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Abstract

Various zeolites (4A, Y, 13X) and related fillers (molecular sieves and coal fly ash)
were used to prepare PLA composites and to assess their degrading effect on the
polyester matrix under different processing conditions, at various zeolite/filler load-
ings. In this objective, untreated fillers, as well as washed and thermally activated
zeolites, were used. PLA-zeolite composites were produced by melt-blending step
followed by the evaluation of rheological information and molecular and thermal
characteristics. The degradation of PLA during the preparation and processing of
PLA-zeolite composites, or due to the presence of fillers, was evidenced by specific
analyses (SEC, DSC, TGA, TG-FTIR). PLA degradation was mainly dependent on
the nature of zeolite, filler loading, and thermal and processing history. The results
of the study suggest that a stronger degradation effect is obtained by the addition of
zeolite 4A into PLA (at loading of 5-10%) with respect to other zeolites (e.g., 13X
and Y). It was also revealed the key roles of the temperature and residence time (as
parameters in melt-mixing process), free alkalinity level, and water uptake in deter-
mining the ultimate characteristics of composites. The washing and thermal activa-
tion pretreatments of fillers have diminished in some cases the degradation of PLA
matrix. Finally, the study also highlights the zeolite grades capable of being used to
produce new PLA composites with competitive properties and those that could be of
interest to improve PLA recycling by pyrolysis.
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Introduction

The swift expansion in the production of biopolymers is connected to the
increased demand for new environmentally sustainable products and to the higher
restrictions for the use of polymers with high “carbon footprint” of petrochemical
origin, particularly in packaging, automotive, electrical, and electronics indus-
tries. Recently, as one key alternative and in competition with the petroleum-
based polymers, poly(lactic acid) or polylactide (PLA) was considered as one of
the most promising sustainable candidates for further development. The leading
position of PLA on the market of bio-based polymers is due to its relevant per-
formances (i.e., high tensile strength and stiffness), whereas the biosourced ori-
gin and (in some cases) the properties of biodegradation can represent in specific
applications an additional advantage [1-5]. The last trends and forecasts reveal
also that PLA is more and more appealing, not only for conventional utilization
such as packaging and textile materials, but also for engineering/technical sec-
tors [6]. However, novel grades of PLA and PLA-based materials with improved
performances and higher added value are continuously looked for various appli-
cations. Thus, on the one hand, to reach the end-user demands, the PLA proper-
ties can be tuned up by combining this biopolyester with various polymeric and
non-polymeric dispersed phases: micro- and nanofillers, flame retardants, impact
modifiers, plasticizers, and other additives [1, 3, 5-11]. On the other hand, fol-
lowing the actual industrial progress, the recyclability of PLA is one key aspect
that is recently considered. The production and processing of PLA requires a
considerable amount of energy; thus even compostable and biosourced polymers
should be recycled as much as possible using traditional or non-conventional
techniques [12].

In this context, it is noteworthy reminding that the pyrolysis of waste thermo-
plastics at high temperature (500-850 °C) has been investigated to produce low
molecular weight hydrocarbons as fuels and other chemicals [13-16]. However,
this degradation/pyrolysis process needs a great quantity of energy, and some
solid catalysts have been proposed to decrease the degradation temperature and
energy requirement but increasing the yield of liquid products [17]. Interestingly,
some fillers such as the zeolites are widely used not only to produce material
composites with specific end-use properties having as matrix various polymers
(polyethylene (PE), polypropylene (PP), polystyrene (PS), PLA), but also as solid
catalysts in polymer degradation studies, due to their strong acidity, specific pore
size, and structure effects [18-21].

Zeolites are microporous crystalline hydrated aluminum-silicates, while over
200 synthetic and 40 naturally occurring grades are known [22]. Structurally,
zeolites are aluminum-silicate-based frameworks, which are built on infinitely
extending three-dimensional [A104]5_ and [SiO4]4_ tetrahedral linked to each
other by sharing all the oxygen atoms. Zeolites are known for their remarkable
thermal and chemical stability and are most commonly used in particulate form
as catalysts, detergent builder, ion exchanger, and gas separation media. Personal
hygiene products, such as those used for odor removal and medical applications,
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represent other uses of this versatile, non-toxic, and inexpensive material. All
these applications take the advantage of the uniform microporosity (and even
nanoporosity) of zeolites (0.3—1.3 nm), which allows applications by the separa-
tion/sieving of molecules according to their size with precision of a fraction of
nanometer. Interestingly, new zeolite applications may lie upon their addition into
thermoplastic polymers for reducing odor and VOC emissions [20, 23] but also as
carriers of silver particles to design functional materials assessing strong antibac-
terial activity, among other applications [21, 24, 25].

Still, the use of different types of zeolites as degradation agent of polyolefins
is well documented in the literature [26—30]. The catalytic effect of the zeolites is
attributed not only to their acid strength [27, 28] but also to other structural param-
eters, such as pore structure and size, which could also play a key role [29]. It is
suggested a participation of inner surface of these zeolites in degradation despite
the fact that the reactant molecules are extremely large [28]. The activation energy
of polymer cracking over zeolite is lower compared with other commercial cata-
lysts such as clays [30], resulting in significant decreases of the polymer pyrolysis
temperature.

Regarding the production of new bio-based compounds, it is noteworthy men-
tioning that some studies have been concerned the preparation, characterization, and
thermal degradation of PLA-zeolite composites [31-39]. However, the development
of special formulations of biopolymers is clearly in its early stages compared with
the utilization of conventional polymers. As it was reported in the literature, the
addition of zeolites into bio-based PLA may hold promise for some specific appli-
cations such as packaging systems, e.g., films with controlled permeation selectiv-
ity to CO,/O, [32]. Yuzay et al. [33] reported also the preparation of PLA (94%
L-lactide)—synthetic zeolite (4A, Si/Al=1, pore size of 38—40 nm) composites using
a melt-compounding process and the effects of 4A synthetic zeolites on PLA physi-
cal-mechanical properties. PLA composites containing up to 5 wt% zeolite 4A were
prepared using a microextruder (temperature of melt compounding of 185 °C), and
the mini-injection molding was used to prepare the test specimens for physical and
mechanical characterization. The TEM and SEM images of composites indicated
neither void formation around the zeolite particles nor cavities in the PLA matrix,
indicating the existence of good interfacial adhesion between zeolite and this poly-
ester, assumption which is confirmed also by the mechanical testing. These authors
also reported the preparation of PLA composites containing 5 wt% synthetic (4A,
framework type LTA, Si/Al1.0) and natural (chabazite, CHA, Si/Al 2.4-3.4) zeolites
using the extrusion/injection molding techniques [33]. DSC results revealed that the
glass transition and melting temperatures were not significantly changed. However,
the incorporation of both 4A and chabazite zeolites enhanced the nucleation of PLA
crystallites as well as increased the percent crystallinity. TGA results showed that
at temperatures above 300 °C, PLA—zeolite 4A composites were thermally decom-
posed more easily than the PLA and PLA—chabazite composites.

Gregorova et al. [39] studied viscoelastic properties of mineral-filled PLA com-
posites (produced by solvent casting) using DMA and SEM techniques. The authors
filled PLA with 20 wt% of three minerals: mica, natural zeolite (type not informed),
and vansil, with same size (5 pm) but differing in the particle shape and surface area.

@ Springer



Polymer Bulletin

Both damping reduction and SEM analysis revealed that zeolite was better distributed
in the PLA matrix than other fillers. The interfacial filler/matrix adhesion proved to be
the key factors determining thermal and mechanical properties of reinforced compos-
ite material. Bendahou et al. [35] prepared PLA composites using two zeolites (type
not informed) with micro- and nanosizes doped with copper and PEG as stabilizer, by
melt-mixing process for packaging applications. The two fillers presented similar bar-
rier and antibacterial properties for loading up to 12 wt%. However, better mechanical
and physical properties were observed for nanosize zeolite, ensured only when a PEG
(M., 1000 g/mol) is used for the surface coating of filler.

Ye et al. [34] reported the thermal features and decomposition kinetics of PLA
filled with p-zeolite (BEA, Si/Al 38) using TG/DTG analyses at different heating rates.
The thermal degradation of PLA/B-zeolite composites, produced by solvent casting,
is observed to mainly occur in the temperature range of 550-675 K, with p-zeolite
decreasing the thermal decomposition temperature of PLA.

Hao et al. [37] performed TG/DTA analysis on PLA filled with ZSM-5 zeolite
(MFI, Si/Al 25) at two loadings (10 and 20 wt%) [37, 38] and zeolite HP (BEA, Si/Al)
[38], prepared by solvent casting. While zeolite HP has rendered PLA less thermally
stable, the incorporation of ZSM-5 zeolite has substantially boosted the thermal deg-
radation temperature of PLA. However, this enhancement tends to drop down when
more ZSM-5 zeolite is used (from 10 to 20 wt%). Hao and Zhuang [38] concluded
that the effect of zeolite on thermal degradation of PLA is much more complicated
than expected, and further study is required to understand these thermal decomposition
features.

However, despite the fact that some investigations are dealing with the thermal
degradation of PLA induced by zeolites, studies regarding the uses of these fillers for
improving the feedstock recyclability and/or degradation of PLA were not yet system-
atically addressed.

The aim of this study is to assess the effects of several zeolites and related fillers
(molecular sieves and coal fly ash) on the depolymerization of PLA composites dur-
ing their preparation and processing and in thermal evaluations using specific labora-
tory techniques. For this objective, detailed characterizations of the untreated fillers, as
well as of the washed and thermally activated zeolites, are done. In the perspective of
extrapolation at a larger scale, PLA—zeolite composites are obtained by melt blending
(as one key technique used in industry), and then, the evaluation of molecular, rheologi-
cal, and thermal parameters is performed and discussed. Furthermore, the comparative
characterization has been realized to highlight the zeolite grades able to produce by
melt-blending (MB) composites with competitive properties (molecular, thermal, etc.)
or to induce the degradation of the biopolyester matrix in the perspective of PLA recy-
cling trough a catalytic depolymerization process.
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Experimental
Materials, reagents, and zeolite treatments

Poly(lactic acid), hereafter called PLA, supplier NatureWorks LLC, was a grade
designed for the extrusion of films (4032D) with M, =133,000; dispersity (D,
M, /M =194, M, and M,, being respectively, the weight- and number-average
molar mass expressed in polystyrene equivalent). According to the producer, the
other characteristics are as follows: D isomer content=1.4%; relative viscos-
ity =3.94; residual monomer=0.14%.

Several particles were used to prepare PLA composites including commercial
grades of zeolites Y (Merck), 4A and 13X (IQE, Spain), and molecular sieves (m.s.)
Ag-exchanged (Sigma, 35% Ag), 3A and 5A (Merck), as well as synthesized zeolite
4A (namely 4Apyc [40]). Molecular sieves (m.s.) Ag-exchanged, 3A and 5A pel-
lets (6—8 mesh), were ground in a mortar with a pestle and sieved (<250 pm) and
are referred as 13X-Ag m.s., 3A m.s., and 5SA m.s., respectively. Coal fly ash (CFA)
powder sample, from Brazilian coal combustion plant [41], was also used in some
tests because its composition is similar to zeolites (aluminosilicates). It is interesting
to note that CFA was used a raw material in the synthesis of zeolite 4Ap- and was
reported in the scientific literature by Cardoso et al. [40]. Table 1 gathers the main
characteristics (structures, chemical formulae, pore diameter, etc.) of the zeolites
and molecular sieves used in this work.

Before use, the samples of selected zeolites were pretreated by washing and heat
activation. The washing process (10 g zeolite/250 mL deionized water, stirring by
800 rpm during 90 min at the temperature of 70 °C) was performed to remove the
free alkalinity. The washed zeolites are indicated by the suffix “clean.” The heat acti-
vation (stepwise, thermal treatment in a Nabertherm 3L furnace at 350420 °C, 2 h,
under air) aimed to eliminate water molecules and any other volatile contaminants
present on and inside of zeolites. The “activated” fillers obtained after this process
are indicated by the suffix “act.”

Pellets of NaOH (Merck) were ground in a mortar and sieved (<250 pm) and
then added to the fly ash in the ratio of 1:10. The mixture was homogenized, dried
(105 °C for 2 h), and named CFAy,oy. The sodium hydroxide was added to fly ash
to simulate the free alkalinity of zeolites.

Composites preparation

In this work, PLA—zeolite composites were prepared by melt blending (MB). PLA
was dried in a vacuum oven (at the temperature of 60 °C for 4 h), whereas the fillers
were dried at 105 °C for 2 h, before the preparation of composites. In MB proce-
dure, zeolite fillers and other reactants were added together with PLA pellets at pro-
cessing temperature (Ty;z) of 190 °C under moderate mixing by using a Brabender
bench scale kneader (cam blades). The following specific procedure was used: 2 min
of premixing at 30 rpm speed to avoid an excessive increase in the torque during
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melting of PLA, followed by 5 min of mixing at 60 rpm. For comparison, pristine
PLA was processed under similar conditions of melt compounding. Plates and films
for different characterizations were produced by compression molding at 190 °C by
using an Agila PE20 hydraulic press (program detailed in Supplementary Material,
Table S1).

In the case of PLA-zeolite 4A composites, a second MB experiment was per-
formed with sampling of low quantity of composite (<0.5 g) during the processing
at residence time of 3, 5, and 7 min. Half of the subsamples were processed by com-
pression molding, following the same procedure indicated previously, and both parts
were stored in plastic bags for analysis.

Throughout this contribution, all percentages are given as weight percent (wt%).
All specimens were kept in a laboratory room with controlled temperature and
humidity prior further characterization and testing. The different types of composi-
tions elaborated in the frame of this work are gathered in Table 2.

Characterization

Thermogravimetric analyses (TGA) were performed with TGA Q5000 (TA Instru-
ments) and using a heating ramp of 20 °C min~! under airflow, from room tem-
perature up to 800 °C (platinum pan, 60 cm® min~' airflow rate). The decomposition
temperature (7, from DTG) and the corresponding temperatures where the samples
lost 5% and 50% of their weight were obtained in accordance with ASTM E1131-03.
Tsq was considered as the initial decomposition temperature/the onset of thermal
degradation. The total water content in the samples was estimated from the TGA
data and expressed on a wet basis (as received).

Differential scanning calorimetry (DSC) measurements were performed with
DSC Q2000 (TA Instruments) under nitrogen flow. Samples of 7-10 mg were
non-hermetically sealed in an aluminum pan and heated from room tempera-
ture to 200 °C, cooled to 0 °C, and heated again to 200 °C, all at 10 °C min~!, A
heat—cool-heat cycle was used to evidence the thermal events. Characteristic glass
transition (7}), cold crystallization (7;), and melting (7',,) temperatures are reported
from the second heating run. Crystallinity (y,) was calculated using the following
equation:

(AH, - AH.) 100
AH100% OE—
f

Xe = )]

where AH,, is the enthalpy of melting, AH, is the enthalpy of cold crystallization,
AH}% is the enthalpy of fusion of 100% crystalline PLA (93 J g™!) [42, 43], and w
is the weight fraction of zeolite in the composite [33]. Three specimens were tested
for each composite.

Thermal analysis coupled with Fourier transform infrared spectroscopy (TG-
FTIR) was carried out at a heating rate of 10 °C min™' (from ambient temperature
up to 600 °C) on a TG 209 instrument (NETZSCH, Germany) which was connected
to Tensor 27 FTIR (Bruker, Germany) through stainless steel tubing. Dry nitrogen
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gas with a flow of 60 mL min~! carried the decomposition products through steel

tubing into the gas cell for IR detection. Both the transfer line and the gas cell were
kept at 250 °C to prevent gas condensation. IR spectra were recorded in the spectral
range of 4000-650 cm™! with a 4 cm™! resolution and averaging 8 scans.

X-ray diffraction (XRD) analysis was used for fillers identification using a Phil-
lips PW 1830/PW 1050 apparatus with CuK at 26 angle between 5° and 40°.

Size exclusion chromatography (SEC) was used to determine the molecular
parameters: number and weight-average molar mass expressed in polystyrene equiv-
alent (M, ps) and M, ps), respectively), and the dispersity index (D =M, /M,) of pris-
tine PLA and PLA separated from PLA-zeolite composites. Subsamples were dis-
solved in chloroform (8 mg polymer/4 mL solvent) and filtrated (PTFE membrane,
0.22 um). This analysis was realized with a chromatograph equipped with a Waters
1515 isocratic pump, a Waters 717 autosampler, a series of Waters Styragel columns
(HR4, HR3 and HR2), and a Waters 2414 refractive index detector interface with
Water Breeze software (Waters Inc., Milford, MA, USA).

Scanning electron microscope (SEM) equipped with secondary electron and
backscattered electron detectors (FEI Quanta 200FEG) was used to investigate
zeolites morphology and their distribution in the polymer matrix. Chemical anal-
ysis was performed using a coupled energy-dispersive X-ray spectroscopy (EDX)
analyzer.

Free alkalinity of zeolites was determined in the extracts obtained in the washing
process, by acid titration (0.1 M HCI), and the values were expressed as free Na,O
(%, wt). Granulometric size distributions of fillers were carried out with a laser dif-
fraction particle size analyzer Mastersizer 3000 (Malvern Instruments Ltd) using
water as the medium of dispersion. Vapor water uptake static tests were performed
on the activated powder zeolites in a controlled atmosphere system (20 +2 °C, rela-
tive humidity 85+ 3%), measuring the mass gain of the samples at different time
intervals (from 2 min up to 48 h), and results are expressed on dry basis.

Results and discussion
Fillers characterization and zeolite water uptake as source of PLA degradation

Figure S1 (Supplementary Material) presents the morphology and chemical com-
position as determined by SEM-EDX and granulometric size distribution of the
zeolites (4A, 4Apyc, 13X and Y), molecular sieves (3A m.s., SA m.s, 13X-Ag
m.s), and coal fly ash (CFA) used in this study. Typical crystal morphology of 4A
(cube shape),13X (polyhedron shape), and Y (octahedral shape) zeolites and fly
ash (cenospheres) were observed [44, 45]. On the other hand, m.s. presents less
clear morphology with clusters of smaller particles of different shapes, probably
clays (<2 pm). Zeolites 3A and 5A are obtained by ion exchange of zeolite 4A,
with compensation cations K*, Ca**, and Na*, respectively, and present very similar
cubic shape [46]. However, the m.s. fabrication process (grinding, calcination, and
extrusion) probably modified typical zeolite A structures. For all the fillers, most
of the particles are in the range of 1-10 pm with larger average diameters for m.s.
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(7-32 pm) and CFA (15 pm) compared to zeolites (5-9 um). The only exception
was 13X-Ag m.s. that presented the lowest diameter of particles (3 pm). It should be
noted that the m.s. pellets had to be ground to powder, and the type and amount of
binder should affect both the process of grinding as well as the particle size distri-
bution of these fillers. The multimodal peaks observed (Fig. S1), in contrast to the
single peak of zeolites size distribution, corroborate with this assumption. Following
the zeolite pretreatments (washing and activation) it was observed a slight shift of
granulometric distribution toward lower sizes. This behavior is illustrated for zeolite
4A, with decreases of average diameter from 4.8 +0.5 to 3.9 +0.1 pm after cleaning
and calcination.

The zeolites are materials of high purity, in opposite to the other fillers that are
m.s. which contain, in addition to the zeolite, binder materials. The EDX analyses
put in evidence the heterogeneous chemical composition of m.s. with the presence
of several elements besides zeolite framework components (Si, Al, O and Na as
compensation cation). It was evidenced the presence of K and Ca in 3A m.s. and SA
m.s., respectively, and Ag in the 13X-Ag m.s., which was not surprising because it
is containing about 35% Ag in its composition (according to supplier information).
However, the presence of Fe, Mg, and Ti is not obvious and can be explained by the
presence of binders, such as clays that may contain these elements in their frame-
work. Several clays have been intensively used as fillers to improve PLA properties
[47, 48], and it is possible to suppose that they may influence additionally the action
of zeolites in PLA composites.

The identification and purity of zeolites were confirmed by XRD analysis (Suppl.
Mat., Fig. S2). Unfortunately, it was not possible to identify the type of binders used
on in the preparation of m.s. probably due to their low levels, below the sensitivity of
the XRD technique. The most common binders used in molecular sieves (m.s.) pro-
cessing are clays, selected from attapulgite, palygorskite, kaolin, sepiolite, bentonite,
montmorillonite, and mixtures thereof. The clay content of the bonded m.s. can vary
from as low as 1%, to as high as 40 wt%, although preferred range is 10-25% [49].
In the three tested m.s., the binder contents are more likely in the lower range.

We will concern also some aspects not enough considered up to now and which
need better understanding where is considered the melt mixing of zeolites with a
polyester (PLA) characterized by high water sensitivity. The presence of water, in its
different forms, in zeolite framework could play an important role in PLA composite
production, ulterior processing and in determining the properties of final products,
such as the stability over time. Fillers water percentages were evaluated by TGA
(Suppl. Mat., Fig. S3 (A, B)). It is observed that the water content (on wet basis) is
increasing from 10.5% for Ag-exchanged m.s. up to 23.3% for 13X (Fig. S3B) with
zeolite 4A presenting intermediary content (18.8%). In addition to the large variation
in water content between the studied zeolites, the water molecules are linked to dif-
ferent sites in the zeolite structure through bonds more or less strong. This behavior
is illustrated for zeolite 4A (Fig. S3A, DTG) with the maximum peak at 152 °C and
a secondary peak at 345 °C corresponding to release of water molecules strongly
bound on zeolite. The drying procedure (see experimental section) for removing the
moisture from zeolite (105 °C for 2 h or until constant weight) must be used with
caution. In these conditions, the drying does not completely remove the moisture
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present in the zeolite, and a possible release of water molecules during production of
PLA-zeolite composites may lead to the degradation of polymer matrix. In addition,
some water could remain inside zeolite framework if the processing temperature is
below the activation temperature of complete removal of water. This is the case of
zeolite 4A which is only fully activated at ~450 °C, temperature well above those
traditionally used in PLA composite processing (180-200 °C).

As reported in the literature, the role played by the water molecules present in
the cavities and channels of zeolites appears to be of crucial importance. The pres-
ence of this “H,0 reservoir” and which can be released during the lifetime of the
PLA composites, or in the course of processing as final products, could have pos-
sible undesirable impacts on PLA properties thereof. On the other hand, a water
supply may be useful in post-consumer PLA degradation processes, increasing its
recyclability.

Moreover, it is well known that zeolites, after dehydration by heating, may
undergo a prompt rehydration [50]. Another aspect not taken into account in the
processing of polymers with zeolites is the rapid absorption of water by activated
zeolites. In most of the studies, zeolites are used without prior activation, and when
activated, they are considered completely dehydrated, although is known their great
ability to absorb humidity. In Fig. S4, the water vapor uptakes of activated 13X, Y,
and 4A zeolites, calculated using the initial mass of the dry and activated sample
(0% moisture), are shown. The water uptake is rapid and similar in the first hours
for all zeolites, while the saturation has been observed after several hours. The
final water content (on dry basis) for Y is 29%, which is respectively comparable or
slightly bigger than those for 13X (28%) and 4A (25%). Additionally, in the insert
of Fig. S4, the initial kinetics of water uptake after the first 5 min is shown and an
average increase of 1.2% on zeolites weight was observed. This time was chosen as
representative of the period in which the activated zeolite is in contact with ambient
air before being mixing with the polymeric matrix by MB. Considering the addition
into PLA of a zeolite loading of 5% and any loss of water during processing, the
maximum moisture added to the composite/PLA will be above 600 parts per million
(ppm). This value is much bigger than the one admitted for PLA (<250 ppm mois-
ture according to the supplier recommendation or even below 50 ppm in the case of
PLA processed at high temperature [51]) to avoid the degradation provoked by the
traces of water and to minimize the hydrolysis during melt processing. This result
indicates that even in the case of activated zeolites, because of their quick rehydra-
tion, they could act as degradation agents in PLA—zeolite composites, and therefore,
additional precautions should be taken when they are produced.

Evaluation of rheological parameters during melt blending

The significant influence of zeolites on the rheological behavior of polymer compos-
ites could already be observed during the melt-mixing process [52, 53]. In Fig. 1,
the final torque and stock temperature (7 ), measured in the end (after 7 min) pro-
cessing, are presented. In the presence of a 5% zeolite, great part of fillers tested
provokes a decrease in both the torque and 7T, compared with neat PLA (9.6 Nm,
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Fig. 1 Final torque and stock temperature measured in the end (7 min) of the melt-blending process of
the neat PLA and PLA composites

198 °C). As the torque is directly determined by the viscosity of molten PLA blend,
these results indicate probably the decrease in molecular weights during MB process
following PLA degradation.

However, the effects are quite different: Whereas zeolite 13X induces a slight
decrease in torque (8.4 Nm), zeolite 4A leads to dramatic decrease in this parameter
(final torque of 1.9 Nm), while the m.s. and zeolite Y are presenting an interme-
diate influence (torque in the range 5.6-7.8 Nm). For T . similar behavior was
observed, with significant decreases (of about 10 °C) for PLA—4A composite com-
pared with neat PLA. In Fig. 1 it is also possible to observe that the torque and T
are decreasing in quite good correlation (inversely correlated) with the loading of
the zeolite 4A in PLA composites. However, these correlations are not linear, indi-
cating the complexity of the phenomena involved.

The pretreatments of fillers (i.e., washing and activation) also influence the pro-
cessing parameters of PLA with zeolites. Surprisingly, contrary to the untreated
filler, a significant increase in both torque and T, Was observed for the composite
containing washed zeolite 4A (4A clean). Still higher values for torque (9.4 Nm) and
Tyok (194 °C) were observed for the composite containing zeolite 4A previously
activated (4A act.). Similar behavior was observed for activated zeolites 13X and Y.
It should be noted the highest measured torque (15.7 N.m) was achieved for zeolite
13X act., a value 60% higher than those observed for neat PLA processed under
similar conditions. Moreover, this result is well supported by the characterization of
molecular parameters, which is reported in the next section.

As previously indicated in the literature [40, 41], coal fly ash (CFA) was tested
because it presents a certain similarity with the zeolites and is raw material for the
hydrothermal synthesis of zeolite 4Ap. The presence of fly ash in the composite
with PLA causes no change in torque and T, at least 5% filler loading. However,
when mixing with small amount (10:1 fly ash/alkali) of powder NaOH (<250 pm,
CFAy,0n)- the fly ash causes a strong decrease in both torque (2.4 Nm) and T
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(191 °C). The addition of alkali was considered because the zeolites are synthesized
in strongly alkaline medium (usually NaOH), and even after intense washing, zeo-
lite could keep a residual alkalinity. Some authors suggest the acceleration of PLA
degradation in the presence of an alkaline medium [54]. These results are leading to
the statement that the residual alkalinity of zeolites could participate, in a greater or
lesser extent, to PLA degradation during melt-mixing process (details in the section
Filler free alkalinity as source of PLA degradation).

These results suggest that zeolite 4A causes the most intense degradation of
PLA among the fillers tested. Furthermore, based on these findings, different pro-
cessing temperatures were tested (from 180 to 230 °C) to study the degradation of
PLA composites containing this zeolite (i.e., 4A). The behaviors of the torque and
Tock are shown in Fig. 2. Filler loading in composites was 5%, except for the test at
230 °C, for which a smaller amount of zeolite 4A (1%) had to be used because of the
full fluidization and advanced degradation of the blend at higher zeolite content. As
expected, higher temperatures result in lower torque values, while the T, follow
the profiles of processing temperature. However, the effect of zeolite on the decrease
in torque and melt viscosity is clearly seen by comparing to the neat PLA.

Molar mass modification during PLA processing

It is worth recalling that the polyester-based matrix (i.e., PLA) is very sensitive dur-
ing processing to the high temperature, shearing and hydrolysis, thus supplemen-
tary measures should be used to limit its degradation. The possible PLA degrada-
tion, or in some cases its depolymerization, due to the presence of zeolites, was also
assessed by the analysis of molecular parameters. The evolution of M, and disper-
sity (M,,/M.,) of neat PLA and PLA composites (at 5% filler loading) are shown in
Fig. 3. Zeolite 4A without pretreatment presents a high degradation capacity (~90%

10 - r 230
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OPLA + 5% 4A /'...-' L 220
8 1 ”a o
. L2l F210 2
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Melt-blending temperature (°C)
Fig.2 Final torque and temperature measured in the end (7 min) of the melt-blending process of the neat

PLA (gray color) and PLA-zeolite 4A composites (white color). The filler loading was 5%, except for
test at 230 °C where a lower loading must be used (1%)
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Fig.3 Molar mass (M,) and dispersity index (M, /M,) for neat PLA and PLA composites produced using
5% loading of different fillers. Lines used as guide to indicate the values for the neat PLA

decrease in M, compared to the unfilled PLA processed in similar conditions), even
in relative low loading (at 5% filler in composite). The washing process, used to
decrease the free alkalinity of zeolites, and thermal activation partially decrease this
capacity to 80% and 60%, respectively. This behavior is different for zeolite 13X that
leads to a lower diminishing of PLA molecular weights (a reduction in M, of only
18%). Furthermore, the previous zeolite cleaning decreases even more the degrading
effect of this filler (i.e., decrease in M, of only 13%). Moreover, somewhat surpris-
ing, the 13X act.(thermally activated zeolite) presents an unexpected behavior; the
SEC data reveal a slight increase in PLA molar mass, an aspect that will be discussed
in the next section. The dispersity index (Fig. 3) did not present a clear tendency, but
the increases in filler loading (not shown here) seems to augment it, rather in good
correlation with the level of PLA degradation. The m.s. tested presented intermedi-
ate degradation capacity. Finally, under the considered experimental conditions and
using the MB approach, based on the molecular characterizations, the degrading
effect of zeolites is decreasing as follows: 4Apc & 4A > CFA, o> 4A clean > 4A
act.>Y>3A m.s.>5A m.s.> 13X > 13X clean > 13X-Ag m.s.>Y act> CFA.

The degradation effect of zeolite 4A on PLA composites was also evaluated for
different MB temperatures, as indicated in Table S2, which shows the M, and dis-
persity of neat PLA and their counterparts processed at 190 °C (5% zeolite), 210 °C
(5% zeolite), and 230 °C (1% zeolite). The smaller amount of zeolite 4A for the
composite processed at 230 °C had to be used because processing problems, as
previously explained. As expected, the increase in processing temperature causes a
decrease in the M, of both the neat PLA and composites. However, a more intense
decrease in M, for the composites (15% and 30%) than for the neat PLA (5% and
20%) is observed at higher processing temperatures (210 and 230 °C), reinforcing
the important role of the filler in the degradation of the polymermatrix.

Furthermore, the influence of filler loading on PLA molar mass was studied for
two zeolites (4A and 13X) and a molecular sieve (13X-Ag m.s.), and the results are
shown in Fig. 4. These fillers were chosen as representative of the different behav-
iors previously observed. Moderate linear decreases in M, correlated with filler
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loading was observed for the composites containing zeolite 13X and molecular sieve
13X-Ag m.s. at higher tested loading (9—10%) the M, decreases by 32-46%. The
similar behavior for these fillers is probably due to their same zeolitic framework
structure type (FAU—Faujasite). On the other hand, the molar mass of PLA from
composites significantly falls in the presence of zeolite 4A. The greatest loss of M,
(about 92%) was initially observed for 5% loading. Supplementary additions of the
zeolite 4A did not cause further M, loss, at least for loading up to 10%.

Moreover, it is noteworthy mentioning that the influence of the overall processing
(MB at 210 °C and subsequent hot pressing) on the modification of PLA molecu-
lar weights by degradation was studied at different residence time. PLA compos-
ites (with 5% zeolite 4A) were divided into two subsamples: One was subjected to
standard compression molding procedure, while the other was not (indicated as “not
pressed”). The evolutions of M, of neat PLA and PLA—zeolite 4A composites after
3, 5, and 7 min of processing (i.e., MB at 210 °C) are shown in Fig. 5. The results
indicated a significant decrease in M, with the composite processing time. The sub-
sequent compression molding has an important role being responsible for about 30%
supplementary M, decrease (total reduction about 89%) at the end of processing
of the composite with the highest residence time (7 min), when compared to M,
of the neat PLA. These results suggest the strong degradation potential of zeolite
4A and the key role of the temperature as parameter, and thus the MB and ulterior
processing should be evaluated carefully for the proper preparation of PLA-zeolite
composites.

Finally, the results obtained using 4A allow to assume that this specific zeolite
could be a product of interest in the chemical recycling of PLA by pyrolysis at high
temperature (see the last section of this paper). They could represent an alterna-
tive to alkali earth metal oxides (CaO, MgO), ZnO, and other Zn compounds, e.g.,
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stannous 2-ethylhexanoate, etc., already known to catalyze the depolymerization of
PLA [9, 55, 56].

Thermal properties of PLA-zeolite composites

Table 2 summarizes the results obtained following the thermal characterizations
(DSC and TGA) of neat PLA and PLA-zeolite composites. The glass transition
(Tg), cold crystallization (7,) and melting (7)) temperatures were not significantly
affected by the m.s.13X-Ag and zeolites 13X and Y. On the other hand, the presence
of zeolite 4A slightly decreases all temperatures, with more significant diminutions
at high zeolite loading (i.e., 10 wt%). The decrease in T, suggests that zeolite 4A
may enhance the nucleation of PLA [33], but it is not excluded the influence of other
factors, such as the formation of polymeric chains of lower molecular weights able
to induce PLA crystallization at lower temperature. In addition, while neat PLA is
nearly amorphous (degree of crystallinity about 3%), PLA—zeolite 4A composites
show slightly higher percentages of crystallinity (8—10%). It is also noteworthy men-
tioning that the bimodal peaks of melting endotherms were recorded for great part
of samples. As reported in other studies [32, 33, 43, 57], they can be attributed to
several reasons, linked from crystal structures to processing conditions.

The thermal stability of PLA composites is greatly influenced by the nature of
zeolites. Again, there are different behaviors among the tested fillers, with zeolite
4A causing the greatest decrease in the characteristic temperatures (7’5o, T50q and
Tp). It is noteworthy that despite the worsening of stability, zeolite 4Apyc, syn-
thetized using fly ash, presented a better thermal performance than its commercial
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counterpart. Moreover, zeolite 13X induces a slight improvement in thermal perfor-
mance of the respective composite. The other fillers had an intermediate behavior.

Regarding the influence of filler percentage, there is a decrease in the thermal sta-
bility of PLA—zeolite 4A composites with the increase in filler loading up to 7.5%.
For higher amount (e.g., 10%), the characteristic temperatures keep the same level.
Less significant variations were observed with the changing of the loading of zeolite
13X and m.s.13X-Ag. The washing and activation procedures of zeolite 4A improve
significantly the thermal stability of composites. These results reinforce some data
presented above. However, no clear trends were observed for the set of studied com-
posites (Table 2).

Thus, for facility in the interpretation of data, a new approach is proposed based
on the difference between the onset of thermal degradation (7q) of the composites
and neat PLA (AT). The degradation ratio, calculated by the division of the molar
masses of composite and neat PLA, was plotted in function of this new parameter
(Fig. 6). Composites with activated zeolites are above the trend line, having higher
thermal stability when compared to their not-activated counterparts (see also Fig.
S5). The zeolite 13X does not significantly change thermal stability of the compos-
ite causing only a marginal degradation. Even a small but measurable increase in M,
was observed for 13X act. filler (Fig. 8). The zeolite 4Apy, produced from coal fly
ash (CFA sample), causes a smaller decrease in thermal stability of the composite
when compared to similar commercial zeolites 4A (decrease in Tsq by 50 °C and
80 °C, respectively). This result was not expected because 4Apy; induced the high-
est decrease in M,, among all tested fillers, which would suggest a greater decrease
in thermal stability of its composite (Table 2).
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Fig.6 Correlation of PLA degradation, estimated by the ratio M, PLA composite/M, neat PLA, and the
difference between onset temperature (AT) taken as T, of PLA composite and neat PLA samples
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Filler free alkalinity as source of PLA degradation

The previous results suggest that other additional factors than the structure and com-
position of the zeolite should intervene in the degradation of PLA composites. For
instance, Yuzay and collaborators [33] observed the degradation of PLA in the pres-
ence of zeolite 4A, while somewhat surprisingly, natural zeolite (chabazite) is not
degrading the polymer. These authors reported the production by MB of PLA-zeo-
lite 4A composites (up to 5% filler) and realization of films characterized by good
mechanical properties. However, these authors did not attempt to explain the reasons
for this remarkable difference in the behavior of these zeolites, so similar in many
ways.

As shown in the introductive part, there are several reports regarding the degra-
dation of polymers (PP, PE, PET, etc.) induced by zeolites as residual catalysts or
added as filler. In many cases, the degradation is explained in function of the acid
sites and presents on the zeolites surface and inside of their framework. Correla-
tions between the intensity of degradation and zeolite types have been suggested to
explain this complex issue. In most of the cases, the different acidities among zeo-
lites are pointed out as the major factor for polymer degradation. However, the acid
sites are located inside the cage of zeolites, which hinders the access of large mol-
ecules such as PLA. It is reasonable to assume that if depolymerization occurs only
in these acid sites, the process would be slow and would not lead to a significant
decrease in M. This is not the case for some tested fillers tested, and especially for
zeolite 4A. This suggests that other factors must be taken into account, among them,
the residual alkalinity should be also considered.

One aspect less studied is the presence of alkalinity on zeolites surface, following
the synthesis, which is mediated by concentrated alkali and not completely elimi-
nated by washing processes. Thus, this parameter needs further consideration in
the perspective of MB with PLA. A simple analysis to evaluate the “free” alkalin-
ity effect of the zeolites was performed, following a standard test used in industry
(kindly suggested by IQE, Spain). In Fig. 7, the correlation between free alkalinity
of zeolites and degradation ratio, estimated by the decreasing of M, of the compos-
ite compared to M, of the neat PLA, is presented. The data used correspond to a
zeolite loading of 5% (4A and 13X) and 6% (13X-Ag m.s.). Two distinct behaviors
have been seen (Fig. 7 Frames I and II), the most advanced degradation correspond-
ing to zeolites characterized by high free alkalinity (zeolite 4A products, Frame I).
The decrease in PLA molecular weights by zeolites was found as following this
order: I (4Apyc =~ 4A>4A act>4A clean) > II (Y >3A m.s.>5A m.s. > 13X > 13X
clean. > Ag-exc. m.s.> 13X act). Accordingly, the level of “free alkalinity” could
be a significant parameter that can explain the degradation of PLA, as clearly evi-
denced in the case of zeolites 4A having different treatments.

Furthermore, connected to the recycling of PLA wastes, it is important to precise
that on the one hand, the alcoholic solutions of both, alkali metal hydroxides and
alkali metal carbonates, were found to be able to depolymerize PLA and to provide
high quality lactic acid monomers in high yield [58]. On the other hand, most peo-
ple agree that the degradation of PLA and its oligomers is faster in solutions with
elevated pH, while the presence of terminal hydroxy groups was found to accelerate
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this process [59]. The suggested degradation mechanism (Fig. 8) is ascribed to the
intramolecular backbiting reaction from hydroxyl chain end leading to the formation
of lactide and oligomers of lower molecular weights.

Gaseous products evolved under dynamic heating during the thermal
degradation of PLA-zeolite composites

Figure 9 shows the traditional mechanism ascribed to the degradation of PLA by

pyrolysis. It has been reported that the PLA thermal degradation is a complex
phenomenon which predominantly consists of random main-chain scission and

Alkaline medium

%
R(‘o/uﬁ/ O\g/L}nOH + 0% ‘o{:o + OH

Fig.8 Suggested mechanism to illustrate the degradation by backbiting of PLA and its oligomers in
alkaline medium to form lactide. Adapted with permission from: Xu L, Crawford K, Gorman CB (2011)
[54]. Copyright (2011) American Chemical Society
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unzipping depolymerization reactions [60, 61]. The random degradation involves
intramolecular and intermolecular transesterifications, cis-elimination, other reac-
tions, such as of hydrolysis or oxidative degradation. Besides, it is agreed that the
dominant reactions of thermal degradation are the intramolecular and intermolecu-
lar transesterifications leading to cyclic oligomers of lactic acid and lactide [62, 63].
Unzipping depolymerization (backbiting degradation) is evidenced when terminal
hydroxyl groups became more concentrated [64].

The hydrolytic degradation must be also considerate as a competitive reac-
tion depending on the water content, and certainly plays an important role in the
PLA-zeolite composites. The high hydrophilic character of zeolites tested in this
study and their rapid rehydratation indicate the presence of water on composite at
not negligible levels. The observed strong influence of residual alkalinity of the zeo-
lite on PLA thermal degradation suggests the important role of solid base in this
process. Similar behavior was observed in the thermal degradation of polystyrene
using solid bases that have been more effective catalysts than solid acids, such as
zeolite HSM-5 [65]. It is noteworthy also to mention that almost all PLA active

@ Springer



Polymer Bulletin

chain end groups, residual monomer, and polymerization catalysts (e.g., Sn deriv-
atives), residual metals such those from zeolites (Ca, Mg, Al, etc.) are known to
accelerate the thermal degradation of PLA [66, 67].

The complex PLA thermal degradation mechanism generates, besides oligomers
of lactic acid and lactide, other degradation products such as CO, CO,, acetalde-
hyde, and methyl ketone [62, 68]. The presence of these degradation byproducts was
confirmed for both PLA and PLA composites.

In this study, the PLA composite thermal degradation was evaluated by TGA
coupled to a FTIR detector that permitted the determination of the volatile sub-prod-
ucts generated. The 3D TG-FTIR spectra obtained at heating rate of 10 °C min~! are
presented in Fig. 10 and Fig S6 (Suppl. Mat.). For all samples tested, it is observed
the greatest volatile compounds release in the range of 2000-2400 s that correspond
to the interval of temperatures 275-390 °C. After that time, a gradual decrease in
absorption bands is observed.

Figure 10 shows the comparative FTIR spectra obtained during TGA of both,
neat PLA (Fig. 10a, c) and PLA-zeolite 4A composites (Fig. 10b, d), produced
by MB at 190 °C and 230 °C. All samples have the same absorption bands but
with different intensities. More specifically, zeolite 4A is found to significantly

(a)

Y[Absorbance Units]
Y[Absorbance Units]
o
5}

0.00
3000

Z[Seconds] 1000

—~
(=}
~

0.20
0.10 0.15

010
005

Y[Absorbance Units]

005

Y[Absorbance Units]

0.00 %

T 3|3n|3 N

oo

-
muiwé\‘e““«\ Z[Seconds]
BN

Fig. 10 3D-FTIR spectra of the evolved gaseous products (N, flow 10 °C min~') of a neat PLA and b
PLA-5% zeolite 4A composite processed at Ty;z of 190 °C; ¢ neat PLA and d PLA-1% zeolite 4A pro-
cessed at Ty of 230 °C
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promote the generation of volatile compounds. For example, the most intense
band (1761 cm™') increased 2.5 and 4.4 times in the composites produced at
190 °C and 230 °C, respectively, when compared to the neat PLA. These results
are expected by considering the dramatic decrease observed in M, of composites
compared to the neat PLA prepared at similar temperatures (Table S2).

The FTIR spectrum obtained at the maximum evolution gas products rate
(365 °C) during the thermal degradation of PLA-1% zeolite 4A composite (pro-
cessed at 230 °C) are shown in Fig. 11a. This composite was chosen because pre-
sent the most intense degradation (Table S2). The most intense peak at 1761 cm™!
is attributed to aldehyde group that also present characteristic peaks at 2730 cm™",
corresponding to the C=0O band stretching vibration and the aldehydic C-H
stretching vibration, respectively [10, 57, 68—71]. Other characteristics peaks of
CO, (2355 cm™! and 2318 cm™!), CO (2168 cm™! and 2098 cm™'), and aliphatic
esters (1761 cm™" and 1111 cm™") are also present in different intensities.
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Fig. 11 FTIR spectra of gaseous products evolved by TGA analysis at a 365 °C and b in the tempera-

ture range 280-500 °C for PLA-4A composite (1%, Ty 230 °C) using N, flow and a heating rate of
10 °C min™"
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For a better understanding of the process regarding the formation of these prod-
ucts, the spectra of gas products at different temperatures (280 °C up to 500 °C) are
plotted in Fig. 11b. The carbonyl compounds are the main products obtained fol-
lowing PLA-zeolite composite thermal degradation and their trends are like that of
CO and of species containing aliphatic esters. The presence of these compounds can
be clearly observed from 320 °C with an increase up to 365 °C, and after, a simi-
lar decline for higher temperatures. At the beginning of the pyrolysis, the CO, fol-
lows the same trend, but the intensity of characteristic peaks continues to accentuate
with the increase in temperature. At the maximum evaluated temperature (500 °C),
CO, becomes the main product of degradation, which is attributed to the PLA chain
homolysis [70-72].

In Fig. S6 (Suppl. Mat.), the FTIR spectra of gaseous products evolved by PLA
composites filled with different zeolites (13X, 4A and Y) are also shown. For
instance, similar profiles were observed indicating that the same volatile sub-prod-
ucts are generated by the three composites despite the very different behaviors previ-
ously discussed.

Finally, it is assumed that an isothermal heating program and even lower temper-
atures of testing than those of T (e.g., 250-300 °C) in association with other tech-
niques of analysis (e.g., pyrolysis—gas chromatograph/mass spectra—Py-GC/MS)
can lead to more specific results compared with the dynamic heating using TGA.

Conclusions

In this work, a screening of different types of zeolites and molecular sieves, contain-
ing zeolites, as well as a coal fly ash, was performed with the objective to evalu-
ate their influence on PLA catalytic depolymerization during composites prepara-
tion and processing. In addition, the thermal stability of the resulting composites
was also studied in the perspective of elaboration of PLA composites with recycling
ability through a catalytic depolymerization process.

More specifically, several amounts of zeolites exhibiting different chemical com-
positions (4A, Y, 3A m.s., SA m.s., 13X, 13X Ag m.s. and CFA) and various size
distributions were tested with a PLA matrix under different processing conditions
and the evaluation of the molecular, rheological, and thermal parameters of the elab-
orated PLA composites was performed.

The results of this work show that the PLA molar mass reduction upon processing
and the state of thermal degradation induced by zeolite fillers is mainly related to the
nature of the zeolite. More specifically, increased degradation of PLA was observed
in the following order: 4A>>Y >3A m.s.>5A m.s.> 13X > 13X Ag m.s. > CFA.

Interestingly, the washing and pretreatments of zeolites were found to diminish
in some cases their degradation capacity during their processing with PLA. The
decrease in free alkalinity may explain the effect of the washing for polymer stabil-
ity, especially in the case of zeolite 4A for which the activation appears to induce a
more complex change in the zeolite reactivity toward PLA. The results of the study
suggest that the stronger degradation potential is achieved for untreated zeolite 4A
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which seems a product of interest for the chemical recycling of PLA by pyrolysis at
high temperature.
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