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Abstract

Polylactide (PLA), a bio-based polyester, has besed in wide applications including food
packaging. Nevertheless, it is well known that massisfer occurs between packaging
polymer and foodstuff leading to safety and quaigyues. In this sense, volatile organic
compounds (VOCs) present in packaging materials roggrate to the food in contact,
changing its sensorial properties. Up to date,tndyshas focused on quantification of VOCs
in PLA during its processing, which needs an optedi methodology to measure compounds
at very low concentrations. In this study, diffar@LA samples in form of pellets, extruded
films and thermoformed samples were studied inra@eetermine the VOCs present in each
step of processing and to quantify them using s extraction methodology (MHS-
SPME). Several volatile organic compounds wererd@hed such as aldehydes, ethanol,
acetone, acetic acid and lactides. Among the VOdesitified, three compounds were
guantified: acetaldehyde; 2-methyl-2-propanol; ReBtanedione. Acetaldehyde and 2,3-
pentanedione increased after the extrusion and ftecreased or disappeared after
thermoforming. The results showed that residualadgdehyde in PLA could be an important

marker for the industry in the selection of PLAdga.
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1. Introduction

Food packaging contribute to keep food safety aundlity during shelf life. However,
polymeric packaging materials are not inert and sniaansfer occurs between packaging
polymer and foodstuff [1] leading to safety and lgyassues. Plastic packaging materials can
absorb a significant quantity of aroma compoundmffood which can involve modifications
of the flavor composition, decrease of intensitpbalance flavor and modifications of
packaging material properties [2-5]. Indeed, thekpging materials contain additives to
stabilize the polymer during processing or to inwerats properties, such as antioxidants,
ultraviolet light absorbers, slip agents and ptaatirs. Other molecules may also be present in
the packaging as residual monomers or low molecwight oligomers and even non-
intentionally added substances [6-8]. Moreover, atild organic compounds (VOCSs)
produced during the process of forming (extrustbeymoforming, etc.), can migrate to the
food in contact [9], changing its sensorial prosriy giving off-taste and/or undesirables
flavors [10].

In the last decades, the increasing environmeni@blems such as the decreasing fossil
resources have generated a major interest on dipelgmers. New materials from alternative
resources, with lower energy consumption, biodeasldand non-toxic to the environment,
have been developed [11]. One of the most promibingbased polyesters aimed for food
packaging is Polylactide (PLA) [12-14] due to itese of processing using standard
equipment and its good mechanical and barrier ptiege

Thermal degradation of PLA is the most importargrddation pathway during the forming
process due to the residual moisture containelampellets, high temperatures of processing
and shear induced by the extrusion screw. Indéedmial degradation of PLA is a complex

phenomenon and is observed above 200 °C [15] lgddithe appearance of low molecular
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weight molecules and oligomers with different molec weight. The main degradation
mechanisms of PLA reported by literature are priegseim Figure 1.

Thermal degradation of Polylactide has been maidudied by pyrolysis-gas
chromatography-mass spectrometry (Py—GC/MS) armlyj4b-19] involving different
reactions such as: Hydrolysis by trace amounts afery leading to acid and alcohol;
Intermolecular transesterification producing monomed oligomeric esters; Intramolecular
transesterification (backbiting ester interchangejulting in formation of monomer and
oligomer lactides of low Mw; Cis-elimination, leadj to acrylic acid and acyclic oligomers;
Radical and concerted non radical reactions, produacetaldehyde, carbon monoxide and
methylketene; Unzipping depolymerisation, leadiodactides; and Oxidative, random main-
chain scission, leading to lactides.

Depolymerization by back-bitting (intramoleculararisesterification) is considered the
dominant degradation pathway at the temperaturgeraof 270 °C - 360 °C [15].
Nevertheless, degradation occurs by different calipiechanisms leading to the formation of
different molecules, which depend on the tempeeatliney are primary degradation products
such as acetaldehyde, lactides and ring-formedmiegs of different sizes then secondary
degradation products are formed due to oxidatigmrdlysis and cross reaction between
primary products, such as carbon dioxide, carbonaxide, methane, 2,3-butanedione, 2,3-
pentanedione, acrylic acid, acyclic oligomers, mik#tene (fragmentation product), ethylene
and propylene [15, 17].

Despite literature about VOCs identification duritigermal degradation of PLA has been
reported [15-19], to our best knowledge, no literatis available on the VOCs concentrations
during PLA processing. The identification of VOGs possible when using high sensitive
analytical methods, such as gas chromatography-spesgrometry (GC-MS); however, the

VOCs concentration is difficult to establish due th®ir low concentration levels, which
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challenges analytical methods. A confident idésdifon of compounds analyzed by GC-MS,
can be achieved with mass spectra and Kovats ietentex that closely match those given
in the literature [7] or by injection of standard$ie Kovats retention index of a compound
for a given GC stationary phase is a charactenstiige obtained by interpolation, relating the
adjusted retention time of the molecule to the stajd retention time of two alkanes eluted
before and after the peak of the sample component.

Multiple headspace extraction (MHE) by dynamic gasraction carried out stepwise on a
sample is an absolute gquantitative method, whoserétical explanation has been widely
supported to assess volatiles in solid matrix 2@}, A methodology used to quantify the
concentration of volatile organic compounds andma&ocompounds into solid matrix is
multiple headspace — solid phase micro extractdrl$-SPME) gas chromatography [21-
25], which allows avoiding matrix effect, use ohamt and concentration like MHE but due
to trapping of volatiles by SPME fibre, MHS-SPMHoals the determination of volatile
compounds with a concentration 100 times smalken thy MHE [23].

In this context, the aim of this work is to quaptthe VOCs produced by PLA packaging
samples during processing, using an optimized plaltheadspace — solid phase micro
extraction (MHS-SPME) gas chromatography/mass speetry (GC-MS). For that, some
commercial types of Poly(D,L—lactide) were studeatd the VOCs formed after extrusion

and after thermoforming were identified and theargified.

2. Materialsand methods

2.1 Materials and processing

2.1.1 Reagents and SPME fibers

Acetaldehyde (>99.5%), 2-methyl 2-Propanol (>99.5%23-Pentanedione>96%), pentane
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(98%), hexadecane (97%) were purchased from SigltiaeA. Propylene glycol (>99.5%)
was provided by Fluka. A standard mixture of agsalC6 to C19 in pentane was used to

calculate the Kovats indices.

The solid phase micro extraction in headspace meds carried out using carboxen/
polydimethylsiloxane (CAR/PDMS) and divinylbenzessboxen/polydimethylsiloxane

(DVB/CAR/PDMS) fibres of 75um of thickness, needle size 24 ga (Supelco).

2.1.2 Poly(D,L—lactide) pellets

PLA2002D, PLA2003D, PLA3251D, PLA4042D and PLA7000@ere provided by
NatureWorks® LLC (NE, USA) in pellet form. The cent of D-lactic acid present in
materials was between 4% and 4.5% for PLA2002D &ih\2003D [16, 26, 27],
approximately 1.4% for PLA4042D [28] and about B4or PLA7000D [29]. In the case of
PLA3251D, the exact proportion of D, L monomer wes specified in the manufacturer’s

datasheet.

2.1.3 Extrusion and thermoforming of PLA samples

Before extrusion, pellets of PLA2002D and PLA200@8@re dried in a SOMOS® dryer

(MANN+HUMMEL ProTec) at 80 °C for 8 h and 60 °C fa# h, respectively. The residual
moisture in pellets after drying was 700 ppm in RDB2D, and be lower than to 350 ppm
using an Aboni FMX Hydrotracer (France) in PLA2003Xtrusion conditions of both PLA

gradeswere described in our previous work [24]. Followitligat procedure, we obtained a
film of 100 mm in width and approximately 65 pmtimckness for PLA2002D. In the case of

PLA2003D, we obtained a film of 120 mm wide and @0 pm thick.
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Trays from PLA2003D film were made at 90 °C for §&conds using a thermoforming
machine (Formech 660, UK) and a semi-hemispherid mfb0.5 H/D. Trays had a thickness

of 20 um.

2.2 Methods

2.2.1 Equipment and gas chromatographic conditions

An Agilent Technologies 6890 GC/FID coupled witimass spectrometer 5975 INSERT and
an Autosampler MPS2 GERSTEL, which allows automawdS-SPME injections, were
used. The chromatographic column was an AgileatW] Scientific DB5-MS capillary
column (30 m length x 0.32 mm inner diameter x| film thickness). The carrier gas was
He at 1.4 ml/min. The oven temperature program meg¢éh an initial temperature of 30 °C
for 5 min and then temperature increased at aafafe °C/min up to 230 °C, maintained 5
min. Split/splitless injector and detector temperas were 250 °C. The parameters of mass
spectrometer used for identification of VOCs weeéectron impact ionization; electron
energy, 70 eV; ion source, 230 °C; electron muéiploltage, 1470 eV, transfer line, 270 °C;
scanning, between 29 and 400 amu. The data wepedest by MSD ChemStation software
and the identification of the constituents was eebd using mass spectral matches with
Wiley7 NIST 05 mass spectra database. Kovats iadiwere determined to confirm
identification. For that, a standard mixture ofaales C6 to C19 in pentane was analyzed

under the same conditions as the samples.

2.2.2MHS-SPME procedure
The MHS-SPME method used for VOCs quantificatiors wlascribed in our previous work
[24]. Samples of about 0.2 or 1 g were sealed imR@lass vials with silicon/PTFE septa. In

the case of films and trays, samples were takensaatéd as soon as finished the extrusion
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and thermoforming steps, then they were stored@hrtemperature before to be analyzed
within the next seven days. Three vials of eachpbanvere prepared.

The sample vials were incubated at 30 °C for 30. MIHS-SPME was performed for 15 min
at 30 °C using a 7am CAR-PDMS fibre. Desorption time was 5 min int@ timjector port.
After injection, the SPME fiber was conditioned3@0 °C for 10 minutes. Total peak area of
each compound sorbed was calculated according o@thgy described by Salazar et al.
(2012) [24]. The calibration was carried out byezrtal standard. For that, a solution of a mix
of organic compounds previously identified was preg in hexadecane or propylene glycol
(10000 ppm each). Dilutions of 1 to 50 pg/g weredusor acetaldehyde, 2-methyl 2-
Propanol, 2,3-Pentanedione. Twenty ul of the diludelution were introduced in a 20 ml
glass vial sealed with silicon/PTFE septa and el si@p. Three vials were prepared for each
dilution, each vial was sampled four times and lt@@ak area of each compound was
calculated using the same methodology as PLA sanple

The limit of detection (LOD) was calculated as thentity of compound producing a signal
exceeding the average background signal by theselatd deviations of the signal-to-noise
ratio in the lowest concentration standard, dividgdhe slope of the corresponding analytical
curve [30]. The limit of quantification (LOQ) wadtained as the quantity of compound that
is 10 standard deviations above the average bagkdreignal, divided by the slope of the

corresponding calibration curve [31].

2.3 Statistical analysis
The statistical analysis of data was performed uhino one-way analysis of variance

(ANOVA) using XLSTAT-Pro 7.0 software (AddinsoftaRs, France).

3. Resultsand Discussion
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3.1 Optimization of MHS-SPME method
Preliminary experiments were carried out to optartize MHS-SPME method to quantify the

VOCs present in PLA.

3.1.1 Screening of SPME fibre

The type of fibre coating to be used depends orchignical nature of the target analytes.
With the purpose of selecting the appropriate SHMEe, we compared the results obtained
in preliminary experiments using CAR/PDMS and DVBRIPDMS fibres on samples of 1
g approximately of PLA2002D pellets. Samples wareubated for 25 min at 70°C, a
temperature higher than the glass transition of Ph&tween 55 and 65 °C), to promote the
volatilization of organic compounds from pelletfi€lresults are shown in Figure 2.

As expected according to literature [10, 32], tiReRIPDMS fibre provided better results for
compounds with low molecular weight, while DVB/CAHIMS was better for the
compounds with high molecular mass (Figure 2) alsb golar compounds such as
carboxylic acids. Both types of fibre allowed idénhg also some semi-volatile compounds
such as lactides, which were separated by GC @asB5 capillary column in two peaks, the
first one is meso-lactide and the second one isxaofL,L and D,D-Lactide, which are co-
eluted. Van Aardt et al. [33] reported the us€€AR/PDMS solid phase microextraction in
static headspace at 45 °C for 15 min as an efiectiethod for the recovery of acetaldehyde
in milk and water media with detection levels as las 200 and 20 ppb, respectively. So, as
our principal aim was quantifying the high volatieganic compounds, the CAR/PDMS fibre

was selected for the next phases of our study.
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3.1.2 PLA grades

With the purpose of identifying the VOCs in pellefsdifferent PLA grades, sample vials of
PLA2003D, PLA3251D, PLA4042D and PLA7000D were ibated at 70°C (higher than Tg,
between 55 and 65 °C) for 25 min using a CAR/PDM8rf The results obtained are shown

in Figure 3.

The results mainly showed the presence of lactifleso-lactide, L,L- and D,D-lactide can
be produced by the reactions of degradation of Buah as the simple depolymerization
reaction by intramolecular ester exchange [15, 1AHditionally, several volatile organic
compounds whatever the PLA sample, thus aldehyaleshols, acetone, acetic acid, 2,3-
Pentanedione were identified due mainly to tramsdsation and side-reactions [34, 35].
Kotliar [34] and Porter & Wang [35] showed thatratand inter transesterification of
polyesters occur rapidly in molten state duringcessing but take place below the melting
point of the polymer. Monomers which are resultsrahsesterification of a single chain may
become distribute over all the chains in the systBransesterification undergoes the scission
and recombination reactions, including acidolysisnd a alcoolysis. Kinetics of
transesterification showed that breaking and makihgonds occur simultaneously. In this
context, the hydroxyl end group in PLA mainly pagiates to the degradation of the polymer
leading to molecular and radical reactions [15, 17]

Literature reported the formation of volatile compds in PLA samples exposed to outdoor
soil environment during two years [36]. The authaised solid phase microextraction
(SPME) coupled to gas chromatography and mass repesiry to monitor the volatile
compounds. They reported the presence of lactd; &mtide and lactoyl lactic acid in unaged
and aged films. Khabbaz et al. [37] studied thdibiand abiotic degradation of polylactide

(PLLA) using fractionated Py-GC-MS at 400 and 500%& these temperatures, they
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identified acetaldehyde, acrylic acid, lactoyl dicryacid, two lactide isomers and cyclic
oligomers up to the pentamer as thermal decompaspiroducts of PLA, as well as some
other not completely identified products [37].

In our study, the most volatile compound acetaldehyas identified. Acetaldehyde can be
produced by different pathways during PLA procegsimainly by reactions of trans-
esterification [17]. Acetaldehyde has a distinctitir odor and taste (irritant at high
concentration) and has a low sensory detectiorshiotd level especially in mineral water
where its migration is detectable at low concertrat of 10—-20 ppb [38]. Consequently, the
residual acetaldehyde in PLA could be an impomaatker for the industry in the selection of
PLA grades as shown in the PET industry. Removoegaddehyde from PLA is important as
this aroma compound can migrate from PLA leadingdasorial deterioration to foods or
beverages in contact. Others aldehydes identi#getlexanal, heptanal, octanal, nonanal and

decanal, could be produced from the reactionsamistiesterification.

Another compound identified in PLA2002D, PLA2003&8nd PLA3251D was 2,3-
Pentanedione, which may be produced by the radezdtion between acetaldehyde and

propen-1-one [17] and has a buttery — cheesy odor.

Hydrolysis of ester groups could explain the presenf alcohols such as 2-methyl-2-
propanol, which is the simplest tertiary alcoholthve camphor — like odor. Pentanoic,
hexanoic and nonanoic acids are present in pelidysfor some PLA grades (PLA4042D and
PLA7000D). They could be secondary reaction prazlbgtcis-elimination reactions on short

chains oligomers of the PLA.

Acetone and acetic acid have been already reportié@rature about PLA degradation [15];
however, alkanes identified in our study, such &&42,6-pentamethyl-heptane remain

unexplained. Considering that no studies about Bédradation reported their presence, thus
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they could be degradation products from additivegrocessing aids. Literature reported the
presence of some additives in pellets of five déife PLA commercial grades [39]. After

extraction of additives by dissolution/precipitatig¢dichloromethane-ethanol) method, the
authors used gas chromatography - flame ionizatietector (FID), GC-MS and nuclear

magnetic resonance (NMR) to identify additives ihsamples studied. They reported the
presence of plasticizers (Polyethylene glycol amfipate derivatives) and slip agents
(Erucamide) in samples [39].

Finally, although that results showed no main défees in VOCs between PLA grades
studied, PLA2003D grade presented higher peaksnail s/olatile compounds than others
grades studied, such as acetaldehyde, 2-methybf2apol and 2,3-pentanedione. So,

PLA2003D grade was selected for the next stepsioiudy.

3.1.3 Incubation temperature

To have a representative view of the volatile coomuts present in the PLA matrix, the HS-
SPME procedure should be optimized but the limitths methodology are well-known in
the literature. At room temperature, the highlyatié compounds can be easily released from
polymers; nevertheless, the extraction of semititel@ompounds is lower [40]. Increasing
temperature allowed the release of semi-volatilmaunds [40] from the solid matrix but
modified the partition coefficient between the SPRl#e and the headspace and led to their
desorptions [41]. Moreover, a too elevated tempegatauses a saturation into the headspace
above the matrix, in particular for the highly villa compounds and affects the extraction
rate [40, 41]. So, due to these drawbacks for sefatile compounds determination, we
focused our study on the quantification of the higitatile compounds and we selected a

temperature of 30 °C (room temperature) for eximadby SPME.
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3.1.4 Effect of processing

To evaluate the effect of processing on the VOCGméad in PLA, we analyzed samples of
PLA2003D in different forms, as pellets, extrudéldn$ and thermoformed samples. The
results of VOCs identified at 30 °C in these sammes shown in Table 1. The results
showed the presence of eight compounds, six of dlemady identified in pellets samples at
70 °C (see Figures 2 and 3) and two new compoulnals were identified in film and
thermoformed samples. The new compounds identifiede 2,4-dimethyl-2-pentanol and
2,3,4-trimethyl-hexane. The former compound is doleol whose presence could be
explained by the hydrolysis of ester groups. Bt compound is an alkane which presence
remains unexplained and it could be a degradatrodyzt from additives. Moreover, the
semi-volatile compounds previously identified at®@) such as lactides, were not extracted at
30 °C, which is in agreement with SPME literatud®][ Additionally, four compounds
(acetic acid, 2,3-pentanedione, 2,4-dimethyl-2-peolt and 2,3,4-trimethyl-hexane) were
identified only in processed PLA2003D samples. these compounds could be thermo-

formed during the extrusion process, whose finaperature was 200 °C.

3.2 Quantification of VOCs

Comparing the three forms of PLA2003D studied (Sedle 1), it is clear that volatile
compounds in extruded film samples were presemtigher amount than in thermoformed
and pellets samples. To quantify the VOCs presentRPLA samples by MHS-SPME, firstly
it iIs necessary to demonstrate that an exponetdiatease of GC peak areas of VOCs is
achieved with good correlation coefficients?(R 0.99) and secondly it needs to obtain
calibration curves of the VOCs following the sanmregedure. So, after first trials for the
optimization of the MHS-SPME methodology, three ponnds were selected as markers

because they presented a linear response with gwoelation coefficients of the exponential
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decay during four successive extractions by MHS-SPlscetaldehyde (R= 0.9983); 2-

methyl-2-propanol (R= 0.9921); 2,3-pentanedione®R 0.9937).

For these three compounds, calibration curves afdstrds in hexadecane were carried out
according to the testing conditions selected preslio Table 2 shows the characteristics of
method using standard solutions. We originally assili that all compounds selected would
present larger linear ranges in the calibratiovesirhowever only acetaldehyde and 2-methyl
2-propanol, presented a linear response to ratiwdsa total peak area and compound mass,
whereas 2,3-pentanedione was co-eluted with a ntompound present in hexadecane. For
that, new solutions of 2,3-pentanedione in propstgycol (>99.5%, Fluka) were carried out
and a good linearity in decay for 2,3-pentanediar@s obtained under chromatographic
conditions already used. Since the calibration esirwere achieved, quantifications of the
three compounds in extruded films and thermoforsaohples of PLA2003D were carried
out. The analyses were performed in triplicate gisamples of 0.2 g each one. In the case of
2,3-pentanedione, total peak areas obtained by MABIE were below the linear range of its

calibration curve and consequently, we used 1 g Baples to quantify this compound.

Additionally, the change in VOCs of PLA2003D asnfilor thermoformed samples was
assessed after six months of storage at room tewuperin capped vials. The VOCs
identified in these samples are shown in Table®thr concentrations of three of them are
presented in Table 4. The results of VOCs idemtifie PLA2003D samples after storage
(Table 3) showed the presence of six compoundxfaliem already identified in samples
before storage (see Table 1), with exception cdreth The presence of this molecule can be
explained by hydrolysis of ester groups. In additithe peak areas of the VOCs identified
after storage were lower than the peak areas detednmn samples before storage. In contrast,
the results found in thermoformed samples afterag® showed the presence of only three

compounds (ethanol, acetone and 2-methyl 2-propamiolsix compounds identified in
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extruded films. Therefore, on the basis of thesellts, it is clear that the storage of samples

decreased the presence of VOCs in PLA samples.

For freshly new thermoformed PLA samples in congmariwith extruded film (Table 4), the
concentration of acetaldehyde decreased and 2{aspmtione disappeared. The process of
thermoforming is carried out at 90 °C during 150sels that could cause the loss of these two
compounds, which cannot contribute to produce &rthegradation of PLA. After storage,
the acetaldehyde concentration was lower than L@®@xiruded films and was not at all
found in thermoformed samples. 2,3-pentanedione neapresent in all PLA samples after
storage. Hence, it seems that these molecules degeaded during storage at ambient
conditions. 2,3-Pentanedione could have been dedréy photolysis leading to radical
reactions, such as literature have reported [42].

In the case of 2-methyl-2-propanol, before storage,significant difference was found
between the concentration determined in films dinhoformed samples (Table 4). After 6
months of storage in capped vials, the concentraticere lower than the LOQ of the method.
Under our experimental conditions, it is howevelficlilt to propose a PLA degradation
pathway in extrusion and thermoforming that ex@dime production of this molecule or that
allows knowing if this molecule is produced frometlsecondary reactions of primary

products.

From a commercial perspective, these results arstefest because they show that there is
not VOCs production in PLA samples during storageoam temperature, but during the

forming at higher temperatures.

Extruded samples of PLA in our work showed acetalde concentrations between 3.6 and

18 times lower than those reviewed by Mutsuga.g88] in PET bottles from Europe, North
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America and Japan, ranging from 5.0 to 13.1 mdiiam 9.1 to 18.7 mg/kg and from 8.4 to
25.7 mg/kg, respectively. Acetaldehyde could megiatmineral water packed in PET bottles
at a level from 1.62 to 2.22 ppm and from 13.94.7068 ppm, after 1 day and 90 days of
storage at room and cause sensorial defect [48]cthuld be explained because the values are
between 80 and 884 times higher than the sendbreghold value of acetaldehyde in mineral
water (0.01 — 0.02 ppm) [38]. Finally, to the bestour knowledge, no data were reported
previously about the acetaldehyde concentratioRliA and considering the low residual
content, PLA may likely present lower sensorial bdeon than PET associated to the

migration of this molecule into the food in contact

4. Conclusions

Several organic volatile compounds were identifigdHS-SPME in PLA samples along the
forming process and analysis conditions used is Work, being consequently a powerful
tool for the screening of VOCs. Three volatile anigacompounds of PLA2003D samples
were quantified using MHS-SPME methodAcetaldehyde and 2,3-pentanedione
concentrations increased after the extrusion areh tdecreased or disappeared after
thermoforming, which can be explained by evaporatiae to process temperature (90 °C).
PLA2003D samples showed acetaldehyde concentratomesr than PET. Thus, residual
acetaldehyde in PLA could be an important markerttie industry in the selection of PLA
grades as shown in the PET industry. Thermoforrsteg didn’t promote the degradation of
PLA, on the contrary this step allowed a loss & thost volatile molecules, and thus
positively influenced the sensorial quality of thackaging. Additionally, after 6 months of
PLA storage at ambient conditions, the concentnatiof these compounds decreased and

were lower than the LOQ of the method or even abseonsequently, from a commercial
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point of view, these results are of interest farage of PLA because they showed that there
was not production of VOCs in PLA samples duringrage at room temperature, but only

during the forming at higher temperature.
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Table 1. GC peak ared®sf compounds identified by HS-SPME extracfiérom 1 g of
PLA2003D samples analyzed at 30 °C x 30 minutesanbation using a CAR/PDMS SPME
fibre.

Compound IKcaf IKrefY Mw CAS Pellets Extruded film Thermoformed
Acetaldehyde nd ~427 44 75-07-0 692500 £ 55400 52@@ + 501500 233800 £ 15500
Acetone 500 500 58 67-64-1 272900 + 35100 1132508100 477600 + 26100
2-methyl-2-propanol 524 526 74 75-65-0 225800 #b20 5624400 + 72000 3833400 + 84600
Acetic acid 603 ~600 60 64-19-7 - 777900 + 30000 -
2,3-pentanedione 703 697 100 600-14-6 - 106870006@ -
2,4-dimethyl-2-pentanol 804 - 116 625-06-9 - 759301500 362600 = 13300
2,3,4-trimethyl- hexane 870 ~850 128 921-47-1 - 2081+ 35100 -
2,2,4,6,6-pentamethyl- 1005 997 170 13475-82-6 456600 = 72400 923600 H580 542400 = 39900
heptane

2 peak area values are the mean and standard dewvidtihree replicate$;SPME extraction time = 15 min, desorption time mif;
Kovats index calculated in a DB5 colunirirom NIST available in http://webbook.nist.gov/ahistry/cas-ser.html for DB5 column; nd =
not determined; — means not present.
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Table 2. Features of MHS-SPME method using standard salsitio

Compounds Studied Linear LOQ Calibration R°
range (ug) range (UQ) (ug) curve equation

Acetaldehyde* 0.016 - 1.524 0.077-0.757 0.077 y=68437528x 80.9

2-methyl-2-Propanol* 0.016 - 1.524 0.016 - 0.762 0.016 y =92508061x 80.9

2,3-Pentanedione** 0.007 - 0.589 0.031 -0.243.031 y=45791165x - 2013666 0.99

*in hexadecane; ** in propyleneglycol.
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Table 3. GC peak aredof VOCs identified in PLA2003D samples (200 mgea®b months
of storage in capped vials using MHS-SPMEE 30 °C x 30 minutes of incubation and a
CAR/PDMS SPME fibre.

Compounds Kicdl Kiref® Mw CAS Extruded film Thermoformed
Acetaldehyde Nd ~427 44 75-07-0 2722000 + 74400 t present
Ethanol nd 459 46 64-17-5 368600 + 8600 32740070R2
Acetone nd 500 58 67-64-1 581300 + 214200 6237007000
2-methyl-2-Propanol 525 526 74 75-65-0 1634300160® 566000 + 22800
2,4-dimethyl 2-Pentanol- 804 - 116 625-06-9 197432100 not present
2,2,4,6,6-pentamethyl-Heptane 1005 997 170 13476-82.64700 + 25000 not present

3 peak area values are the mean and standard devidtthree replicated;SPME extraction time = 15 min, desorption time
= 5 min; ¢ Kovats index calculated in a DB5 colunthfrom NIST available in http://webbook.nist.gov/dhistry/cas-
ser.html for DB5 column; — means not present.
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Table 4. Concentrations of VOCs (g of compound/g of sampl®LA2003D samples (200
mg) obtained by MHS-SPME before and after storageam temperature in capped vials.

Compounds LOQ Before storage After 6 months

extruded film  thermoformed extruded film  thermafad
Acetaldehyde 0.385 1.40=+0.18 <LOQ <LOQ not enes
2-methyl 2-propanol  0.080 0.39+0°08 0.48 +0.04 <LOQ <LOQ
2,3-pentanedione 0.069  0.074 + 0.003ot present not present not present

* LOQ = limit of quantification (1ug of compound/d sample); ** determinated in a PLA samples of 3djfferent letters
indicate significant differences at p< 0.05 (Durjcan
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Figure 1. Main degradation mechanisms of PLA: a) Thermajrae@ation mechanism of
PLA; b) Degradation mechanism of PLA by hydrolygidapted from Nishida, 2010 [18] and
Oliveira et al. 2016 [44].
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Figure 2. Peak areas of compounds identified in the first4SPME extraction from 1g of
PLA2002D pellets incubated at 70 °C for 25 min ggimo types of SPME fibre.
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Figure 3. Peak areas of VOCs identified by HS-SPME in pelle different PLA grades
using a CAR/PDMS fibre and samples of 1 g.
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