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This study aimed to chemically modify poly(lactic acid), PLA, by reactive processing as a strategy to increase its
melt strength, making it viable for producing foams. For this purpose, modification reactions were carried out in
a Haake torque rheometer according to a 2 factorial design, where the concentrations of dicumyl peroxide (DCP)
and glycidyl methacrylate (GMA) were varied. The levels evaluated were 0.5 and 1.5 phr (peroxide concen-
tration) and 1 phr and 3 phr (GMA concentration). Reference samples with a single reagent were also investi-
gated. The modified PLAs were characterized, and foams were produced by incorporating supercritical CO2
followed by fast depressurization. The results showed that the predominant reactions differed depending on the
relative levels of peroxide and GMA, resulting in crosslinking, and/or insertion of branches, and/or linear re-
actions. Rheological analyses showed that PLA with low levels of peroxide and GMA (PLA_0.5_1) and high levels
of both (PLA_1.5_3) displayed a more elastic behavior, which can be correlated to long chain branching for-
mation with longer relaxation times. Consequently, these samples presented smaller cell sizes with homogeneous
distribution, while unmodified and less branched PLA foams comprised coalescent and heterogeneous cells with
thick walls. The study showed an optimization of the use of reagents once the sample containing the lowest levels
of DCP and GMA presented the smallest cell size, attributed to the rheological properties and influence of
crystallinity. As far as we know, the correlation between GMA and DCP concentrations on the final cellular
structures of PLA foams has never been explored before.

low cost, and is chemically inert (Champeau et al., 2015; Goncalves
et al., 2024; Rojas et al., 2020). However, because of economic and lo-

1. Introduction

Polymeric foams are of particular interest due to their low density,
which results in reduced material usage, along with other significant
characteristics such as high protective effect in packaging, and thermal
and sound insulation, among others (Ansari and Sheikh, 2023; Dong
etal., 2023; Jin et al., 2019). Consequently, polymeric foams are used in
various applications such as cushioning, packaging, insulation, purifi-
cation, construction, household, scaffolds, etc. (Souza et al., 2023). In
addition, recent literature has mainly investigated the behavior of the
foaming process using supercritical carbon dioxide (sc-CO3) as the
physical blowing agent, which presents non-toxicity, non-flammability,
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gistic issues, polymeric foams generally present low recyclability,
leading to irregular disposal and environmental pollution, mainly for
single-use applications. Due to environmental concerns over the exces-
sive use of fossil-based polymers, poly(lactic acid) (PLA) has gained
prominence because it is a material obtained from renewable sources,
biodegradable in compost conditions, biocompatible, and produced on a
large scale (Hopmann et al., 2015). For this reason, it has been explored
as an alternative to producing polymeric foams that mostly use polymers
from fossil sources (Goncalves et al., 2024).

One of the main disadvantages of PLA, however, is its low melt
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strength, related to its linear chain structure, which, as a consequence,
results in low elasticity and viscosity, avoiding the strain hardening, an
essential property during the foaming process of semi-crystalline poly-
mers (Lee, 2017). Nevertheless, the literature reports that, with appro-
priate modifications, it is possible to improve some characteristics of
PLA to allow its foaming.

Dirlam et al. (Dirlam et al., 2019) used mono-, tri-, and tetrafunc-
tional initiators in the polymerization of PLA in order to synthesize 3-
and 4-arm star PLA. Compared to net PLA, 3- and 4-arm star PLA
resulted in homogeneous and coherent foams, presenting lower density
than linear PLA. Li et al. (P. Li et al., 2020b) also modified PLA in the
presence of peroxide and different monomers such as 4-butylene dia-
crylate (BDDA), trimethylolpropane tri-acrylate (TMPTA), and pen-
taerythritol tetra acrylate (PET4A). They identified an increase in molar
masses for all formulations, even when compared to the modification
using only peroxide. The authors affirm that the presence of monomers
improves the insertion of long-chain branches, which results in higher
molar masses and improves rheological properties, leading to PLA foams
with thin cell walls and a high expansion ratio. In contrast, the neat PLA
foam modified only with peroxide had thick cell walls and a low
expansion ratio.

Standau et al. (Standau et al., 2019b) conducted a literature review
and observed different types of chain extenders most commonly used for
the chemical modification of PLA based on their reactive functional
groups. The authors highlighted monomers containing epoxy, isocya-
nate, anhydride, oxazoline, carbodiimide, and phosphate groups.
Among these monomers, those with the epoxy group were the most used
for chemical modification of PLA to improve characteristics and enable
the foaming process (Auras et al., 2010; Corre et al., 2011; Standau et al.,
2019b).

One of those was glycidyl methacrylate (GMA), a bifunctional
monomer with epoxy and acrylic groups. The epoxy group of GMA can
react with other groups, such as hydroxyls and carbonyls, while the
acrylic group can graft GMA into the polymeric chain via free radicals
(Xu et al., 2012). Those radicals can be obtained by using peroxides as
initiators, where at processing temperatures, the ROOR bond splits,
generating peroxyl radicals (RO@), which abstract a hydrogen atom
from the polymeric chain, creating a macroradical (Hamielec et al.,
1991). In this way, the stability or relative reactivity of the radicals is
related to the peroxide structure, and its decomposition rate can be
measured through its half-life time (t;2).

Some works have highlighted the chemical modification of PLA as an
alternative to chain extension. Rigolin et al. (Rigolin et al., 2021)
modified PLA using GMA in the presence of peroxide and observed an
increase in molar masses depending on the concentration of both
chemicals. The authors observed that increasing the concentration of
GMA did not enhance the molar mass at the same proportion, probably
because the high concentration of monomer enabled the formation of a
second phase (monomer) into the PLA phase. However, this investiga-
tion did not perform modified PLA foaming, as well as other studies that
used GMA and DCP in PLA chemical modification
(Kangwanwatthanasiri et al., 2015; Thanh et al., 2016).

For the PLA foaming purpose, studies are concentrated on using GMA
as a chain extender in the form of random copolymers such as poly-
styrene/poly(glycidyl methacrylate) (by sc-CO3) (Zhou et al., 2015),
ethylene/glycidyl methacrylate (sc-CO3) (Cui et al., 2022; Y. Li et al.,
2020), ethylene/acrylic ester/glycidyl methacrylate (azodicarbona-
mide) (M. Li et al., 2021), styrene/cryolinitrile/GMA (by sc-CO5) (Y. Li
et al., 2019). Another strategy is grafting GMA in other polymers to
process with PLA and produce foams, e.g., poly(ethylene octane) grafted
with GMA by sc-CO5 (Wang et al., 2018; X. Wang et al., 2019) or azo-
dicarbonamide (Forghani et al., 2016). These strategies are also
improving rheological properties to produce foams. For example, Li
et al. (Y. Li et al,, 2020) modified PLA using an ethylene glycidyl
methacrylate random copolymer at several concentrations without an
initiator; by Soxhlet extraction, the presence of crosslinking in the
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modified samples was observed, which they concluded was essential to
the improvement of elasticity in the melt state and thus, to the ability to
expand the material. According to the authors, the higher the concen-
tration of chain extender, the higher the percentage of crosslinking and
the complex viscosity. This led to cell growth limitation because the
increase in viscosity also increases the resistance to material expansion.

However, rheological properties are not the only factors that influ-
ence polymer foamability. Crystallization during the foaming process is
crucial as it directly impacts the dissolution of CO, within the PLA
matrix. CO, primarily dissolves in the amorphous phase, where the
crystalline regions act as barriers to molecular diffusion. Furthermore,
crystallization can influence cell nucleation, with crystals acting as
nucleation sites, thereby controlling the foam’s cellular structure (Yan
et al., 2020).

During the gas saturation process with sc-CO», the gas molecules
lubricate the system, making the polymer chains more mobile. This
explains that even at temperatures below the crystallization temperature
of PLA, the material crystallizes in the presence of sc-CO, (Kuska et al.,
2019). This is important for the foaming process because the crystalli-
zation of the material during the CO saturation phase will determine
whether the expansion will occur in the presence or absence of crystals,
thus characterizing the type of cell nucleation as homogeneous or
heterogeneous.

For example, Yang and colleagues (Yang et al., 2019) carried out
differential scanning calorimetry (DSC) analyses on the foams to un-
derstand whether crystallization occurred during the foaming process
with sc-CO4. They observed that at a high foaming temperature (120 °C),
the foams presented no melting peak, which showed no crystallization
during gas saturation. For temperatures between 70 and 110 °C, DSC
analysis resulted in a melting peak with no crystallization peak, which
was associated with the complete crystallization of the material during
the foaming process.

In this sense, studying and understanding the factors that influence
the cellular structures of polymeric foams is crucial because they will
affect the final properties of the foam. Small, closed cells with uniform
distribution generally exhibit superior mechanical properties (Banerjee
and Ray, 2020). Thermal insulation can also be increased by increasing
the expansion ratio since the thermal conductivity of the air is much
lower than that of the matrix (Wang et al., 2017; L. Wang et al., 2019).
Foams with open cells, for example, have lower mechanical properties
than closed cells but present a high absorption and acoustic insulation
capacity (Banerjee and Ray, 2020; Shau-Tarng Lee; Chul B. Park; N.S.
Ramesh, 2007).

This work aimed to chemically modify PLA using GMA and dicumyl
peroxide as an initiator. A 22 experimental design was used to evaluate
the influence of the ratio peroxide/GMA on the PLA chain extension (by
linear growth, branching, or crosslinking) and to observe their impact on
the PLA foams cellular structure, prepared using supercritical CO, as a
blowing agent. This investigation provides an optimization on the use of
reagents in the chemical modification of PLA aiming at the production of
bio-based foams and, as far as we know, the correlation between GMA
and DCP concentrations on the final cellular structures of PLA foams has
never been explored before.

2. Materials and Methods
2.1. Materials

PLA Ingeo Biopolymer 4043D was purchased from NatureWorks LLC
(MRF 6 g/10 min, 210 °C, 2.16 kg), with a melting temperature T,
between 145 °C and 160 °C. The manufacturer did not inform the % of D
content, but it was assured that it was free of additives and hydrolysis
stabilizers (which could influence the chain extension reactions). The
GMA and dicumyl peroxide (DCP, half-life time 30 s at 180 °C) were
purchase from Sigma-Aldrich (both structures are presented in Fig. 1);
both materials were used as received.
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Fig. 1. Chemical structure: (a) DCP; (b) GMA.
2.2. Chemical modification of PLA

Chemical modification of PLA was conducted by reactive processing
in a Haake torque rheometer, model Rheomix 600, equipped with roller
rotors, following a 22 factorial design; the GMA and DCP concentrations,
(Cgma) and (Cpcp), respectively, were varied at 2 levels and measured in
parts per hundred resin (phr), as shown in Table 1. This experimental
design was based on work by Rigolin and collaborators (Rigolin et al.,
2021), whose results showed that the modification using 1 phr of DCP
and 2 phr of GMA was more efficient in increasing the molar mass of
neat PLA. Thus, this formulation was used as a reference, shifting the
peroxide levels by 0.5 phr and reducing the GMA concentration since
high concentrations generated a second phase and reduced the interface
for reactions. Process conditions were as follows: temperature of 180 °C,
rotation of 50 rpm, reaction time of 6.5 min, under a nitrogen atmo-
sphere. The addition of DCP and GMA was carried out between 80 and
90 s. PLA was dried in a vacuum oven at 70 °C for 4 h before processing.
Table 1 presents the nomenclature of the samples.

2.3. Characterization

2.3.1. Size exclusion Chromatography (SEC)

The molar mass was obtained in a Viscotek HT-GPC size exclusion
chromatograph with a refractive index detector. The samples were sol-
ubilized in tetrahydrofuran (THF) at 45 °C; the injection volume was
200 pL, at a concentration of 5 mg/mL. All samples were previously
purified to remove residual monomers and/or unreacted oligomers by
previously drying them for 4 h in a vacuum oven at 70 °C, dissolving in
HPLC grade chloroform at room temperature for 24 h, and then
precipitating in HPLC grade ethyl alcohol.

2.3.2. Determination of acids groups

Purified samples were dried in a vacuum oven (4 h at 70 °C); the
percentage of acid groups was determined by titration. PLA (0.5 g) was
dissolved in chloroform (50 mL) at room temperature and titrated using
ethanolic KOH solution with a concentration of 0.04 M. The reverse
titration was done in isopropanol HCL solution at a concentration of
0.04 M. Phenolphthalein was used as the indicator. The percentage of
acid groups (% acidity) was calculated from:

Ve * CKOH *Mg,a
m,

Y%acidity = ( @
where V. is the equivalent volume of KOH added (Vkon + VexcessVHCD,
Cxon is the molar mass concentration of KOH, Mg, is the molar mass of
the PLA acid group (45 g/mol), and m, is the mass of the sample.

2.3.3. Rheological analysis
Rheological data was obtained using a tension-controlled TA

Table 1

Nomenclature of samples with different DCP and GMA concentrations.
Identification Cpcp (phr) Cgma (phr)
PLA0.51 0.5 1
PLA 0.5_3 0.5 3
PLA 1.51 1.5 1
PLA1.53 1.5 3
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Instruments AR-G2 rheometer with parallel plates geometry (d = 25
mm, gap between plates = 1 mm). The steady-state analysis (between
shear rates of 0.01 and 100 s™!) and the small amplitude oscillatory
shear properties (between angular frequency of 0.05 and 500 rad/s),
were measured at 180 °C and under a nitrogen atmosphere. Unpurified
samples were used for this characterization, being vacuum-dried before
the experiment (4 h at 70 °C).

2.3.4. Differential scanning calorimetry (DSC)

DSC was performed in a TA Q2000 DSC. A first heating cycle at a
heating rate of 10 °C/min, between 0 °C and 200 °C, under nitrogen gas
flow was applied to dried samples (4 h at 70 °C); after attaining 200 °C,
the samples were kept at that temperature for 1 min and then were
cooled down to 25 °C. A second heating cycle was applied at 10 °C/min,
between 0 °C and 200 °C.

2.3.5. Crosslinking content

The crosslinking content of the unpurified samples was determined
by extracting the soluble fraction with boiling chloroform and using a
Soxhlet extractor for 6 h. All samples and filters were vacuum-dried (4 h
at 70 °C) and weighed before extraction. Finally, all samples were left for
solvent evaporation and vacuum-dried at 70 °C for 5 h. The calculation
of the crosslinking percentage was obtained as follows:

o m; —m
%Crosslinking = ——— 2

(2)

Mpra_i
where my is the mass of the remaining PLA and the filter (both dried)

after extraction, mgje, is the mass of the dried filter before the extrac-
tion, and mpy4 ; is the mass of dried PLA before the extraction.

2.3.6. Nuclear Magnetic Resonance (NMR) analysis

1H, 13C, and HSQC (500 MHz) NMR analysis were performed on a
NMR Spectrometer, from Agilent Technologies, model 500/54 premium
shielded. To identify the functional groups involved in the branching
reaction and for mechanistic studies. Spectra were obtained at 26 °C in
CDCls.

2.4. Foaming of modified PLA

The foaming process was done in an in-house device, using super-
critical CO, as the blowing agent. The device consisted of a high-
pressure pump of COy, an oven, and a hermetical cylinder, as shown
in Fig. 2.

The process can be divided into 3 steps: i) sc-COy saturation, ii)
lowering of temperature, and iii) fast depressurization. The modified
PLA samples (approximately 0.4 g) were inserted in a cylindrical Teflon

Open valve St o
) [ _Closed valve
<~!—; M release
CO, | |
i Oven

Pressure
pump

Fig. 2. Scheme of the in-house foaming device.
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mold that evolved by a hermetic cylindrical system; the sample was then
left to be saturated for 1 h at 150 °C and 20 MPa. The second step was
lowering the temperature to 90 °C for 30 min and 20 MPa. This decrease
in temperature is necessary to increase the material viscosity, once in the
first step, the high temperature (close to Tp,) hinders the expansion due
to low viscosity. Finally, the pressure was released quickly by opening
the valve. The foamed samples were removed from the cylinder and left
to cool at room temperature.

2.5. Characterization of PLA foams

2.5.1. Scanning electron Microscopy (SEM)

A scanning electron microscope, a MEV FEI Magellan 400L micro-
scope, was used to analyze foam structures and compare -cell
morphology. The foams were cryo-fractured using liquid nitrogen and,
afterward, gold-sputtered.

2.5.2. Foams characterization

The densities of the foamed and non-foamed samples were deter-
mined using the water displacement method (ASTM D792-20), in trip-
licate, with each one measured five times. The volumetric expansion
ratio (VER) was calculated by the ratio between the density of the non-
foamed material and the density of the foamed material. The cell
structures (cell size and cell density) were characterized using the
ImageJ software. Cell density (N) was calculated using Eq. (3), with at
least 100 cells measured for each sample.

N= (%)3/2 x VER 3)

where N is the cell density, n is the number of cells in a known area A and
¢ is the expansion ratio.

2.6. Statistical analysis
When appropriate, statistical tests ANOVA, followed by Tukey’s

multiple comparisons test, were carried out with a 95 % confidence level
(p < 0.05 = significance level).

Torque [Nm]
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3. Results and discussion
3.1. Torque results during chemical modification of PLA

As torque rheology was used for reactive processing, the process was
evaluated as a function of the reaction time (which was set to be higher
than five times the half-life of the peroxide — 30 s at 180 °C (Rigolin
et al.,, 2019)). The torque versus time curves of the formulations pro-
duced from the experimental design are shown in Fig. 3.

For all the curves shown, it is possible to observe a discontinuity near
1.5 min, when the reagents were added to the mixture. The addition of
GMA to PLA (Fig. 3a), in the absence of peroxide, did not modify the
torque of the PLA. This can be explained by the fact that the GMA cannot
be grafted onto the PLA chain in the absence of peroxide. However, a
reaction between the epoxy group of the GMA and the carboxyl or hy-
droxyl groups of the PLA chain ends can occur, as illustrated in Fig. 4. On
the other hand, the GMA that did not react during processing can remain
present in the polymer mass, behaving like a lubricant, which can
explain the slight decrease in the torque of the material and, conse-
quently, the lower viscosity of the formulation with 3 phr of GMA.

Regarding the addition of peroxide to PLA, in the absence of GMA, it
is observed that unlike the addition of GMA, the presence of peroxide
resulted in a significant increase in torque compared to pure PLA
(Fig. 3a), even at the lowest level of the experimental design (0.5 phr).
This suggests that an extension of the PLA chain occurred by branching
and/or crosslinking, promoted by this initiator, which led to an increase
in the viscosity of the medium and, consequently, an increase in the
torque. Fig. 3b shows the graphs for PLA modified with both reagents
simultaneously, peroxide and GMA, at lower and upper levels.

It is observed in Fig. 3b that, within the experimental error, the
lower-level formulations of DCP (PLA_0.5_1 and PLA_0.5_3) had similar
torque to those of the neat PLA sample (PLA_0_0). However, the 1.5 phr
peroxide and 1 phr GMA formulation (PLA_1.51) displayed an
increasing torque during processing with a maximum of 30 N.m.
Removing that material from the torque rheometer was difficult due to
its solidification, which may indicate chain extension with a predomi-
nance of crosslinking. When the concentrations of peroxide and GMA
concentration were maximum (PLA_1.5_3), an increase in torque during
the processing was also observed, but at a lower level than the PLA_1.5_1
formulation. It can be highlighted that large structural variations can
also display similar torques. Therefore, SEC analysis, acid group

b)

70

60

50

[
o
1

10 q¢

Time (min)

Fig. 3. Reactive processing of the formulations: (a) reference formulations (b) experimental design 22, Code: PLA_Cpcp_Cgma-
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Fig. 4. Possible reactions between the epoxy group present in PLA-g-GMA and the a) hydroxyl group at the end of the chain of another PLA molecule and b)

carboxylic acid group at the end of the chain of another PLA molecule.

titration, and Soxhlet extraction were carried out to investigate possible
changes in the modified structures.

3.2. Influence of chemical modification on final chemical structures

Degradation can also occur during reactive processing. As can be
observed in Table 2, processed PLA presents a lower molar mass than
PLA pellets. This degradation results from high temperatures, shear
stresses, oxygen presence, and hydrolysis (small water concentrations in
PLA can be present even after drying). All these factors can lead to a
decrease in molar mass during processing. In addition, it is possible to
observe that the acidity of processed PLA is much higher than that of the
PLA pellets since the hydrolysis of ester bonds during processing can
produce more acid groups.

To understand the possible reactions occurring during the reactive
processing, Fig. 5 shows reaction mechanisms that may happen during
the chemical modification.

When the reactions are carried out in the presence of peroxide, its
dissociation forms two peroxyl radicals (Fig. 5, R1), which abstract
hydrogens from the secondary carbon of the PLA chain (Rigolin et al.,
2021), resulting in PLA macroradicals (Fig. 5, R2). Two routes can sta-
bilize these macroradicals: i) PLA chain scission (Fig. 5, R3), which
decreases molar masses; ii) recombination between PLA macroradicals
(Fig. 5, R4), which can lead to a decrease in the free volume of chains
and depending on the intensity of recombination, it can lead to a
crosslinked structure. When PLA, peroxide, and GMA are present, other
reactions can also occur: iii) grafting of GMA molecules onto PLA (Fig. 5,
R5"), resulting in short, branched structures. The epoxy groups present in
GMA structure likely react to both hydroxyls and carboxylic end groups
of PLA (Auras et al., 2010; Corre et al., 2011; Standau et al., 2019b).
However, reactivity with carboxylic groups is higher than with hy-
droxyls. This last reaction can result in long chain branches (Fig. 3, R5").

Table 2
Results of SEC, titration of acid groups, and Sohxlet extraction.

All the mentioned reactions are competitive, and the intensity of each
reaction will depend on the concentration of peroxide and GMA (Rigolin
et al., 2021).

From Table 3, it is possible to note that the analysis of formulation
PLA_1.50 (upper level of peroxide) and PLA_1.51 (upper level of
peroxide and lower level of GMA) was not done since both were insol-
uble in chloroform or THF. For those samples, a gel behavior was
observed when in solution, suggesting possible crosslinking reactions.
The occurrence of crosslinking in PLA in the presence of peroxide has
already been reported in the literature. Li et al. (P. Li et al., 2020a)
explain that linear peroxides form crosslinked structures, while cyclic
peroxides form mainly branched structures. Sodergard et al. (Sodergérd
and Stolt, 2002) also stated that the use of linear peroxides in concen-
trations between 0.1 % and 0.25 % promotes branched reactions;
however, above 0.25 %, it is possible to observe crosslinking reactions.
To confirm this statement, Soxhlet extraction was performed for 6 h;
Fig. 6 presents the effect caused by the chemical modification using only
peroxide in PLA.

As shown in Fig. 6, the higher the peroxide concentration, the higher
the level of PLA crosslinking (for 0.5 phr and 1.5 phr, the crosslinking
percentage was 56.2 % and 99.3 %, respectively). This result is mainly
due to the increase in the concentration of PLA macroradicals formed as
the concentration of peroxide increases. The higher the concentration of
PLA macroradicals, the greater the degree of recombination between
those macroradicals, which leads to the formation of a crosslinked
network of PLA chains. Due to the high level of crosslinking, sample
1.5_0 was not analyzed. Sample 0.5_0, on the other hand, was analyzed
by filtering out the crosslinked portion.

When GMA is added to the reaction medium, there is a competition
between the recombination of PLA macroradicals and the grafting of
GMA onto the PLA macroradical. The preferential reaction will result
from the relative concentrations of peroxide and monomers in the

Sample Peroxide concen-tration (phr) GMA concen-tration M,(SEC_RI) M,,(SEC_RI) PDI % acidity

(phr) (g/mol) (g/mol)
4043D_pellet 0 0 127,462 202,946 1.5 0.001 + 0.192>¢
PLA0_O 0 0 117,421 180,267 1.5 0.107 + 0.43%
PLA0_1 0 1 95,329 167,904 1.8 0.009 + 0.177>%4
PLA 03 0 3 108,003 183,003 1.7 0.008 + 0.077% ©
PLA_0.5.0 0.5 0 104,671~ 268,643 2.6 0.018 + 0.223*°
PLA_1.50 1.5 0 - - - -
PLA 0.51 0.5 1 127,790 218,030 1.7 0.013 + 0.115>%¢
PLA_0.5_3 0.5 3 123,580 223,141 1.8 0.004 =+ 0.086%%¢
PLA1.51 1.5 1 - - - -
PLA 1.53 1.5 3 188,280 487,090 2.6 0.001 + 0.066°

" Soluble phase of the formulation.
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Fig. 5. Reaction mechanisms for PLA chemical modification, where: R1: Decomposition of DCP into two peroxyl radicals; R2- Formation of PLA macroradical in the
presence of a peroxide; R3- Stabilization of PLA macroradical by chain scission; R4- Stabilization of PLA macroradical by recombination between different PLA
macroradicals; R5 — Stabilization of PLA macroradical by insertion of GMA monomer; R5' - Linear chain extension of branched GMA after reaction between epoxy

group from GMA and carboxylic group from PLA.

Table 3
Crosslinking percentage of the samples.

Crosslinking percentage

GMA (phr)
0 (absense) 1 (low level) 3 (high level)
Peroxide O (absense) 0 %° - -
(phr) 0.5 (low level) 56 %° 0.1 %° 0.2 %°

1.5 (high level) 99 %* 100 %* 0.3 %°

reaction medium. Table 3 shows the occurrence of crosslinking for the
samples.

For the lowest peroxide level (0.5 phr), adding GMA at both the
upper and lower levels reduced the crosslinking percentage from 56 % to
values close to 0 %. Furthermore, as observed in Table 2, both formu-
lations had an increase in molar mass compared to pure PLA, indicating
that chain extension occurred mainly through the insertion of branches
(Fig. 5, R5) and the reaction between PLA and GMA chain ends (Fig. 4).
In addition, it can be seen that the increase in GMA concentration from 1
phr to 3 phr increased M,, by approximately 8 % and M, by 18 % sug-
gesting that, for this amount of macroradicals, the higher monomer
concentration increased the likelihood of grafting occurring on the PLA
macroradicals, in addition to the reactions between the PLA and GMA
chain ends. This result can be validated by the acidity content of the
samples since GMA will react preferentially with the acid groups of PLA.
Sample 0.5_3 had the greatest increase in molar mass and the lowest
percentage of acidity among the samples with a low peroxide level,

PLA ~— :
100 u99%
J f_/
80 /
/ —_—
£ oo // e —~ 7
D W 56%
%]
]
o
< 40
20 4 \<
0 lo%
; ; ; ;
0.00 0.50 1.00 1.50

Peroxide (phr)

Macroradicals

Fig. 6. Percentage of crosslinking structures obtained by Soxhlet extraction
during 6 h at two concentrations of peroxide (0.5 and 1phr).

indicating the effectiveness of the reaction between PLA and GMA.
Under these conditions, recombination reactions between macroradicals
are less likely to occur. Contrarily, when the concentration of GMA in
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the medium is low, the predominant reactions will be recombination
between PLA macroradicals, concomitantly with GMA grafting re-
actions, in which the latter will occur to a lesser extent.

For the higher peroxide level (1.5 phr) the concentration of GMA was
decisive for the balance between crosslinking and branching reactions.
As can be seen in Table 3, the addition of 1 phr of GMA led to complete
crosslinking of the sample (100 %), while the addition of 3 phr of GMA
produced the same crosslinking content as the samples with the lower
level of peroxide (0 %). This result suggests that the amount of PLA
macroradicals formed was very high when the GMA concentration was
at its lowest level (1 phr), which may have further favored crosslinking
formation in the sample as a result of macroradicals recombination. On
the other hand, the addition of GMA at a higher concentration (3 phr)
was enough for the monomer to be grafted onto the PLA macroradicals,
leading to the insertion of branches and, therefore, reducing the
recombination between macroradicals that lead to the crosslinking of
the material. For this formulation (1.5_3), the increase in M,, compared
to pure processed PLA was approximately 170 %, and the acidity content
was the lowest among the modified samples.

To synthesize the correlations between concentrations of DCP and
GMA, Fig. 7 shows possible structures formed due to the reactive
process.

NMR analyses were carried out to confirm the reaction assumptions,
and the spectra are presented in the Supplementary Material (SI-1). As
the analyses were carried out in solution and the abundance of 3Cis 1.1
% and that of 'H is 99 %, changes can be observed in the chemical shifts
of the secondary hydrogens of PLA and those of GMA. It can be inferred
from comparing the PLA and modified PLA’s spectra that in different
proportions of peroxide and GMA, different products are formed.
Analysis of sample PLA _0.5_1 indicates the grafting of GMA onto PLA
macroradicals, followed by chain extension by reaction with carboxylic
end groups. This product is present in all formulations. The differences
between the formulations are due to the presence of other products. In
the case of sample PLA_0.5_3, unreacted GMA is present in the formu-
lation, confirming the excess of GMA, which may have lubricated the
system. In the case of PLA_1.5_3, in addition to the grafted PLA, the PLA
chain is terminated with two isomers. The entire discussion of chemical
shifts and proposed mechanism is presented in the Supplementary
Material.

Thermal analyses with DSC were performed to better understand the
chemical modification, and the results are presented in Table 4. For all
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modified samples, T was shifted to lower temperatures, as well as Ty,
Furthermore, it was possible to observe that the crystallinity also
decreased, mainly for formulation PLA_1.5_3, which presented a higher
increase in molar mass, according to SEC results. Although small dif-
ferences in Tg and Ty, these results can confirm structural modifications,
with the possible insertion of branches, which could increase free vol-
ume and, as a consequence, result in lower T, values, less structural
organization, less perfect crystals, and lower crystallinity, compared to
neat PLA.

Although the M,, and M, values were very similar for the reactions
conducted at the lower peroxide level (PLA_0.5_1 and PLA _0.5_3), the
percentage of acid groups was higher for the PLA 0.5_1, and also the
torque values. Therefore, rheological analyses were carried out in the
steady state and oscillatory regimes to better understand these
differences.

As can be seen from Fig. 8a, the PLA_1.5_3 formulation had a higher
viscosity and a higher first normal stress difference (N1) than the other
formulations at all shear rates; however, it attained a pseudoplastic
behavior at lower shear rates. It is worthwhile to point out that long-
chain branching (LCB) can increase both viscosity and elasticity
(Bianchin et al., 2021) due to the formation of further entanglements.
The earlier attainment of pseudoplastic behavior can be credited to its
higher polydispersity. Therefore, long chain branches were probably
formed by adding 1.5 phr of peroxide and 3 phr of GMA, as it shown in
Fig. 7. However, when comparing the PLA_0.5_1 and PLA_0.5_3 formu-
lations, which have very similar molar masses and polydispersity, it was
observed that the viscosity at the Newtonian plateau (ng) of the
PLA_0.5_1 and the N1 were much higher than of the PLA_0.5_3 formu-
lation. The difference between both formulations is the added amount of
GMA.

The molar masses of those two formulations were very similar. The
molar mass of the PLA_0.5_1 was only 3 % higher than the molar mass of
the PLA_0.5_3 (within the experimental error); however, the n, of
formulation PLA_0.5_1 (approx. 5 X 10* Pa.s) was 416 % higher than the
1o of formulation PLA_0.5_3 (approx. 1.2 X 10* Pa.s). A very slight in-
crease in molar mass would not produce such a high increase in viscosity
(recalling that for linear polymers, 11, ~ M>*). Therefore, the increase in
viscosity and elasticity of the PLA_0.5_1 was due to concurrent reactions
between macroradical recombination and grafting of GMA onto PLA
with subsequent reaction via epoxy group with PLA chain ends. When
the concentration of GMA increased (PLA_0.5_3), the grafting reaction

Low DPC content

/\/\

a)
Low GMA
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c)
High GMA
content
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2
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GMA
B Radical
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occurrence of grafting and
reaction between end of chains

Favoring grafting and reactions
between chain ends with little
chance of radical recombination

Fig. 7. Possible chain structures formed as a result of variation of DCP and GMA concentration during the reactive process, where: a) represents sample 0.5_1; b)
sample 1.5_1 which presented crosslinked structure; c¢) sample 0.5_3 and; d) sample 1.5_3.
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Table 4
Thermal results by DSC analysis.
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Samples Tg Tee Tm AHc (J/8) AHp, (J/8) % crystallinity % maximum crystallinity potential
PLA 0O 60.7 113.7 150.0 23.8 24.8 1.10 23.1
PLA0.51 59.3 116.9 147.4 18.3 189 0.95 189
PLA 0.5_3 57.3 117.4 148.2 20.0 20.3 0.89 20.5
PLA1.53 57.5 121.8 145.5 9.5 9.3 0.81 9.4
a) b)
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Fig. 8. Steady-state shear at T = 180 °C: (a) Viscosity versus shear rate (b) First normal stress difference (N;) versus shear rate.

was predominant. In the latter case, greater free volume is associated
with branching compared to recombination between macroradicals,
which leads to higher viscosities.

To confirm the above-mentioned analyses, rheological analyses were
performed in the oscillatory state, as shown in Fig. 9.

Fig. 9a displays the G’ curves for the studied samples, enabling a
comparative analysis for the different curve behaviors. According to the
literature, linear polymers exhibit a G’ proportional to approximately o?
at low rates on a log-log plot (Han, 2007). As shown in Fig. 9b, the
terminal slope at low rates for neat PLA was 1.3, while for the PLA_0.5_3
sample, it was 1.4. These results indicate minimal branching in the
structure of the latter sample, suggesting that its chain structure is closer
to that of neat PLA. Conversely, the other modified samples demon-
strated slopes between 0.4 and 0.5. Terminal slopes between 1.03 and
1.39 have been reported in the literature for PLA and have been directly
associated with the branched nature of the materials (Nouri et al., 2015),
indicating that these samples possess more complex structures.

As shown in Fig. 9b, PLA 0 0 presented a typical viscous fluid
behavior in low frequencies in the terminal zone. For the modified
samples, tand is lower but still presents a viscous fluid behavior for
sample PLA_0.5_3. For samples PLA_0.5_1 and PLA_1.5_3, values of tand
are low in low frequencies, decreasing to values near 1, forming a
Plateau. These results indicate a likely formation of long chain branches
for these formulations, with higher relaxation times.

Ultimately, the van Gurp-Palmen (vGP) plot and Cole-cole are
commonly used to distinguish between linear and branched polymer
structures (Tiwary et al., 2021). In vGP, the behavior of linear polymers
is characterized by a phase angle & close to 90° at low |G*| values, which
is typical of linear polyethylenes. The extent of deviation from this
behavior is indicative of the presence of branched structures (Wang
etal., 2011). Fig. 9c presents the vGP plot for the samples analyzed. The
graph illustrates that neat PLA exhibits behavior consistent with linear

polymers, displaying a well-defined terminal zone near the 90° phase
angle. However, the modified samples demonstrate a noticeable devia-
tion from this pattern, particularly evident in the PLA_1.5.3 and
PLA _0.5_1 samples, suggesting the presence of branches. At equivalent
values of the complex modulus, these samples exhibit a reduced phase
angle, indicating a less viscous behavior compared to neat PLA. Similar
deviations from the behavior of neat PLA have been observed by other
researchers (P. Li et al., 2021a, 2021b, 2020a).

Cole-Cole analysis (Fig. 9d) suggests the same interpretations, as it is
possible to observe the formation of arcs for PLA_0_0, a typical behavior
of linear polymers (P. Li et al., 2020b). Sample PLA_0.5_3 also presents
an arc form with a bigger radius, indicating a higher molar mass. For
formulations PLA_0.5_1 and PLA_1.5_3, it is not possible to observe the
complete formation of arcs due to their very high relaxation times,
suggesting the formation of long chain branches, making the material
more elastic. Tian et al. also observed the same evidence for long-chain
branch formation (Tian et al., 2006). The authors evaluated the chain
extension of PP during the reactive process with 2,5-dimethyl-2,5(tert-
butylperoxy) hexane peroxide and pentaerythritol triacrylate (PETA).

This analysis allows the correlation of the observed rheological
properties with the different concentrations of GMA and DCP. Given that
all modified samples exhibited higher viscosity and elasticity than neat
PLA, comparisons will be focused only on the modified samples. Three
distinct relationships can be identified between the concentrations of
GMA and DCP to elucidate their respective influences:

e Influence 1 - Increasing in peroxide (PLA_0.5_3 vs. PLA_1.5_3):
There is a significant increase in both complex viscosity and storage
modulus. The substantial deviation observed in the vGP graph in-
dicates the presence of branching structures.

e Influence 2 - Increasing in GMA (PLA_0.51 vs. PLA0.53): A
notable decrease in complex viscosity and storage modulus is
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observed, with the behavior approaching that of linear polymers, as
depicted in the vGP and Cole-Cole graph.

Influence 3 - Increasing in peroxide and GMA (PLA_0.5_1 vs.
PLA_1.5_3): There is an increase in complex viscosity, with a pre-
dominance of storage modulus over loss modulus, suggesting higher
elasticity. The behavior in the vGP and Cole-Cole graph is similar for
both samples, yet both exhibit significant deviations from the
behavior of linear polymers. This suggests the presence of long chain
branches and recombination between macroradicals without the
formation of crosslinking.

Understanding the influence of GMA and DCP on the structure of PLA
and, consequently, the rheological properties of the material, provides
valuable insights into how these factors will impact the cellular struc-
tures of the resulting foams.

3.3. Influence of chemical modification on PLA foams

Finally, to evaluate whether chemical modification varying con-
centration of GMA and peroxide onto PLA would support extensional
deformation caused by decompression of supercritical CO2, samples
were foamed, as described in Methodology, and SEM analysis with low
magnification is presented in Fig. 10. Only formulation PLA_1.5_1 could
not be foamed because it was crosslinked.

In general, the literature presents that chemical modification of PLA
with various chain extenders and/or peroxides results in foams with
more controlled structures due to the increase in melt strength (P. Li
et al., 2021b; Venkatesan et al., 2021). As can be seen in Fig. 10 (at low
magnification), unmodified PLA has large cells with heterogeneous

shapes and misshapen regions where thick cell walls can be seen
(identified by the red circles). The modified samples, on the other hand,
show smaller cell sizes, in which sample PLA_0.5_3 has a more hetero-
geneous morphology when compared to the other two, with ruptured
structures, that lead to large voids, as identified by the red arrows. Less
obviously, sample PLA_1.5_3 also shows heterogeneity in its cell struc-
tures, with larger ruptured cells. In general, sample PLA_0.5_1 shows
smaller cell sizes with greater homogeneity.

These observations were confirmed by the characterization of the
structures. Fig. 11 and Fig. 12 illustrate, respectively, higher magnifi-
cation images (1200x) as well as their respective cell size distributions
and the foam density, cell density values, volume expansion ratio and
average cell size.

As can be seen, the modified PLA was able to produce microcellular
foams, with average sizes of around 15 and 20 pm. According to the
statistical test, all the samples showed a significant difference in size,
including neat PLA.

According to the cell size distribution graphs, it is clear that neat PLA
resulted in cells with larger sizes and a wide distribution, which is a
result of the heterogeneity of the structures. With the addition of the
modifiers, the cells presented a decrease in size, in which sample
PLA_0.5_1 resulted in the smallest average and narrowest distribution.

The statistical test showed that the significant difference between the
densities of the samples is mainly between the modified ones. Following
the same idea as before, it is possible to correlate the structures achieved
to the concentrations of peroxide and GMA.

e Influence 1 — Increase in peroxide (PLA_0.5_3 vs. PLA_1.5_3): in-
crease in VER, decrease in cell size and increase in cell density.
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Fig. 10. SEM images of neat and modified PLA at a magnification of 250x.

o Influence 2 — Increase in GMA (PLA_0.5_1 vs. PLA_0.5_3): decrease
in VER, increase in cell size and decrease in cell density.

e Influence 3 — Increase in peroxide and GMA (PLA_0.5_1 vs.
PLA_1.5_3): Increase in VER, increase in cell size and decrease in cell
density.

It is therefore understood that in Influence 1, the expressive increase
in viscosity and elasticity resulted in an increase in VER and a decrease
in cell size, which increased cell density. Therefore, cell density was
decisive in the material’s foamability. Influence 2, on the other hand,
caused a decrease in VER, which must be the result of the decrease in
viscosity and elasticity of the material, which did not have enough
resistance to prevent the cells from coalescing. As a result, the decrease
in cell density resulted in a decrease in VER. Finally, Influence 3, as well
as Influence 1, also increased VER, but with an increase in cell size,
which must be the result of the increased elasticity of the samples and
the lower degree of heterogeneous nucleation of cells, due to their lower
crystallinity (Pang et al., 2022).

In this context, it is known in the literature that, for semi-crystalline
polymers, crystallization can occur during the gas saturation phase,
which will have a direct influence on the structures formed. It is
therefore essential to investigate the presence of crystals during the
foaming of the material.

In order to understand the role of crystals during the foaming pro-
cess, a DSC analysis of the foams was carried out. All the foamed sam-
ples, including neat PLA, showed an increase in the percentage of
crystallinity after the foaming process (PLA: 31 %; PLA_0.5_1: 30 %;
PLA_0.5_3: 33 %; PLA_1.5_3: 25 %). The PLA_1.5_3 sample showed the
smallest increase in crystallinity, which can be explained by the complex
branched structure due to grafting and possible recombination of mac-
roradicals, which, even with the lubricating effect of sc-CO5, was unable
to organize itself at the same level as the other samples. However, it is
possible to state that, even if in different magnitudes, all the samples had
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a heterogeneous cell nucleation process. This may explain, for example,
why neat PLA was able to expand, even though it had low elasticity in
the melt. According to Li and coauthors (B. Li et al., 2019), increasing
the number of crystals can increase the elastic nature of the material,
reducing cell rupture. For the other modified samples, other factors in-
fluence foaming due to changes in the structure of the material, which
was not the case for neat PLA.

Another observation is that even though the PLA_1.5_3 sample had
the highest storage modulus and viscosity values, the resulting struc-
tures did not have the smallest cell sizes or the narrowest distribution.
This can be explained by the smaller number of crystals present during
saturation with sc-CO,. The lower the concentration of crystals, the
lower the nucleation, so the cells can grow more, which explains the
lower cell density for this sample compared to PLA_0.5_1.

In general, with the observations made, the difference in crystallinity
between the PLA_0.5_1 and PLA_1.5_3 samples seems to have been the
decisive factor in determining the cell structures formed since the ex-
periments were all carried out under the same conditions. The two
samples showed the greatest elasticity and viscosity, but the higher
percentage of crystallinity in the PLA_0.5_1 sample may have been the
reason why the cells showed smaller sizes and a more homogeneous
distribution.

For PLA_0.5_3, crystallinity was the highest among the samples,
which helped with cell nucleation and increased melt strength. How-
ever, the strength was not enough to prevent the cells from coalescing.

These results show that the foaming of polymeric materials is com-
plex and depends on several factors. The same factors will not always
have the same magnitude of contribution (Pang et al., 2022). For the
present study, a relationship could be established between the complex
viscosity of the material and the percentage of crystallinity achieved
during saturation with sc-COg, as seen in Fig. 13.

As can be seen, crystallinity close to 30 % with a complex viscosity of
around 10° Pa resulted in homogeneous structures with small cells and
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closed pores. Chen and colleagues (Chen et al., 2021) analyzed PLA with
different levels of D-isomer to understand the role of crystallinity in
foams. The authors also observed that a minimum crystallinity limit
resulted in closed and homogeneous pore structures, whereas for the low
crystallinity grade, it was between 18 and 24 %. The values for the more
crystalline grade were between 32 and 39 %.

This relationship shows that the increase in complex viscosity and
crystallinity led to the production of suitable structures. However, it is
known that this ratio can only increase up to an optimum condition, as
very high viscosities can make the melt strength too high for the material
to expand (Y. Li et al., 2020), and very high crystallinity can make it
difficult for CO; to dissolve in the material (Li et al., 2017), reducing
foamability.
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4. Conclusions

This paper presented the results obtained from the chemical modi-
fication of PLA by reactive processing, using GMA as the modifying
monomer and DCP as the initiator, and the influence of these modifi-
cations on the PLA chemical structures and foamability.

Concerning the chemical modification, the study showed that there
is competition between reactions during reactive processing, and
depending on the concentrations of the reagents, this competition will
favor the recombination of macroradicals, and/or the formation of
branches, and/or linear reactions.

The presence of DCP isolated at the concentrations studied (0.5 and
1.5 phr) resulted in the sample’s crosslinking; the higher its concentra-
tion, the higher the crosslinking content. This result is due to the large
number of macroradicals formed, which recombine to create a complex
network. However, for most of the samples, the crosslinking decreased
to close to zero when GMA was added at different concentrations.

It is, therefore, clear that there is an optimum relationship between
the concentrations of reagents in which the amount of macroradicals
formed and the amount of GMA available in the medium will dictate the
types of chemical structures that will be formed. Consequently, these
relationships will result in different thermal and rheological properties.

For the production of polymeric foams, in which the presence of long
branches is essential for the material to have high extensional viscosity,
samples 0.5_1 and 1.5_3 resulted in more homogeneous cell structures
when compared to the other samples. This must be due to the presence
of long branches and the recombination of macroradicals, resulting in
high apparent viscosity and elasticity. For the neat PLA and 0.5_3 sam-
ples, which presented the lowest viscosities and rheological behavior
typical of linear polymers, the resulting foams had heterogeneous cells
with thick walls.

The properties resulting from modification with GMA and DCP
cannot be directly related to the final cellular structures formed, as the
crystallization of the material during the CO5 saturation stage will also
influence the process. It can be concluded that crystallinity can favor the
formation of small, homogeneous structures at a given viscosity since
high crystallinity at low viscosities results in large structures with many
coalesced cells. On the other hand, high viscosities hinder the formation
of crystals, reducing bubbles’ nucleation and resulting in larger cells.
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Other factors can influence the process, such as temperature, time,
pressure, among others, however, in this investigation, these factors
were not varied.

Therefore, this study showed that there is an optimum conditions
window that combines viscosity versus crystallinity to achieve mor-
phologies with uniform structures. Understanding the relationship be-
tween polymer properties and the cell structures formed is essential for
determining the properties of the final foam products, which can be
applied in various sectors. In addition, the fact that the material comes
from renewable sources and can biodegrade under composting condi-
tions also helps to mitigate the problems currently faced by the excessive
use of conventional plastic products. Finally, this investigation brings
novelties to the understanding of different chemical structures formed as
different ratios between GMA and DCP are adopted and their influence
on the final cellular structures of modified PLA foams.
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