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The dependence of swelling and migration on polymer crystallinity was investigated in the case of polylactic acid
(PLA)-based plastics. Migration and swelling kinetic experiments were performed at two different temperatures,
using plasticized/non-plasticized and annealed/unannealed PLA test specimens. Both swelling and migration
proved to be inhibited by the presence of polymer crystals. Crystallization induced clear differences in migration
at 40 °C contact temperature, which got more pronounced with the increasing molecular weight (M,,) of ad-
ditives. At 60 °C the differences diminished, except for Irgafos 168, possibly because of the formation of an

inclusion complex type structure. Consequently, to lessen migration, the application of crystallized PLA and high
M,, additives in food packaging industry is advantageous. The solvent-induced crystallization of PLA in ethanol
95 v/v% was also confirmed, therefore this alternative food simulant should be used with restrictions in the
migration testing of PLA-based plastics.

1. Introduction

Polylactic acid (PLA) is undoubtedly one of the most popular biomass
derived biodegradable polymers, with wide applicability, e.g., in food
industry or pharmaceutical manufacturing. PLA, as a raw material bears
many advantageous features, i.e., it has higher Young modulus and
tensile strength than polypropylene (PP) or acrylonitrile butadiene
styrene (ABS) (Tabi et al., 2021). On the other hand, PLA is a brittle
polymer with moderate gas barrier properties (Drieskens et al., 2009)
and heat deflection temperature (Tabi et al., 2021). For the improve-
ment of its processability and applicability, PLA is often compounded
with plasticizers, e.g., natural citrates (Grigale et al., 2010; Labrecque
et al., 1997; Ljungberg & Wesslén, 2002; Shirai et al., 2015; Singh et al.,

2020) or lactic acid oligomers (Cicogna et al., 2017; Rojas-Lema et al.,
2020). Better heat resistance can be achieved with crystallization or
with reinforcement of the polymer, (Graupner et al., 2009; Tabi et al.,
2013; Akil et al., 2011) or both at the same time.

While the ratio of amorphous phase in the semi-crystalline polymer
decreases with crystallization, the ratio of crystalline region (conse-
quently the density of the polymer) increases. In unmodified PLA the
weight percent of crystalline material (or degree of crystallinity, Xc%) is
usually only a few percent (Drieskens et al., 2009; Tabi et al., 2016), the
exact value is influenced by e.g., the polymer’s molecular weight and
p-lactide content (T4abi et al., 2019; Tsuji et al., 2006). The Xc% of PLA
can be increased intentionally with the application of nucleating agents,
with stereocomplexation (Bouapao & Tsuji, 2009; Rahman et al., 2009),
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in-mould crystallization (Harris & Lee, 2008; Nagarajan et al., 2015) or
post-production crystallization, i.e., annealing (Pan et al., 2008;
Poloskei et al., 2020; Tabi et al., 2016, 2010, 2019; Takayama et al.,
2011). During annealing the plastic product is kept at a temperature
above its glass transition temperature (Ty), which leads to the formation
of the preferred crystalline structure. The rate of crystallizing is highly
dependent on the temperature. To achieve the maximum of Xc% in PLA
containing 0.5% p-lactide 1 h is enough at 80 °C, while at 100 °C the
process takes only a few minutes (Tabi et al., 2019). For annealing no
additive is necessary, though, it often lead to the deformation of the
products. Therefore, the X% of PLA is more often modified with
nucleating agents.

The amount of crystalline phase in PLA can also change uninten-
tionally, due to physical aging or solvent-induced crystallization (SIC)
(Gao et al., 2012; Naga et al., 2011; Sato et al., 2013; Sonchaeng et al.,
2020; Tsuji & Sumida, 2000; Udayakumar et al., 2020; Wu et al., 2014).
As PLA gets into contact with a solvent (liquid or vapour), whose mol-
ecules are capable of diffusing into the polymer phase, the polymer
chain mobility increase. Consequently, the chain relaxation and crys-
tallization of the polymer becomes feasible. Such solvents are e.g.,
acetone, methanol and ethyl-acetate (Naga et al., 2011; Sato et al., 2013;
Tsuji & Sumida, 2000), which swell PLA well, without the dissolution of
the polymer. During SIC the solvent molecules act as plasticizers in the
polymer phase (Naga et al., 2011). The process of SIC and the resulting
crystal morphology is determined by the swelling degree (SD%) (Gao
et al., 2012), but it is independent from the other characteristics of the
solvent (Sato et al., 2013). SIC can proceed at a temperature below the
T, of PLA (even at room temperature), and results in a higher Xc% than
annealing at the same temperature and storage time (Udayakumar et al.,
2020). As a consequence of SIC, the Ty of PLA changes, however, the
direction of change depends on the degree of swelling. At low SD% the
T either remains the same (Sato et al., 2013) or increases (Tsuji &
Sumida, 2000) (e.g., in the case of ethanol), while high SD% causes T,
decrease (Sonchaeng et al., 2020; Tsuji & Sumida, 2000).

Heat resistance improvement is not the only consequence of crys-
tallization that affects the PLA’s applicability as a food contact plastic
(FCP). With increased crystallinity, the gas permeability of PLA can be
significantly improved (Drieskens et al., 2009; Sawada et al., 2010;
Shogren, 1997; Tsuji et al., 2006), which unquestionably suppresses the
effect of p-lactide content or molecular weight on the barrier properties
of the polymer (Tsuji et al., 2006). The results of Shogren (1997) show
2-3 x difference in the water vapour transmission rate of amorphous
(Xc% = 0%) and crystallized (Xc%=66%) PLA. The barrier properties
are upgraded because the crystalline parts obstruct the diffusion of gas
molecules in the polymer phase by blocking their path. This steric hin-
drance was proved by Sawada et al. (2010), when they inspected the
permeability of gases (Hg, Oz, N3, CO2, CH,4) through PLA membranes
with different Xc%. Besides the crystallinity caused inhibition of diffu-
sion, the presence of rigid amorphous fraction must be considered too.
According to the three-phase model (which describes the structure of
semi-crystalline polymers), amorphous fraction is not a heterogenous
phase, but it can be divided into two sections: the mobile (MAF) and
rigid amorphous fraction (RAF). RAF is the boundary between MAF and
the crystalline fraction in the polymer phase, with restricted chain
segment mobility. The development of RAF is highly dependent on the
temperature, where crystallization takes place — i.e., lower temperature
results inhibited polymer chain movement, therefore, RAF and crystal-
line fraction formation happens in parallel (Delpouve et al., 2013).
Despite the obstructed chain mobility, the formation of RAF cause
dedensification, and increase the free volume of the polymers by
creating high number of holes in the polymer matrix (however, the
volume of these holes are smaller than the ones in the MAF) (del Rio
et al., 2010). Sangroniz et al. (2018) examined the transport properties
of annealed PLLAs (poly-L-lactic acid), with different amount of RAF.
According to their results, the presence of RAF can counterbalance the
effect of crystallinity on the COy permeability and the water vapour
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transmission rate (due to the increased free volume), however, the
amount of crystalline fraction is still the major parameter.

The relation of PLA’s gas barrier properties and degree of crystal-
linity has already been excessively examined. Compared to this, the
number of studies investigating the dependence of sorption, desorption
or migration (of liquids or plastic additives) on the crystallinity of a
polymer is quite limited. Regarding PLA, Tsai et al. (2016) investigated
the sorption and desorption behaviour of amorphous (X% < 2%) and
crystalline (X% = 43 + 1%) PLA in water, methanol and ethanol at
37 °C contact temperature. In the sorption experiments the rate of
ethanol uptake of amorphous PLA exceeded that of the crystalline PLA.
Though, difference in the equilibrium value of mass uptake was not
relevant (6.1 w% and 5.0 w% to the favour of amorphous PLA).

The investigation of crystallinity dependent migration has previously
been performed mostly with polyolefins (Alin & Hakkarainen, 2010;
Maghsoud et al., 2018; Marcato et al., 2003). These studies all demon-
strated the migration decreasing effect of elevated Xc% at different
contact temperatures and times, with different food simulants and
heating methods. Differences due to crystallinity were significant: in 2 h
contact time the full amount of Irgafos 168 antioxidant migrated into
isooctane—ethanol (90 v/v%) solution from PP-PE random copolymer,
while only 33% release was measured from PP homopolymer (Alin &
Hakkarainen, 2010). Reduced migration can be explained again with the
barrier effects of crystalline parts and transport path blockage. Magh-
soud et al. (2018) supplemented this theory with an additional expla-
nation. They supposed that during the plastic manufacturing, the
additive molecules (Irganox 1010 in their study) might be entrapped in
the crystalline regions, which further decreases their migration into food
simulants.

The importance of migration in terms of food safety (i.e., the transfer
of different substances from plastic into food) is a widely known issue
that led to the regulation of the packaging industry, among others in the
European Union (in Commission Regulation (EU) No. 10/2011 (2011))
“of 14 January 2011 on plastic materials and articles intended to come into
contact with food”). For the standardization of migration tests, in Com-
mission Regulation (EU) No. 10/2011 food simulants and the conditions
of migration tests were determined for the substitution of real storage.
The regulation declares that migration tests must be performed to mimic
the worst foreseeable case of usage. Among the food simulants, ethanol
95 v/v% - an alternative of vegetable oil food simulant - is the most
severe for PLA (proved by Kirchkeszner et al. (2022)). In specific cases —
for the imitation of long-term, i.e., at least 6 months long storage —
accelerated test conditions can be applied. For example, 10 days-long
contact with the food simulant at 40 °C covers all times of storage at
refrigerated or frozen conditions. The most extreme migration test
circumstance is 60 °C contact temperature for 10 days. Additionally, in
the Commission Regulation (EU) No. 10/2011 it is also declared, that
the conditions of accelerated migration tests must not cause any physical
change in the plastic (compared to the real contact conditions).

The aim of our work was to reveal the effect of crystallinity of PLA on
the migration of additives, as it can substantially influence its applica-
tion as food contact material by improving the heat resistance of the
polymer. Therefore, the swelling and migration kinetics of injection
moulded PLA (annealed and unannealed), with different plasticizer
contents and contact temperatures were compared. As food simulant,
ethanol 95 v/v% was used. For the better understanding of the processes,
the individual and simultaneous effects of the above-mentioned pa-
rameters were investigated, along with the solvent-induced crystalliza-
tion of unannealed PLA during the experiments.

2. Materials and methods
2.1. Chemicals and materials

For plastic production, a high viscosity, extrusion type polylactic
acid (Ingeo™ Biopolymer 2500HP, Natureworks LLC (Minnetonka,
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Minnesota, USA), p-lactide content: 0.5%) was used. As plastic additives,
the following substances were applied: BHT (2,6-di-tert-butyl-4-meth-
ylphenol, CAS: 128-37-0, M, = 220 g/mol), Uvinul 3039 (2-ethylhexyl
2-cyano-3,3-diphenylacrylate, CAS: 6197-30-4, M,, = 361 g/mol),
Tinuvin 900 (2-(2H-benzotriazol-2-yl)— 4,6-bis(1-methyl-1-phenyl-
ethyl) phenol, CAS: 70321-86-7, M,y = 447 g/mol), Irgafos 168 (tris
(2,4-di-tert-butylphenyl) phosphite, CAS: 31570-04-4, M,, = 647 g/
mol) and TBAC (tributyl acetyl citrate, CAS: 77-90-7, M, = 402 g/mol).
BHT and Irgafos 168 are among the most popular antioxidants (products
of Merck Life Science Co., Budapest, Hungary), while Uvinul 3039 and
Tinuvin 900 are UV absorbers (BASF Hungary Ltd., Budapest, Hungary).
TBAC, a plasticizer was also purchased from Merck Life Science Co.
(Budapest, Hungary). All the above-mentioned materials are allowed to
be used intentionally in the production of food contact plastics, ac-
cording to Commission Regulation (EU) No. 10/2011.

For the quantitative analysis of migrating compounds, mirex (per-
chloropentacyclodecane, CAS: 2385-85-5) was used as an internal
standard. As for food simulant, ethanol 95 v/v% (CAS: 64-17-5) was
used (Thomasker Finechemicals, Budapest, Hungary).

2.2. Production of Plastics and Test Specimens

Detailed process of plastic production can be found in the work of
Kirchkeszner et al. (2022) and Petrovics et al. (2022). Briefly: polylactic
acid was heated overnight at 80 °C to remove residual water from the
polymer pellets. Then PLA was mixed with the above-mentioned addi-
tives: LO marked plastics contained 1 w% of each stabilizer-type additive
(overall 4 w%), while to L5 plastics 5 w% TBAC plasticizer was added,
along with the 4 x 1 w% stabilizers. Via extrusion (for the com-
poundation of additives), shredding and injection moulding of PLA,
plastic sheets of 80 mm x 80 mm x 2 mm dimensions were produced.

The plastic sheets were cut into smaller pieces for the kinetic tests
with a table saw. Dimensions of these test specimens were ca. 40 mm X
20 mm x 2 mm, the accurate size of each piece was measured with
Vernier callipers (measurement range: 0-200 mm, with 0.01 mm reso-
lution). The weight of the specimens was measured with an analytical
balance (measurement range: 0-120 g, with 0.0001 g resolution).

High degree of crystallinity (Xc%) versions of both LO and L5 test
specimens were prepared via annealing, in a Memmert UNE 200 drying
oven (Memmert GmbH + Co.KG, Schwabach, Germany), which was set
to 80 °C. According to the results of Tabi et al. (2019), for PLA with low
p-lactide content 1 h is enough to reach maximum X¢%, therefore our
test specimens were stored in the drying oven for 1 h. These annealed
plastics were noted as LO-HC and L5-HC (HC = high degree of crystal-
linity), while the unannealed ones were marked as LO-LC and L5-LC (LC
= low degree of crystallinity (before immersion into ethanol 95 v/v%)).

2.3. Characterisation of plastics

The injection moulded and annealed test specimens were charac-
terised via differential scanning calorimetric (DSC) measurements
(Q2000 by TA Instruments, New Castle, Delaware, USA). Approximately
5 mg portions of plastics were analysed in a linear heat program, which
ranged between 0 and 200 °C, with a temperature increase rate of 5 °C/
min. For purge gas 4.5 purity nitrogen was applied.

The thermograms provided information about the glass transition
temperature (Ty), cold-crystallization temperature (T..) and enthalpy of
cold-crystallization (AH.), melting temperature (Ty,) and enthalpy of
fusion (AHp,) of analysed plastics. Based on these results, the degree of
crystallinity (Xc%) could be determined using Eq. (1).

AH,, — AH,,

X% = o 2
CY T AHr o (1 — )

e 100 (€9)

In the equation AH is the enthalpy of fusion of the absolutely crys-
tallized PLA (93.0 J/g (Battegazzore et al., 2011)) and « is the weight
fraction of the additives in the plastics.
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The estimated amount of mobile and rigid amorphous fraction can be
calculated using Eqs. (2) and (3).

AC
Xmar% = Tcg ° 100 2
XRAF% = 100 - (XMAF% +Xc%) (3)

Where Xyar% and Xgar% are the degree of mobile and rigid amorphous
fractions, respectively; AC,, is the heat capacity step at the glass transi-
tion and Acg is the heat capacity step at the glass transition of the fully
amorphous PLA (0.48 J-g’1~K’1 (Delpouve et al., 2011)). The ACp
values were determined based on the work of Delpouve et al. (2011), i.
e., with the subtraction of the straight lines fitted to the glassy and
liquid-like state parts of the thermograms. However, the Xyar% and
Xrar% are usually determined via modulated temperature DSC, an
approximation can be calculated from traditional DSC measurements
too. The reason of uncertainty (especially in the case of PLA) is the
enthalpy recovery and Ty transition overlap, resulting systematic error
in the determination of heat capacity change. However, these approxi-
mations still can give information on the trends of changing.

DSC analysis of each plastic was performed without any contact with
ethanol 95 v/v%. In the case of LO-LC and L5-LC plastics, — so that their
X% and Xgrap% change could be characterized during storage in contact
with food simulant — further DSC measurements were performed at
given times of the kinetic experiments (for the details see Table S2). For
these measurements, separate samples were prepared. Each analysis was
performed in triplicate.

2.4. Swelling and migration kinetic measurements

The alternative of D2 food simulant (vegetable oil with less than 1%
unsaponifiable matter), i.e., ethanol 95 v/v% was used in the experi-
ments to achieve reasonable migration in the case of all additives. In the
swelling and migration tests, the 40 x 20 x 2 mm test specimens were
immersed into ethanol 95 v/v% for 15 days. (To meet the 0.6 cm?/g
plastic surface — food simulant mass ratio (as specified in Commission
Regulation (EU) No. 10/2011), 6 pieces of test specimens (cc. 110 cm?
overall surface) were immersed into 230 mL, preheated (40 or 60 °C)
ethanol 95 v/v%. The sample bottles were then immediately returned to
a laboratory incubator (POL-EKO ST2, Pol-Eko-Aparatura, Wodzistaw
Slaski, Poland). For the quantitative analysis of plastic additives, 200 uL
aliquots of samples were taken at the following times: 5 and 30 min; 1, 2,
6 and 12 h; then daily till 15 days. On these occasions the weight of test
specimens was also measured with an analytical balance for adjusted
swelling degree determination. Each experiment was performed in 5
replicates.

2.5. Quantitative analysis of migrated additives

For the quantitative analysis of the five target compounds, a gas
chromatographic — mass spectrometric (GC-MS) method was developed,
and its analytical performance characteristics were evaluated by Pet-
rovics et al. (2022). The summary of the GC-MS analytical method can
also be found in Table S1.

2.6. Evaluation of data

2.6.1. Calculation of adjusted swelling degree

Adjusted swelling degree (ASD%) was introduced by Kirchkeszner
et al. (2022), to take the mass changes due to migration into consider-
ation. Our experiences show, that the difference between ASD% and
swelling degree can be 4.6% (it was measured after 15 days contact
time, in the case of L5-LC sample at 60 °C contact temperature). It is to
be calculated according to Eq. (4).
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(mswc]lcd + ch,mig.i ° Vsimu]am) - mdry
i

ASD% = * 100 4

Mygry

Where mgyelled and mgyy are the weight of plastic test specimens after
and before storage, respectively; cymig; is the i additive’s migrated
concentration referred to the volume of food simulant; and Vsjmylant iS
the volume of food simulant. ASD% of each kinetic point was deter-
mined from 5 replicates.

Swelling kinetic curves represent the change of ASD% over contact
time. The final plateau part of kinetic curves (starting at the last range
determined with the empirical semivariogram) were characterized with
ASDY%ax, the arithmetic mean of ASD% values. In those cases when
range determination was impossible, the results of 13-15 days were
averaged (15 datapoints overall).

2.6.2. Calculation of surface normalized concentration

Surface normalized concentration (ca,mig,i) of i migrated additive was
calculated from cy,m;g; so that the results are independent of the small
changes of the exact surface of test specimens (Aspecimen)- Eq. (5) gives
the formula for this calculation.
CAmigi = Cv mig,i ® Vsimulant (5)
Aspecimen

In migration kinetic curves cy mig ;i results were plotted as a function
of contact time. For the determination of ca migimax the same process
was followed as in the case of ASDYo .

2.6.3. Swelling and migration rate

Kinetic curves are mostly characterized with the diffusion and
partition coefficients, however, for their determination the investigated
process must reach its equilibrium. When it does not happen, the dy-
namic ranges of kinetic curves can be characterized with the swelling
and migration rates (Petrovics et al., 2022). For their determination,
ASD% and ca mig,; values were plotted as the function of square root of
contact time. According to Crank (1975), the initial part of the trans-
formed function is linear. The slope of this line gives information about
the pace of swelling and migration, and these values are referred to as
swelling and migration rates, respectively. For the linear fitting the
points before the last empirical semivariographic range were used.

2.7. Statistical analysis

2.7.1. Empirical semivariograms

The temporal and spatial autocorrelation of observations can be
analysed by a basic function of geostatistics, the so called semivariogram
(Hatvani et al., 2021). The method is described in details in the study of
Kovacs et al. (2012). Numerous research works have been conducted in
which variography was successfully applied. Hatvani et al., (2018,
2021) and Trasy et al. (2018) used semivariograms for the recalibration
of hydrological monitoring networks. Garamhegyi et al. (2020) and
Hatvani et al. (2014) analysed the spatial autocorrelation of the level
and the quality of shallow groundwater.

Bodai et al. (2015), Kirchkeszner et al. (2022) and Petrovics et al.
(2022) used variography to obtain the necessary contact time to reach a
steady-state. Using this method, a range could be determined beyond
which the observations were uncorrelated.

If multiple processes affect the variance of the data, more than one
range can be obtained, which is indicated by a nested type semivario-
gram, where the increasing part of the function is followed by variations
around more than one constant.

2.7.2. Analysis of variance (ANOVA)

ANOVA was applied to analyse the significant differences between
the additives’ concentrations and ASD% of the given plastic in steady-
state. The assumption of normality was verified by Shapiro-Wilk test
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(Shapiro & Wilk, 1965) which was followed by Bartlett’s test (Bartlett,
1937) or Levene’s test (Levene, 1960) for the analysis of homogeneity of
variance. If the assumptions of ANOVA were not fulfilled, Kruskal-Wallis
test (Kruskal & Wallis, 1952) was used followed by Games Howell
post-hoc test instead of ANOVA and Tukey test.

2.7.3. Hierarchical cluster analysis (HCA)

The kinetic curves were classified with the use of hierarchical cluster
analysis (HCA), Ward method (Ward, 1963) and Euclidean distance to
find similarities of migration and swelling processes. Before HCA, the
variables were standardized so that the results are not affected by the
unit of measure (Magyar et al., 2013).

The following packages of the R software (R Core Team, 2021) were
used for the calculation: car, gstat, onewaytests, rstatix, sp, and stats
packages.

3. Results and discussion
3.1. Crystallinity and thermal properties of plastic samples

3.1.1. Characterization of plastics before storage

Through injection moulding, plastics containing either only 4
stabilizer-type additives (LO-LC) or the same 4 additives together with a
plasticizer, TBAC (L5-LC) were obtained. In both plastics’ thermograms,
cold-crystallization peaks can be seen, which indicates incomplete
crystallization during injection moulding. The amount of estimated RAF
was negligible initially: our estimation gave only 4% for LO-LC, and 3%
for L5-LC. Degree of crystallinity (Xc%) of the two plastics were 18.1
+ 0.7% and 23.0 & 0.5% for the non-plasticized and plasticized test
specimens, respectively (Table S2). The difference in X% values is the
result of plasticization that affects some other thermal properties of L5-
LC plastic too. Its glass transition temperature (Tg) and cold-
crystallization temperatures (T..) are lower than that of the non-
plasticized ones, while no considerable difference was experienced in
the two plastics’ melting temperatures (Ty,). Right before the melting, an
exothermic peak is observable (related to the o’ to o recrystallization),
which indicates that the less ordered o’ type crystals are also formed
during injection moulding in both plastics.

High crystallinity plastics were prepared by annealing and marked as
LO-HC (with no plasticizer) and L5-HC (with 5 w% plasticizer). Degree of
crystallinity of the resulting plastics were 48.3 + 0.4% and 47.8 + 0.9%,
respectively (Table S2). Conclusively, the presence or absence of plas-
ticizer caused no difference in the morphology of these two plastics. Due
to the annealing, peaks relating to glass transition and cold-
crystallization were not noticeable in the thermograms. With
increasing crystallinity, the T, minimally and the AH;, considerably
diminish, until the cold-crystallisation exotherm disappears. Annealing
did not change Ty, also the small exothermic peak of o’—a phase tran-
sition remained visible.

3.1.2. Characterization of plastics after storage in contact with food
simulant

When PLA is in contact with swelling solvents, its Xc% increases
(detailed results are in Fig. 1, Fig S1 and Table S2) due to plasticization
of the polymer, as it has been proved in many studies before (e.g., Naga
et al. (2011); Sato et al. (2013)). Since LO-LC and L5-LC sheets were
semi-crystalline, the process of solvent-induced crystallisation could be
detected in their DSC thermograms.

Solvent-induced crystallisation of LO-LC samples at 40 °C storage
temperature can be seen in Fig. 1. (and graphically in Fig. S1A). Along
with contact time, the degree of crystallinity of the plastic increased (till
44.1 + 0.4%), and the crystallization process reached its equilibrium
around 10 days. Parallel with the degree of crystallinity, the estimated
amount of RAF increased too. This process reached its maximum with
one day delay compared to SIC - after 11 days contact with ethanol
95 v/v%, the estimated Xpar% was around 40%. In the thermograms the
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cold-crystallization peak decreased with contact time, though it did not
disappear completely (similarly to previous reports by e.g., Naga et al.
(2011)), and the value of AH,. did not change considerably after 10 days
storage time (3.8 £ 0.2-5.1 £ 0.2 J/g). In Ty, T¢c and Ty, no consider-
able change was noticed. The exothermic peak relating to o’—a phase
transition disappeared, so even the perfection of PLA’s structure was
achieved with SIC.

Plasticized samples (L5-LC) showed similar results at 40 °C contact
temperature. With the increasing contact time X% and estimated
Xrar% grew too, but the process was faster due to the presence of TBAC.
Since the presence of TBAC lowered the T of PLA, it got closer to the
temperature of the experiment, which promoted crystallization. Along
with Ty reduction, plasticization also enhances the plastic’s swelling
(Petrovics et al., 2022), consequently, the solvent-induced crystalliza-
tion. As a result, only 4 days were necessary to reach the equilibrium of
crystallization. The maximum value of X% was 44.6 + 0.3%, which is
in good agreement with that of the LO-LC plastic (Table S2). The same
can be said about the estimated Xgar%, in the case of L5-LC plastic its
amount reached equilibrium at around 40%. The disappearance of o'~
exotherm was also observed. To sum up, TBAC hastened and perfected
the crystallization, however, the Xc% value belonging to annealing
could not be reached even with plasticization at 40 °C contact
temperature.

Contrarily, storage at 60 °C resulted in 47.5 +0.8% and 49.5
+ 0.7% degrees of crystallinity (LO-LC and L5-LC, respectively), tech-
nically the same as the annealing X% values. 60 °C is close to the Ty of
both plastics, therefore SIC was fast, and Xc% reached its maximum
values in 12 h. With increasing contact time, cold-crystallization exo-
therms got smaller, by 12 h they completely disappeared. Though, an
interesting phenomenon was observable: besides the cold-crystallization
peak, a second one appeared in the thermogram of the L5-LC sample
after 6 h. Its presence was previously explained by Naga et al. (2011),
with the co-existence of an amorphous and a solvent containing, slightly
plasticized amorphous phase. The two amorphous phases each have
their own cold-crystallization process, each giving their own peak in the
thermogram.

3.2. Swelling

3.2.1. Swelling kinetics measured at 40 °C contact temperature

Based on the swelling kinetic curves measured at 40 °C, it can be
stated that both plasticizer content and the degree of crystallinity have
major effect on the swelling properties of the plastics. As expected,
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plasticization promoted the swelling, while higher crystallinity hindered
it. This resulted in significantly different swelling kinetic curves and ASD
%max values (p = 0.05) for the four examined plastics (Fig. 2A, C and
Table S3).

Comparison of the swelling kinetic curves of samples with the same
plasticizer content (LO-LC vs. LO-HC and L5-LC vs. L5-HC) indisputably
proved the swelling inhibiting effect of the more arranged - crystallized
— structure. The ASD%max values of unplasticized samples reduced from
3.17 £ 0.15% to 1.34 & 0.21% due to the annealing (LO-LC and LO-HC,
respectively). With plasticizer, however, the swelling-inhibiting effect
was restrained, and the ASD%px of L5-LC and L5-HC plastics were 6.02
+0.20% and 5.22 + 0.06%, respectively. Though the 5 w% TBAC
lowered the differentiating effect of crystallinity, the differences in ASD
Y%max remained significant (p = 0.05) in all cases. The results of swelling
rate showed the same pattern. In case of non-plasticized samples, the
swelling of semi-crystalline sample was 2.7 times faster than that of the
annealed. This reduced to a 1.5 times difference in plasticizer containing
plastics. It is easy to see, that this behaviour is the result of two over-
lapping effects: high degree of crystallinity inhibits the swelling, but
plasticization compensates it.

It is also worth comparing samples of the same crystallinity but
different initial plasticizer content (i.e., LO-HC vs. L5-HC and LO-LC vs.
L5-LC) (Table S3). The annealed plastics’ Xc% were the same at the
beginning of migration tests (48.3 + 0.4% of LO-HC and 47.8 + 0.9% of
L5-HC), but the presence of TBAC caused significant difference in both
ASD%pax and swelling rate (p = 0.05). The swelling rate and ASD%max
of L5-HC samples exceeded approximately 4 x the LO-HC samples. The
same comparison of semi-crystalline plastics (LO-LC vs. L5-LC) shows
smaller — approximately twofold — difference between the plasticized
and unplasticized samples. Therefore, apparently, the high Xc%
enhanced the differentiating effect of plasticization. The process of
annealing is the probable reason for this behaviour: during annealing
the arrangement of polymer chains — and crystal region formation - is
relatively slow (1 h). This way the additives (or other substances in the
polymer matrix) were possibly forced (or “squeezed”) out of the newly
forming crystalline parts of the polymer and transferred to the amor-
phous phase or to the surface of the specimen. In the examined annealed
plastics (LO-HC and L5-HC with X% ~ 48%), the initial weight percent
of the amorphous phase was approximately 52%, therefore, TBAC
plasticized only that much of the polymer — compared to the unannealed
plastics (LO-LC and L5-LC with Xc% ~ 20%) that had circa 80% amor-
phous phase initially — resulting in an enhanced plasticization.

3.2.2. Swelling kinetics measured at 60 °C contact temperature

Such differences that were previously shown at 40 °C contact tem-
perature in swelling kinetics, were not present at 60 °C. Though the
ANOVA analysis indicates significant differences in ASD%max values in
some cases (p = 0.05), the difference between the highest and lowest
ASD%pax is only 0.62%. Therefore, the differences might be significant,
but can be considered irrelevant (Fig. 2B, D and Table S3).

Instead of the ASD%nax values, differences in the swelling kinetic
curves are observable in the starting points of steady-states (i.e. ranges
determined with empirical semivariography) and swelling rates
(Table S3). Ranges clearly indicate the swelling enhancing effect of
plasticization and swelling inhibiting effect of annealing. Only 23 h
were necessary to reach steady-state in the case of L5-LC sample, while
the range of LO-HC sample was 83 h. The LO-LC and L5-HC samples gave
closer results, 39 and 46 h, respectively.

For the swelling rate results the same pattern was observable:
swelling of the L5-LC was the fastest (1.32 ASD%-h~%%) and swelling of
the LO-HC was the slowest (0.58 ASD%-h %) (Table $3). Again, LO-LC
and L5-HC gave almost the same results. The reason for the similarity
of LO-LC and L5-HC samples is the simultaneous occurrence of a pro-
moting and an inhibiting effect: LO-LC sample did not contain plasti-
cizer, but the initial X% was low (18.1 + 0.7%). Due to the presence of
the plasticizer, faster swelling was expected in the case of L5-HC, but the
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points with five replicates each.

high X% (47.8 + 0.9%) obstructed it. Meanwhile, after one day contact
time at 60 °C contact temperature, the X% of LO-LC was the same (47.5
+ 0.8%) as that of the L5-HC sample due to solvent-induced crystalli-
zation, therefore, the two plastics became indistinguishable regarding
both swelling and crystallinity. The fact, that almost no difference was
found in the swelling rates (prior the end of SIC) and ASD%ax shows
that at high contact temperature (60 °C) the individual effects of plas-
ticization and crystallization can compensate each other. In LO-HC and
L5-LC samples, these two effects either absent or occur at the same time,
therefore they cannot be concealed by the effect of high contact tem-
perature, and give different results for swelling rate.

3.2.3. The effect of different contact temperatures on swelling kinetics

An increase of 20 °C contact temperature has a significant effect on
the whole process of swelling, as it can be seen in Table S3 and Fig. 2.
Conspicuous differences can be seen in a given plastic’s ASD%max values,
in which 1.1-4.4 x growth was observed due to increased temperature
(depending on the plasticizer content and X¢%). Those samples were the
most affected which contained no plasticizer (LO-LC and LO-HC). The
enhancement of swelling decreased due to plasticization until it
completely ceased. In the case of L5-LC, ASD%,« values at 40 and 60 °C
contact temperatures were the same (p =0.05). Apparently, the
maximum swelling degree of 2500HP type PLA is approximately 6.2% in
ethanol 95 v/v% food simulant, regardless of temperature. It is in har-
mony with the work of Petrovics et al. (2022), in which the ASD%y,,x of
the same PLA (with 10 w% TBAC) at 40 °C contact temperature was
6.54 £ 0.26%. This suggests that the maximum achievable swelling may
also be independent of the plasticizer content.

The swelling-enhancing effect of the contact temperature increase is
observable in the swelling rates, too. Unplasticized samples produced
5.0 x (LO-LC) and 8.4 x (LO-HC) higher swelling rates at 60 °C. These
were reduced to approximately 3 x difference as the result of
plasticization.

To compare the mechanism of the whole swelling process of plastics,
results were evaluated with hierarchical cluster analysis. The dendro-
gram shows (Fig. S2) that kinetic curves measured at the same contact
temperatures were mostly grouped in one cluster. There is no cluster, in
which the swelling results of 40 and 60 °C experiments would be mixed.
However, in the case of both temperatures, LO-HC samples were grouped
in a separate cluster, while the curves of LO-LC, L5-LC and L5-HC sam-
ples shared the same one. This result also confirms the high impact of
high X% and lack of plasticizer on the process of swelling.

3.3. Migration

3.3.1. Results of the 40 °C migration tests

The structural changes in the polymer caused by the swelling in the
polymer determine the migration of all kinds of substances from the
plastic, which was characterized by the migration tests of four different
stabilizer-type additives. Detailed results can be found in Table S4.

The shapes of migration kinetic curves were highly dependent on the
test specimens’ Xc%. The migrated concentration of additives from
annealed plastics changed basically linearly with contact time (R? values
of a linear fit varied between 0.9683 and 0.9984). As a result, empirical
semivariograms were also monotonously increasing, consequently, in
the case of L5-HC no range could be identified. Considering the whole
time interval the empirical semivariograms of LO-HC also showed in-
crease, but in this case, ranges could be detected. Unannealed samples
resulted in nested type empirical semivariograms, i.e., three ranges were
found in all cases — around 90, 180 and 260-280 h. The presence of
multiple ranges confirms the concurrency of different migration
defining parameters.

The maxima of migrated concentrations (ca,mig,i,max) Show signifi-
cant differences (p = 0.05) between plastic additives in the case of all
four plastics (Fig. S3). These results can be explained with the different
sizes and molecular weights (M) of the examined additives. The
maximum migrated concentration is inversely proportional with the My,
of the additives, as it was proved previously by Kirchkeszner et al.
(2022). Therefore, the camigimax of BHT was the highest (My, =
220 g/mol), while the one of Irgafos 168 was the lowest (M, =
646 g/mol) in all cases.

The results of the migration tests show a similar pattern to that of
adjusted swelling degree (Section 3.2.1), i.e., the migration of additives
from plasticized samples (L5-LC and L5-HC) were the highest. Also,
annealed samples showed moderated migration compared to their non-
annealed counterparts. The ordered polymer chains with reduced flex-
ibility not only obstructed the solvent uptake, but also blocked the
release of substances from the polymer phase. The crystallized regions
sterically hindered the migration of additives, and the extent of inhibi-
tion depended on the M,, of additives. In Fig. 3. the migration kinetic
curves of BHT and Irgafos 168 can be seen, supplemented by the boxplot
charts of each additive’s ca mig,imax results. According to the boxplot
charts, the differences in ca mig,imax values increase with M, when the
same plasticizer content plastics are compared (LO-LC vs. LO-HC and L5-
LC vs. L5-HQ). In the case of BHT (M, = 220 g/mol) and Uvinul 3039
(My, = 361 g/mol) ca mig,i,max results were the same from L5-LC and L5-
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Fig. 3. Migration kinetic curves of BHT (A) and Irgafos 168 (B) additives at 40 °C contact temperature, and the boxplot charts of ca mig,imax results for BHT (C),
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HC). Data represent averages and standard deviations of at least three measurement points with five replicates each.

HC samples (Fig. 3C, E, respectively, and Table S4) (p = 0.05), but the
differences became significant in the case of Tinuvin 900 (M,y = 448 g/
mol) and Irgafos 168 (M,, = 646 g/mol) (Fig. 3F, D, respectively, and
Table S4). The same pattern was observed in the case of non-plasticized
plastics; with significant (p = 0.05) differences in all cases.

3.3.2. Results of the 60 °C migration tests

Even though the increased contact temperature highly influenced the
migration kinetics, the differentiating effect of My, of the additives did
not diminish (independently from the plasticizer content or X% of the
plastic). At 60 °C contact temperature, the starting points of steady-
states shifted to lower contact times — and long-lasting steady-states
were reached usually within 8 days — yet, differences in ca mig,imax
mostly remained significant (p = 0.05). It can be seen in Table S4 and
the boxplot charts of Fig. S4. In the migration rate results similar trends
were observable. The differences between BHT and Uvinul 3039 were
small, but the migration rate of Tinuvin 900 was approximately half of
that of BHT, and that of Irgafos 168 was even lower. Also, moderate

inhibition by crystallized structure was noticeable. Conclusively, M,y not
only affects the speed of migration (migration rate), but also determines
the achievable maximum of migrated concentration from PLA at 60 °C
contact temperature (ca,mig,imax), if the solubility of additives is not a
limiting parameter.

In Fig. 4. the results of migration kinetic tests are plotted (numerical
results can be seen in Table S4). According to the boxplot charts only
minor differences can be seen in the ca mig,imax results in the case of BHT,
Uvinul 3039 and Tinuvin 900 for each plastic, independently from their
X% and TBAC content. Compared to this, the results of Irgafos 168 are
completely different. The maximum migrated concentration of Irgafos
168 was highly dependent on the X% of the plastic. ANOVA analysis
revealed significant differences (p = 0.05) between all plastics, except
for LO-LC and L5-LC. As can be seen in Fig. 4B and D, the differences
between the two annealed plastics are also negligible. Considering the
previous results, this phenomenon is unexpected. For example, at 40 °C
contact temperature (Fig. 3) the camigimax results differentiated ac-
cording to the plastics’ plasticizer content (results of LO-LC and LO-HC;
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L5-LC and L5-HC were similar), and Xc% had moderate influence on the
results. Long-lasting steady-states were not reached in those experi-
ments. Compared to that, in the case of Irgafos 168 migration at 60 °C,
the cA mig,i,max is clearly determined by the Xc% of plastics (steady-states
were reached by 135 h). The anomalous behaviour of Irgafos 168 can be
explained with the process of crystal formation during annealing. As the
more ordered fraction was forming, the additives were forced out to the
amorphous phase (where migration takes place). The results of Irgafos
168 suggest that the excretion is not complete, and partly the additive
was incorporated in the newly formed crystals. This structure is prob-
ably a kind of inclusion complex, similarly to the ones mentioned by Tsai
et al. (2016). Supposedly, during SIC the additive trapping is negligible
since the complete process takes at least 12 h. Therefore, complete ad-
ditive excretion can be assumed. The fact that incorporation was
noticeable only in the case of Irgafos 168 (the stabilizer with the highest
M,,) suggests that the effectiveness of trapping depends on the size of
molecules. The supposed process of migration (and swelling) is illus-
trated and summarized in Fig. 5.

The migration rates of the additives at 60 °C contact temperature can
be found in Table S4. The migration of BHT, Uvinul 3039 and Tinuvin
900 were undoubtedly inhibited from LO-HC plastic, as the result of
simultaneous annealing and lack of plasticization. The migration rate
results of Irgafos 168 are similar to the ca mig i max results: the migration
rates from unannealed LO-LC and L5-LC plastics were similar, while the
ones from LO-HC and L5-HC were considerably lower. The migration
rate from LO-HC is approximately half of that of L5-HC. This result shows
that migration from the non-plasticized plastic is substantially slower,
though, ca mig,imax Teaches similar value in 135 h as in the case of the
plasticized sample. Conclusively, with plasticization the migration of
Irgafos 168 can be slowed or fastened, but its final migrated concen-
tration is dependent on the crystalline ratio of PLA.

unannealed injection-moulded
PLA with low crystallinity
(LC)

anneale (crystallized) PLA
(HC)
!

excreted and incorporated
additives

swelling — promoted migration and
solvent-induced crystallization

inhibited swelling
steric hindrance
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3.3.3. Comparison of migration kinetics at 40 and 60 °C contact
temperatures

A change of 20 °C in contact temperature significantly influenced the
migration kinetics of the investigated plastic additives. The necessary
time to reach steady-states considerably decreased, from 259 to 302 h to
86-286 h. Likewise, the differences in migration rates and the maxima
of migrated concentrations are unquestionable (Table S4). Considering
any additive — polymer systems, both ca mig,imax and migration rate re-
sults at 60 °C are several times higher than those at 40 °C. The smallest
differences can be found in the case of L5-LC plastic, at which only
2-4 x higher c migimax values were measured. The biggest differences
were found in the migration from LO-HC plastic (9-40 x). Based on
these results, the 20 °C difference in contact temperature results insur-
mountable differences in cg mig,i,max, N0 matter how long the migration is
followed.

As it can be seen in Figs. 3 and 4, the shape of migration kinetic
curves changed as a result of varying storage conditions, plasticizer
content and degree of crystallinity. For the comparison of curves’ shapes
— and therefore the mechanism of migration — the kinetic curves were
analysed with hierarchical cluster analysis (HCA), the result of the
analysis is shown in the dendrogram of Fig. S2. Based on it, the mech-
anism of migration is determined by contact temperature, since most
clusters include kinetic curves measured at the same temperature
(except for cluster 6). The results of 40 °C storage was grouped to clusters
4 and 7, while 60 °C curves can be found in clusters 1, 2 and 5 (along with
cluster 3, which contained only ASD% curves). The kinetic curves
measured at 40 °C were split into two clusters, based on the crystallinity
of the plastics: annealed samples (LO-HC and L5-HC) are in cluster 4,
unannealed samples (LO-LC and L5-LC) can be found in cluster 7. The
crystallinity-based classification of the 40 °C results was expectable
since the original kinetic curves had very different shapes, too. The
unannealed plastics produced the expected saturation-shape curves, but

food simulant @ food simulant
> [ )
A - ®
—————
@
—
® ®

high migration rate

food simulant

food simulant @

low migration rate and
migrated concentration

— inhibited migration

Fig. 5. Supposed scheme for the swelling and migration mechanism of unannealed (upper row) and annealed PLA (lower row), where rectangles and circles

represent the crystalline regions and plastic additives, respectively.
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the migrated concentration from annealed plastics changed linearly
with contact time. This proves that the migration kinetics from the two
crystalline ratio plastics are different, which is independent of the
physical-chemical properties of additives.

In the case of 60 °C contact temperature, the classification is not as
obvious, as even the measured migration kinetic curves bear quite
similar shapes (see in Fig. 4.). In cluster grouping the competing effect of
plasticization and crystallinity was decisive. In cluster 2, the results of
L5-LC plastic were grouped, where both TBAC presence and lack of
annealing promoted migration. Cluster 1 is a mixed cluster of LO-LC and
L5-HC samples. Similarity of these kinetic curves is the result of con-
current presence of a migration inhibiting and promoting effect, as it
was mentioned in Sections 3.2.1 and 3.3.1.

Considering the contact temperature, cluster 6 is mixed, as it contains
all types of plastics’ kinetic curves from both 40 and 60 °C migration
experiments. Though, the classification was not random. Kinetic curves
of LO-LC and L5-LC plastics stored at 40 °C were grouped in this cluster,
along with some LO-HC and L5-HC curves of 60 °C contact temperature.
According to this result, the mechanism of migration can show similarity
between lower temperature storage of more amorphous plastics, and
annealed plastics, which were stored at an elevated temperature. It
demonstrates that the effect of increasing contact temperature and
decreasing crystallinity on the migration of additives can be similar.
Though, it must be highlighted again that cs mig i max and migration rate
results were significantly different, cluster analysis provides information
only about the similarities (or dissimilarities) of migration mechanism
changing circumstances.

4. Conclusions

Swelling and migration kinetic testing of polylactic acid-based
plastics with different plasticizer content (0 and 5 w%) and initial
crystallinity (X% = 18.1 + 0.7-48.3 £ 0.4%), at 40 and 60 °C contact
temperatures were performed. Thermal characteristics of plastics were
followed with differential scanning calorimetric analysis, prior to and
during the kinetic measurements. Our results proved the swelling and
migration decreasing effect of crystallized structure of PLA. This was
investigated in the context of plasticizer content and contact tempera-
ture. The summary of concurrent processes can be seen in Fig. 5.

From the aspect of regulatory migration tests, the results of DSC
measurements are significant. According to them, the concurrent
application of elevated temperature and a polymer swelling food sim-
ulant in migration tests, cause the polymer’s solvent induced crystalli-
zation. Crystallization is noticeable even after a few hours contact at
both 40 and 60 °C temperatures. Since it is declared in Commission
Regulation (EU) No. 10/2011 that testing conditions must not cause any
physical change in test specimens (compared to the real storage), the
applicability of ethanol 95 v/v% as alternative food simulant for PLA
should be restricted. When PLA is crystallized to the maximum achiev-
able X%, such limitation is unnecessary though.

Based on our results, we could conclude that plasticization is crucial
regarding the rate of swelling and migration, but do not influence
relevantly the ASD%mayx O €A mig,imax,» When long-lasting steady-states
were reached. Contrarily, both temperature and degree of crystallinity
can be definitive in terms of all above-mentioned parameters. The effect
of annealed structure on c mig,i,max could only be observed in the case of
the highest M,, additive (Irgafos 168), which means that the size of the
migrating substance is also crucial. This result can be important in FCM
production: if high My, stabilizers are applied, and the crystallinity of
PLA is set by post-production annealing, the possible additive migration
can be significantly reduced, even at high contact temperature and long
contact time.
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