portion occurs (Fig. S2 reporting DSC profiles). Thus, the segmental chains mobility of the material increases, allowing the
segregation phase of additives at surfaces.

This phenomenon was confirmed by simply heating the pristine PLA/PBAT film (sample 1) at 60 °C in an oven and measuring the
antioxidant activity (Table S3). With a higher number of additives at the surfaces, the antioxidant activity registered for sample 1
increased. By switching on the light, the UV stabilizers work as sacrificial molecules slowing down the radical attack. As a result, the
polymer will be protected from degradation. In the meantime, the antioxidant activity of stabilizers dropped down along with the
exposure times, reaching the value observed in Table 5. It is worth noticing that high values measured for samples 2 and 3 endured for
the aged ones 2a and 3a denoting that UV exposure did not affect the antioxidant performances of the natural extract within the
biobased polymer blend.

4. Conclusions

Herein described the optimization of bioactive phytochemical extraction from walnut shells with a green and cost-effective
method. The method performed using microwaves and a mixture of water and ethanol was selected to be oriented toward the envi-
ronmental and economic sustainability of the production process. Employing a mathematical model allowed us to obtain an extract
with high antioxidant activity. The direct applicability of the produced extract was proven by using it as an antioxidant and UV
stabilizer additive for bioplastic material. To this purpose, extract characterized by a mix of flavonoids, fatty acids, and anacardic acids
was added at different percentages by melt mixing to a biodegradable blend (PLA/PBAT) used for packaging and agriculture purposes.
The formulated materials, tested by verified by TEAC, DPPH, and ORAC assays, showed remarkable antioxidant properties. Photo-
degradation tests on formulated blends were also performed to assess the ability of the extract as a UV stabilizer. ASTM method D882
was exploited to verify the tensile behaviors of the materials before and after UV aging, whereas SEC was used to determine the
molecular masses (Mn, Mw) of the blends. The comparison of the obtained data with the reference one confirmed the improved
resistance of the EWS-added PLA/PBAT. Finally, to increase the polymer durability, without impacting the mechanical properties, the
maximum percentage of extract to be added has been identified as 1.5 %. More specifically, the specimen with 1.5 % of EWS underwent
a reduction of the molecular masses of only 20 %, an excellent result considering the 60 % reduction of PLA/PBAT without additives.
These results make the new PLA/PBAT-EWS blended films promising for further studies, including the evaluation of antibacterial
activity in the preparation of industrial film packaging. As a next step of this work, eco-friendly natural deep eutectic solvents could be
evaluated for new green extraction of antioxidants from walnut shells considering their potential as a source of bioactive compounds.
Once the production method of the composite films is defined, LCA studies will be carried out to precisely evaluate the actual envi-
ronmental impact of the proposed system.
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