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The use of bioplastics as food contact materials (FCMs) is rapidly expanding as a sustainable alternative to
conventional plastics, with polylactic acid (PLA) being among the most widely used biopolymer. The complex
nature of bioplastics makes extraction and detection of intentionally and non-intentionally added substances (IAS
and NIAS) particularly challenging, requiring the development of efficient and environmentally sustainable
analytical procedures. In this study, a green analytical approach based on ultrasound-assisted extraction followed
by GC-MS was developed for the untargeted analysis of GC-amenable IAS and NIAS from commercial biobased
FCMs. For the first time in this context, Analytical Quality by Design principles were applied to optimize the
extraction process. A screening design was applied to identify the significant critical method parameters, namely,
solvent type, extraction and sonication time. A comparative assessment of conventional and green solvents was
performed. Cyclopentyl methyl ether showed the highest extraction efficiency, while reducing the extraction
time. The method operable design region ranged from 8:30 h to 10:50 h for extraction time and 10-25 min for
sonication time. As a proof of concept, the optimized procedure was applied to bioplastic commercial items,
leading to the detection of 39 volatile compounds belonging to different chemical classes. Multivariate data
analysis allowed for a correct classification of samples according to their composition, demonstrating the method
suitability for quality control purposes. Finally, AGREE, BAGI, and CHEMS-1 metrics were used to assess the
greenness and applicability of the developed method, demonstrating a good alignment with the principles of
green analytical chemistry

1. Introduction

Bioplastics have emerged as a viable alternative to conventional
plastics, offering a sustainable and environmentally friendly alternative
to fossil-based polymers. Polylactic acid (PLA), an aliphatic polyester
deriving from renewable plant resources such as corn and starch, rep-
resents one of the most abundant biopolymers on the market: its Euro-
pean market share improvement is expected to upgrade from 31.0 % in
2023 to 43.6 % in 2028 [1]. PLA is currently used in many sectors, with
primary application in food packaging for the production of films, cups,
containers, and a wide range of rigid and flexible materials [2], as
promoted by the EU Directive 2019/904 [3]. PLA offers several ad-
vantages, including biodegradability, biocompatibility, relatively low

cost, and optical transparency. Despite these favorable attributes, it has
some limitations compared to conventional petroleum-based polymers,
particularly regarding the thermal resistance and mechanical perfor-
mance at high temperatures. To address these issues, PLA is frequently
blended with other biodegradable polymers, including polybutylene
succinate (PBS), poly(butylene succinate-co-adipate) (PBSA), and poly-
hydroxyalkanoates (PHA), or combined with functional additives
and/or active components to improve its properties [4].

However, the biobased origin of a material does not preclude the
presence of potentially harmful compounds that could migrate into food
and beverages [5]. In this context, the safety of bioplastics used as food
contact materials (FCMs) is highly debated due to concerns about the
presence of both intentionally added substances (IAS) and
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non-intentionally added substances (NIAS), whose migration from
bio-based items has been recently reported [6-8]. IAS, including
monomers, starting substances, additives, polymer production aids,
plasticizers, colorants and solvents, play a crucial role during
manufacturing or in the final use of the product, as they enhance sta-
bility, improve mechanical properties, or extend the shelf life of food.
NIAS. such as impurities, contaminants, and reaction or degradation
products formed during the synthetic process, may also be present in
FCMs, and their occurrence must be carefully evaluated. For a
comprehensive risk assessment, the identification and quantitation of
both IAS and NIAS in foodstuffs is necessary, involving material
extraction or migration testing. To this aim, migration studies are usu-
ally performed according to European regulation [9]. However, as
recently highlighted, there is still no harmonized legislation, nor have
specific protocols been proposed for biopolymers [10].

To detect and identify unknown contaminants, mass spectrometry
(MS)-based untargeted analytical approaches have been devised as
essential tools to address emerging food safety concerns [7]. It is
well-known that a comprehensive characterization of bioplastics re-
quires the use of different analytical techniques, mainly based on gas
chromatography (GC) and liquid chromatography (LC) approaches [10].
However, several studies have focused on the characterization of
volatile/semi-volatile substances [8,11,12]. Since the concentration of
compounds migrating into food simulants or leaching from plastic ma-
terials can be at trace levels, a wide range of extraction protocols has
been proposed to enhance the release of both IAS and NIAS from bio-
plastics. In response to the need for more efficient extraction technolo-
gies, ultrasound-assisted extraction (UAE), microwave-assisted
extraction (MAE) and accelerated solvent extraction (ASE), have
emerged as valid alternative to solid-liquid extraction to enhance energy
exchange and mass transfer process, thereby significantly reducing
extraction time [13]. The extraction capability of various solvents has
been evaluated, including methanol (MeOH) [8,14], ethanol (EtOH)
[15], hexane (Hex), dichloromethane (DCM) [16], acetone (AcO) and
toluene (Tol) [17], as well as solvent mixtures such as Hex/AcO [18] and
DCM/EtOH [19].

Recently, green extraction methods have gained importance because
of their sustainable and environmentally friendly nature. According to
the principles of Green Analytical Chemistry (GAC) [20], great effort has
recently been devoted to reduce or eliminate the use of toxic substances,
minimizing waste and ensuring operator safety, thereby paving the way
for the adoption of green solvents including ionic liquids [21], deep
eutectic solvents [22], cyclopentyl methyl ether (CPME) [23], dioxo-
lanes [24] and biobased EtOH. CPME is a sustainable alternative to
traditional solvents such as Hex and DCM [16] due to its low environ-
mental impact, increased safety, and efficient extraction performance. 1,
3-Dioxolane (Diox) exhibits CPME-like behavior [25] and has been
proposed as green substitute for DCM and tetrahydrofuran. As for ionic
liquids, they have been recently challenged, since various ionic liquids
have been demonstrated to exhibit environmental toxicity [26].
Furthermore, shorter extraction times, lower organic solvent consump-
tion, and higher yields of UAE, MAE, and ASE compared to conventional
methods are advantageous for devising green sample preparation
methods.

In this context, the application of Quality by Design (QbD) principles
to analytical method development has attracted increasing attention.
Analytical QbD (AQbD) provides a systematic framework for method
development and is a valuable tool for optimizing extraction and sepa-
ration procedures [27]. Based on Design of Experiments (DoE) and risk
analysis, QbD principles enable a more efficient and reliable optimiza-
tion process by elucidating the influence of multiple parameters (Critical
Method Parameters, CMPs) on the analytical output (Critical Method
Attributes, CMAs) and identifying the Method Operable Design Region
(MODR), i.e. the multivariate space within which the analytical target is
reliably achieved with a defined level of confidence [28]. AQbD has
been applied to optimize the extraction of plasticizers from
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environmental samples [29], the chromatographic separation of isobaric
polyphenols in food [30], and the development of an active food pack-
aging material [31]. To our knowledge, this is the first time that AQbD is
applied to the development of an extraction procedure in FCM analysis.

As part of the research activities related to the development of
advanced extraction and analysis methods to determine hazardous
chemical migration from food contact materials [32], the aim of this
study was the development of a green, efficient, and reliable analytical
procedure for GC profiling of extractables and leachables from bioplastic
FCMs. To characterize the polymeric composition of commercial plastic
samples, attenuated total reflection-Fourier transform infrared spec-
troscopy (ATR-FTIR) and differential scanning calorimetry (DSC) were
also used. An extraction protocol based on UAE was optimized for the
GC-MS determination of both IAS and NIAS according to the AQbD
principles. The extraction capability of green solvents, namely CPME,
Diox, and EtOH, was compared with that of conventional solvents,
including isooctane (Iso), Tol, and ethyl acetate (EtAc). Multivariate
data analysis, i.e. Principal Component Analysis (PCA) and Linear
discriminant Analysis (LDA), was applied to highlight the GC-amenable
compounds characterizing the different bioplastic materials. The
greenness of the proposed approach was assessed using the Analytical
GREEnness calculator (AGREE) [33] together with the evaluation of the
hazard values associated with the green and traditional solvents used in
this study [34]. Finally, the applicability of the developed method was
also evaluated using the Blue Applicability Grade Index (BAGI), in
accordance with the practical aspects of white analytical chemistry [35].

2. Experimental section
2.1. Chemicals and materials

Tol (99.8 % purity), EtOH (96 % purity), CPME (99.9 % purity), Diox
(99.9 % purity) were purchased from Carlo Erba Reagents (Milan, Italy).
Isooct (99.5 % purity) was from Labscan analytical sciences (Gliwice,
Poland), while EtAc (99.7 % purity) from Sigma-Aldrich (Milan, Italy).
Pentadecane (C;s), hexadecane (Ci4), heptadecane (C;7), octadecane
(C1g), nonadecane (Cq9), eicosane (Cog), heneicosane (Cs1), docosane
(Ca9), tricosane (Cq3), tetracosane (Ca4), pentacosane (Css), hexacosane
(Cg6), heptacosane (Cy7), octacosane (Cpg), nonacosane (Cgg) and tri-
acontane (Cgzg) all >99 % purity were purchased from Merck (Milan,
Italy). Dibutyl phtahalate (99 % purity), diisobutyl phtahalate (99 %
purity), hexadecanoic acid (>99 % purity), octadecanoic acid (95 %
purity), erucamide and polytetrafluoroethylene (PTFE) syringe filters
(0.2 ym) were from Merck.

To avoid environmental contamination, glass or stainless-steel
apparatus was used. Prior to use, all glass apparatus was soaked in 10
% HCI for 12 h, rinsed with milliQ water, maintained at high tempera-
ture for 6 h, and rinsed with MeOH.

2.2. Samples

A total of 25 bioplastic household items including 18 cutlery sam-
ples, 2 bowls, 2 packages of straws, 6 cups, and 1 pack of coffee stirrers
from various manufacturing companies were purchased from local
markets (Table S1). Prior to analysis, all samples were ground using an
Al1 basic analytical mill (IKA, Staufen, Germany) in the presence of
liquid nitrogen. The resulting powders were collected in glass tubes and
stored at —-80 °C until extraction. Pooled samples prepared by mixing
500 pL of individual extracts were used as quality controls (QCs) and
analyzed in duplicate every 5 chromatographic runs.

2.3. Material characterization
ATR-FTIR spectra of the analyzed samples were collected in a

4000-400 cm™! range using a Spectrum Two FTIR spectrophotometer
(PerkinElmer, Shelton, CT, USA). An average of 16 scans and a
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resolution of 2 cm ™! were set. Each sample was analyzed in triplicate.

DSC analysis was performed using a DSC 6000 (Perkin Elmer, Wal-
tham, MA, US). Five mg of each sample were heated from 30 °C to 200
°C at 10 °C/min under nitrogen. The degree of crystallinity was calcu-
lated using the following equation:

X, = (AH;— AH,) /93

where AH. and AHy represent the crystallized and fused enthalpy of
samples, respectively, and 93 J/g is attributed to the tabulated fused
enthalpy of 100 % crystalline PLA [36].

2.4. Optimization of ultrasonic assisted extraction

The chromatographic responses of hexadecanoic acid, octadecanoic
acid, hexadecanoic acid 2-hydroxy-1-(hydroxymethyl)ethyl ester,
octadecanoic acid 2-hydroxy-1-(hydroxymethyl)ethyl ester, and di(2-
ethylhexyl) sebacate (DOS) were selected as CMAs [29]. A screening
design was applied by evaluating the effect of two quantitative factors,
namely extraction time (Ext. time, i.e. the time during which the sample
was put in contact with the solvent without ultrasound treatment) and
ultrasonic time (UAE time, i.e. the time during which ultrasounds were
applied), and one qualitative factor, i.e. solvent type (Solv. type), used as
CMP [29]. Ext. time in the 4-14 h range and UAE time in the 15-45 min
range were considered as design space (Table S2). The use of conven-
tional and green solvents was investigated: two different experimental
matrices were considered, one for conventional solvents (Tol, EtAc, and
Isoct) and the other for green solvents, namely CPME, Diox, EtOH. A
symmetric screening matrix was applied. The ratio between the amount
of sample and the volume of extraction solvent was set to 20, in agree-
ment with previously published studies [17,37]. After evaluating the
significant factors, the Response Surface Methodology (RSM) was
applied using a Face Centered Composite Design (CCF) to select the
optimal extraction conditions and identify the MODR through
Monte-Carlo simulations [38]. The following experimental domain was
considered for CCF: Ext. time 7-11 h, UAE time 5-25 min. The experi-
mental error was evaluated by performing five replicates at the center of
the experimental domain. To obtain a good compromise for all the
CMAs, the minimum values were calculated as 70 % of the maximum
responses, which were considered as target. A defect per million op-
portunities (DPMO) target of 100,000 was set for the risk analysis,
equivalent to a 10 % error probability [29]. Data were processed using
MODDE 13 software (Sartorius Data Analytics AB, Gottingen, Germany).

The optimized extraction procedure was then applied to all investi-
gated samples: 0.2 g of sample was weighed in a test tube and 4 mL of
CPME were added [17]. The tube was closed, covered with aluminum
foil, and submitted to the UAE using an ultrasonic bath (J.P. Selecta,
Barcelona, Spain) at room temperature and 100 % power. Once the
extraction was completed, the extract was centrifuged, filtered on 0.2
um PTFE syringe filters, and submitted to GC-MS analysis.

QC samples prepared by mixing equal volumes of each extract were
used to evaluate retention time (RT) precision and method precision
based on the responses associated with the CMAs. Both RT precision and
method precision were evaluated in terms of repeatability (assessed
through 5 independent replicate measurements performed within the
same day) and intermediate precision (assessed through the same
number of independent replicates, conducted over three consecutive
days) by calculating relative standard deviations (RSD %). Intermediate
precision was estimated verifying homoscedasticity of data and per-
forming the analysis of variance (ANOVA) at a 95 % confidence level.
Finally, the selectivity of compound annotation was verified by
comparing the annotations from a single-item extract with those from
the QC samples.
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2.5. GC-MS analysis

Details on the GC-MS operating conditions are reported in the Sup-
plementary Material.

2.6. Data analysis

The annotation of volatile compounds was carried out by matching
the experimental mass spectra with the best fitting spectra available in
both the Wiley 275 and the NIST17 (National Institute of Standards and
Technology) databases.

Retention indices (RIs) were determined using a series of n-alkanes
ranging from Cjs5 to Cgo as reference compounds, according to the
following equation:

RI = 100z + 100(RT; — RT,)/(RT,1 — RT,)

where:

e RI is the retention index of the unknown compound

e RT; is the retention time of the unknown compound

e RT, and RT,,; are the retention times of the n-alkanes eluting
directly before and after the unknown compound, respectively

e z corresponds to the number of carbon atoms in the n-alkane eluting
just before the unknown compound

The calculated RIs were compared with those stored in a proprietary
database [39] or available in the literature [40]. Pure standards of
1-dodecanol, hexadecane, heptadecane, octadecane, nonadecane, hex-
adecanoic acid, dibuthyl phthalate, bis-methoxyethyl phthalate, henei-
cosane, methyl octadecanoate, octadecanoic acid, and erucamide were
injected for confirmatory purposes.

As a proof of concept, PCA and LDA were performed on chromato-
graphic peak areas. Data were autoscaled to mean zero and unit vari-
ance. Data filtering was performed by removing variables present in less
than 30 % of the investigated samples. PCA was carried out to explore
data trends within samples, whereas LDA was performed to distinguish
the volatiles responsible for the discrimination of the investigated bio-
plastic items. A k-fold (k = 5) cross-validation was applied to obtain the
figure of merits of the developed model.

2.7. Greenness assessment

The compliance with the GAC principle was estimated using the
AGREE metric approach [33] and by calculating the hazard values of the
green and traditional solvents used in the study. The values reported on
the corresponding safety data sheets were used as reference values [34,
41]. Finally, the BAGI approach was applied to integrate analytical and
practical performance criteria to environmental ones [35].

3. Results and discussion
3.1. Material characterization

ATR-FTIR spectroscopy (Fig. S1) and DSC (Fig. S2) were preliminary
used for the characterization of the biobased items. ATR-FTIR spectra
confirmed that the investigated samples were based on different bio-
plastic materials, with most of the spectra consistent with PLA. The
carbonyl ester (C=0) stretching band was used as the most discrimi-
nating feature for a rapid identification of the main component. Eigh-
teen samples out of 25 were identified as PLA (Table S1), according to
the following typical bands [42,43]: 1748 cm! stretching C=O for the
crystalline phase vs 1758 cm! for the amorphous phase; 3000-2940
em? (2997 and 2939 em™ stretching asymmetric and symmetric CHg),
1453 cm™ (asymmetric bending CHs), 1383 cm™ (symmetric bending
CH3), 1265-1047 em’! (stretching C-0O-C), 870 em’! (absorption of
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O-CH-CH3) and 757 cm?t (wagging a-CH3).

DSC analysis was also performed to support the results obtained by
ATR-FTIR and to assess the compliance of the PLA items with the
specifications (crystallized or not crystallized item) indicated on their
labels. The results showed a good agreement with the declared infor-
mation (Table S1).

3.2. Screening design

A preliminary screening design was applied to optimize the extrac-
tion conditions for the determination of extractable and leachable
compounds from FCMs. The choice of CMAs was based on their distinct
retention times, ranging from 10.96 to 21.73 min, and spaced approxi-
mately 3-5 min apart, thus covering most of the chromatographic
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window and representing the physical and chemical diversity in terms of
FCM extractables. Considering the broad range of potential contami-
nants that can be migrate from household items, and the varying
extraction efficiencies of various solvents, the initial phase of the study
aimed to identify the most significant extraction parameters, namely,
solvent type, extraction time, and sonication time. A sample weight/
extraction volume ratio of 20 was chosen in accordance with recent
literature, which reports that increasing the extraction solvent volume
does not lead to significant differences in analytical performance. In
addition, preliminary evaluations proved the absence of significant
changes in the chromatographic responses when minor adjustments in
solvent volume were tested. Finally, it is notheworthy to mention that
the proposed protocol aligns well with the principles of GAC, since this
study used a downscaled version of the established procedure. A
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Fig. 1. Screening design for CPME and Tol: effects of hexadecanoic acid (a,b,c,d); octadecanoic acid (e,f,g,h); hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl
ester (i,j,k,1); octadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester (m,n,o,p), and di(2-ethylhexyl) sebacate (q,r,s,t). Statistically significant effects are colored
in orange. In (b,d,f,h,j,1,n,p,r,t) the bar length is related to the effect of single levels on the response.
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comparative assessment of conventional and green solvents was per-
formed to evaluate their extraction capability. Fig. 1 (a,c,e,g,i,k,m,0,q,s)
shows the graphical analysis of the model coefficients, where each bar
represents the magnitude of a specific effect corresponding to a change
between two defined levels. For example, b1/2-1 shows the magnitude
of the effect size of first critical method parameter (i.e. solvent type)
when its level is changed from low (1) to medium (2).

The results obtained from this screening design not only allowed us
to identify the significant factors to consider in the factorial design but
also provided a more focused insight into the experimental domain to be
explored in the subsequent step. The graphical analysis of the results
(Fig. 1) enabled the identification of the conditions that maximize the
extraction capability of the CMAs. Among the green solvents, CPME was
the most effective for the extraction of all model compounds. Regarding
the Ext. time, the intermediate level (corresponding to 9 h) was optimal
for hexadecanoic acid, octadecanoic acid, and DOS, while no significant
differences were observed for the other compounds. Finally, a UAE time
of 30 min significantly improved the extraction of octadecanoic acid
alone. Based on these findings, the following conditions were selected
for green solvents: CPME as the extraction solvent, an Ext. time of 9 h,
and an UAE time of 15 min.

Among conventional solvents, Tol provided the highest responses for
all analytes except for hexadecanoic acid 2-hydroxy-1-(hydroxymethyl)
ethyl ester. For this compound, no significant difference was observed
between Tol and Iso. Ext. time was not a significant factor for most
compounds, with the exception of hexadecanoic acid and its methyl
ester, for which 14 h generally provided the best results. As for UAE
time, no significant effect was observed for any of the CMAs except for
hexadecanoic acid 2-hydroxy-1-(hydroxymethyl)ethyl ester, for which a
30 min sonication resulted in improved extraction efficiency. Consid-
ering that 15 min were sufficient to effectively extract most of the
analytes, this UAE time was chosen as the best compromise for the
simultaneous extraction of extractable and leachable compounds. In
summary, the optimal conditions for conventional solvents were Tol as
the solvent, an Ext. time of 14 h and a UAE time of 15 min. Under these
conditions, no significant difference was observed in either the number
peaks or the GC responses of the extracted compounds when CPME was
used as the extraction solvent compared to Tol (Fig. S3), indicating
comparable extraction performance.

Taking into account the need to develop a more environmentally
friendly approach with potentially shorter extraction times, CPME was
selected as the most suitable solvent. Accordingly, the experimental
domain for further optimization using a CCF design was set as follows:
Ext. time: 7-11 h, UAE time: 5-25 min. Chromatographic separation was
carried out using a 5 % phenyl/95 % methyl-polysiloxane GC column,
selected for its broad applicability.

Excellent retention time precision was observed in terms of both RT
repeatability and RT intermediate precision, with RSD always lower
than 0.5 %. Very good results were also achieved in terms of method
precision with RSD always lower than 8 %. ANOVA did not show sig-
nificant differences (p > 0.05) among the mean responses obtained over
3 days. Considering that independent replicate measurements were
performed and that the volatile mixtures present in biopolymers are
highly complex, the achieved results demonstrate the reliability of the
developed procedure. Finally, no problems in compound identification
were observed comparing the annotation from a single-item extract with
those from the QCs, thus proving method selectivity.

3.3. Optimization of ultrasonic assisted extraction of IAS and NIAS with
response surface methodology

Applying the CCF, all the calculated models were statistically sig-
nificant (p < 0.05). The coefficients of determination R? ranged from
0.84 to 0.92, while the predicted variation coefficients Q? were in the
0.65-0.72 range. No lack-of-fit was observed for any of the models.
These findings highlighted the goodness of fit and the good predictive
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capability in cross-validation for all the considered models. The coeffi-
cient plot is reported in Fig. S4 and the response surfaces for each CMP
are depicted in Fig. S5.

Ext. time had a positive effect on the responses of all investigated
compounds, while UAE time showed a significant positive effect on
octanoic acid, hexadecanoic acid 2-hydroxy-1-(hydroxymethyl)ethyl
ester and octadecanoic acid 2-hydroxy-1-(hydroxymethyl)ethyl ester.
No significant interaction was observed. As for Ext. time, negative
quadratic effects were calculated for all the compounds; finally, octanoic
acid, hexadecanoic acid 2-hydroxy-1-(hydroxymethyl)ethyl ester, and
octadecanoic acid 2-hydroxy-1-(hydroxymethylethyl ester were char-
acterized by a negative quadratic effect with respect to the UAE time.
The contour plots for each CMA are shown in Fig. 2, where the regions
corresponding to the response maximization are colored in red. Overall,
the best results were achieved when both Ext. time and UAE time were
set at intermediate levels. These findings were further confirmed by the
sweet spot plot depicted in Fig. S6, which illustrates the areas where all
response criteria are simultaneously met based on the overlay of the
individual contour plots.

The MODR, i.e. the region where the methods provide reliable re-
sults, was defined by considering both the predicted mean values of the
CMAs and the probability of meeting the CMA, integrating data from the
predictive models with Monte Carlo simulation results. The risk of
failure was plotted on the probability map shown in Fig. 3. The MODR
was determined starting from a robust point corresponding to 9 h:45 min
for Ext. time and 19 min for UAE time. The optimal setpoint was 9 h:43
min and 18 min as Ext. time and UAE time, respectively. The MODR
range was as follows: Ext. time: 8 h:30 min-10 h:50 min; UAE time:
10-25 min. The region was validated using a Plackett-Burmann design
and the results confirmed that the CMA targets were met. These findings
demonstrate that satisfactory outcomes can be achieved even when
operating at the lower boundaries of the MODR, thus allowing for a
reduction in overall analysis time. A comparison of the operating con-
ditions used in this study with those reported in the literature is sum-
marized in Table 1. In all studies, except for Pitirollo et al. [15], only
traditional solvents were used, and in larger quantities. Overall, UAE is a
simple and cost-effective extraction technique that reduces solvent
consumption and sample preparation time. In our study, the use of short
UAE time intervals allowed for a close control of the extraction tem-
perature, which is a critical aspect since prolonged sonication can cause
a temperature increase that may affect the extraction performance and
compound stability. The proposed UAE GC-MS method also offers
additional advantages over GC-HRMS-based approaches. GC-MS pro-
vides sufficient sensitivity and selectivity for routine analysis, while
benefiting from lower operating and maintenance costs, greater avail-
ability, and easier method use compared to GC-HRMS. Although
GC-HRMS offers higher resolving power and superior mass accuracy, it
requires greater expertise and resources, including energy consumption,
which results in lower scores in both BAGI and AGREE metrics. In
contrast, GC-MS does not require highly trained personnel, and benefits
from extensive commercial spectral databases, reducing the need for
home-made libraries. Overall, the proposed approach represents a
robust and practical alternative for high-throughput and routine
analytical applications without the need for highly specialized
instrumentation.

3.4. Identification of volatile compounds and multivariate data analysis

The extraction of extractable and leachable compounds from FCMs
was carried out under the optimized conditions. A typical UAE-GC-MS
chromatogram is reported in Fig. S7. In total, 39 GC-amenable sub-
stances belonging to different chemical classes were detected in at least
two samples of each household category (Table S3). Compounds were
considered positively identified when both the mass spectra and reten-
tion indices matched, allowing for a tolerance of 15 RI units compared to
values reported in online databases, considering possible variations due
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compound identification. Examples of spectral comparison are shown in

to different columns and operating conditions. Pure standards were
Fig. S8. It should be noted that, because reference standards are limited,

injected for confirmatory purposes, providing increased confidence in
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Table 1

Comparison of the operating conditions used in the present study with those reported in previous studies for the determination of IAS and NIAS in PLA-based samples.
Solvent Sample amount (g) Volume (mL) Extraction time (h) Extraction technique Analytical platform Ref
MeOH 3 20 1 UAE+preconcentration UPLC—HRMS [8]
Acetonitrile 0.8 5 24 solid/liquid GC—HRMS [12]
MeOH 0.2 10 24 solid/liquid TD-GC-MS/MS [14]
EtOH 3 20 1 UAE+preconcentration GC-MS, HPLC-MS [15]
MeOH, AcO, Tol 0.5 30 1 UAE-+preconcentration UHPLC-(HESI)HRMS [17]
Hex/AcO 2 10 Overnight solid/liquid+ preconcentration UHPLC-(HESI)HRMS [18]
DCM, EtOH 0.25 12 01:15 Dissolution UAE+precipitation UPLC-MS [19]
DCM, EtOH 0.25 12 02:30 Dissolution+UAE/ reprecipitation GC-MS, GC—O-MS, [44]

APGC-QTOF

MeOH 1 5 24 solid/liquid+ preconcentration GC-MS [45]
CPME 0.2 4 09:40 solid/liquid+UAE GC-MS This study

many IAS and most NIAS are absent from spectral libraries: as a result,
some compounds remain unidentified or can only be assigned to a
general chemical class. Among the identified compounds, phthalates
represent a well-know and ubiquitous class of plasticizers [46]. In our
study low-intensity signals corresponding to diisobutyl, dibutyl phtha-
late and bis-methoxyethyl phthalate were detected. DOS, another plas-
ticizer belonging to the chemical class of sebacates commonly used in
the production of plastic material was identified.1,6-Dioxacyclodode-
cane-7,12-dione, the cyclic oligomer of butylene adipate, was also
observed. This compound has previously been detected by Coralli et al.
[47] as a pyrolysis product of PBAT, and as NIAS in both plastic com-
postable plastic bags and adhesives used in laminated bioplastics [48].
Tributyl (Z)-prop-1-ene-1,2,3-tricarboxylate is a recognized impurity
resulting from the hydrolysis of acetyl tributyl citrate, a green and safer
alternative to phthalate plasticizers, which is frequently used in the
production of biobased items [49]. Owing to their good compatibility
with polar polymers, citric acid esters are widely evaluated as envi-
ronmentally friendly plasticizers in PLA-based bioplastics [50].

Phosphorous acid, triphenyl ester (i.e. triphenyl phosphite) is not an
authorized additive in EU Regulation 10/2011 for food contact mate-
rials [9], whereas EFSA has established that phosphorous acid, triphenyl
ester polymer with a-hydro-o-hydroxypoly[oxy(methyl-1,2-ethane-
diyl)], C10—16 alkyl esters can be used as an additive in FCMs, for the
production of food contact polyolefins [51]. In addition, triphenyl
phosphite has been reported to be intentionally used as chain extender
in the production of polyesters and polyester-based composites to in-
crease polymer molecular weight [52]. These findings suggest that its
presence in biobased items could be attributed to several factors,
including the use of polyolefins in the formulation of the biobased
products, cross-contamination during the recycling or waste stream or
potentially as a result of its unauthorized addition in the formulations of
bioplastics intended for food contact applications. As for phosphoric
acid, triphenyl ester (triphenyl phosphate), it is a frequently used flame
retardant in many polymers including PLA/polycarbonate composites
[53], but it can be also used as plasticizer exerting a positive effect on
PLA crystallization [50].

7,9-Di-tert-butyl-1-oxaspiro(4.5)deca-6,9-diene-2,8-dione  is a
recognized degradation product of Irganox-type antioxidants [54],
while hexadecanoic acid, octadecanoic acid, their corresponding methyl
esters and erucamide are typically added as lubricants or slip agents in
plastic formulations [12,55].

A variety of alkanes were also identified. Their presence can be
explained considering that these compounds are natural constituents of
plants [56], although they can also originate from polyolefins. These
findings suggest that their occurrence could arise from
cross-contamination during recycling process, particularly when mixed
plastic waste streams are involved [55]. Another possible explanation is
the intentional addition of small amounts of polypropylene or poly-
ethylene during PLA manufacturing to enhance its mechanical
properties.

As a proof of concept, exploratory PCA was initially carried out to

evaluate sample clustering and identify relationships among samples.
The first four PCs accounted for 66.8 % of variance, but no significant
grouping among samples was observed, except for the presence of
sample P10, totally isolated at positive PC1 values (Fig. S9a) due to the
high amount of aliphatic and aromatic hydrocarbons, and methyl
palmitate (Fig. S9b). Better results were obtained after its removal from
the dataset, since a partial clustering of the samples was observed in the
PC; vs PC;, (of the total variance) and in the PC; vs PC4 space, explaining
37.1 % and 34.2 % of the total variance respectively (Fig. S10). Simi-
larly, LDA was applied in order to evaluate which volatile compounds
could be responsible for the classification of the samples according to
their main plastic component (PLA, cPLA and noPLA). As shown in
Fig. 4a, three distinctive groups were observed, with good results in
terms of sensitivity, specificity and precision (Table S4) [57]. The most
significant variables for discriminating the groups were those charac-
terized by the highest standardized discriminant coefficients (Fig. 4b).
Among these, acetyl tributyl citrate, erucamide, methyl stearate, 7,
9-di-tert-butyl-1-oxaspiro(4.5)deca-6,9-diene-2,8-dione, triphenyl
ester phosphouros acid and triphenyl phosphate showed negative values
in CV1, thus characterizing the profile of cPLA. Discrimination between
amorphous PLA and no-PLA based products was observed according to
CV2, with hexadecenoic acid and hexadecanoic acid 2-hydroxy-1-(hy-
droxymethyl)ethyl ester present at higher amounts in no-PLA samples.
By contrast, the citric acid ester (RT 13.6 min), bis-methoxyethyl
phthalate and heptadecane were positively related with PLA-based ob-
jects. As previously stated, these findings should be considered as pre-
liminary investigation due to the small sample size. Future studies
applying the developed method to a larger cohort of bioplastic items
should allow for more robust and generalizable conclusions.

3.5. Evaluation of the UAE-GC-MS method by greenness metrics

Alignment with the GAC framework is fundamental for the devel-
opment of new analytical green protocols that are both efficient and
environmentally sustainable.

The greenness of the developed UAE-GC-MS method was first eval-
uated using the AGREE tool [33] by comparing the results obtained with
CPME with those obtained with Tol. Total scores of 0.59 and 0.48 were
obtained for CPME (Fig. 5a) and Tol (Fig. 5b), respectively. Considering
that the performance of the procedure is illustrated by the color assigned
to each segment, and that each segment is labeled with the number of
the corresponding assessment criterion, positive outcomes were
observed for both solvents in terms of the low amount of sample
required (0.2 g), the reduced number of sample preparation steps (3),
the degree of process automation, the absence of derivatization, and the
determination of multiple analytes within a single run (39). The main
critical aspects were related to the device positioning, which is off-line,
and to the relatively high energy consumption associated with the use of
GC-MS. A further drawback was associated to the use of CPME which is
considered a green but not-biobased solvent. For this reason, principle
n.10 of the AGREE tool was negative (red color) for both CPME and Tol.
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However, replacing Tol with CPME had a positive impact on both sol-
vent toxicity and operator safety.

In addition to the AGREE metric, the CHEMS-1 model was applied to
provide a complementary assessment of the environmental and health
impacts associated with replacing Tol with CPME. CHEMS-1 evaluates
the effect of solvents based on multiple criteria, including toxicity to
both animals and humans, bioaccumulation potential, biodegradability,
and environmental persistence, offering a quantitative perspective on
both ecological and operator safety considerations [34]. Using this
approach, tHV values of 24.1 and 48.3 were obtained for CPME and Tol,
respectively. In particular, Tol is associated with a higher hazard value
for chronic noncancer toxicity due to its neurotoxic effects, and its
adverse impacts on the kidneys, liver, and respiratory system. Addi-
tionally, Tol exhibits a greater environmental impact, primarily due to
its higher acute and chronic toxicity to aquatic organisms: taHV values
of 31.8 and 65.8 were obtained for CPME and Tol, respectively, indi-
cating that CPME has a markedly lower overall hazard profile compared
to Tol.

Finally, the BAGI tool was applied to assess the practical applicability
of the developed analytical procedure [35]. As shown in Fig. 5c, a score
of 70 was obtained, indicating that the proposed UAE-GC-MS method
complies with the principles of GAC while maintaining a good opera-
tional feasibility. The lowest score (2.5) was associated with the type of

analysis (qualitative) as indicated by the white segment of the picto-
gram, whereas high scores (score 10) were obtained for the following
attributes (dark blue color in the pictogram): multi-element analysis for
>15 compounds; commonly available reagents; no-preconcentration
required and amount of sample. This result highlights that the proced-
ure is not only environmentally sustainable but also readily imple-
mentable in routine laboratory settings without the need for advanced
equipment or complex instrumentation. The combination of a favorable
BAGI score and the positive AGREE evaluation confirms the applica-
bility and sustainability of the developed approach, reinforcing its po-
tential for widespread adoption in the analytical practice.

4. Conclusion

A green, efficient and reliable UAE-GC-MS method was developed to
profile extractables and leachables from bioplastics used as FCMs. For
the first time in this field, a QbD approach was applied to optimize the
extraction conditions. By integrating screening design, response surface
methodology, and Monte Carlo simulation in a comprehensive experi-
mental approach, a robust and efficient protocol was established using
CPME as a greener alternative to conventional solvents. CPME was able
to effectively extract IAS and NIAS from bioplastics in shorter contact
times compared to toluene, thus reducing analysis time while
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Fig. 5. Analytical method greenness profiles of the developed UAE-GC-MS procedure according to the AGREE metric for a) CPME, b) Tol; ¢) pictogram obtained

using BAGI. The scores for each principle are reported alongside.

maintaining high extraction efficiency. The identification of the MODR
ensured both analytical reliability and optimal extraction performance.
As a proof of concept, the developed method was applied to the analysis
of commercial items made of PLA, cPLA, and other bioplastic materials.
The identified volatiles include different classes of compounds that can
act as plasticizers, lubricants, or other additives. Degradation products
of antioxidants were also identified. Multivariate data analysis allowed
for a correct classification of the samples according to their composition
demonstrating the suitability of the method for quality control purposes.
A strong alignment with the principles of GAC was also demonstrated,
achieving positive results both in terms of analytical performance and
environmental sustainability. The combined use of AGREE, BAGI, and
CHEMS-1 tools provided a comprehensive evaluation of the method’s
greenness, applicability, and safety, confirming the benefits of replacing
conventional solvents with greener alternatives. Overall, the study
highlights the potential of the proposed methodology as a reliable and
environmentally friendly alternative suitable for routine laboratory
implementation.
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