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Abstract. In this work the effect of multiple reprocessing was studied on molecular structure, morphology and properties
of poly(lactic acid)/hydrotalcites (PLA/HT) nanocomposites compared to neat PLA. In addition, the influence of two different
kinds of HT – organically modified (OM-HT) and unmodified (U-HT) – was evaluated. Thermo-mechanical degradation
was induced by means of ﬁve subsequent extrusion cycles. The performance of the recycled materials was investigated by
mechanical and rheological tests, differential scanning calorimetry (DSC), intrinsic viscosity measurements and SEM observation.
The results indicated that the best morphology was achieved in the systems incorporating OM-HT. On increasing the extrusion
reprocessing cycles, the properties showed behavior due to two opposite effects: i) chain scission due to thermo-mechanical
degradation and ii) filler dispersion effect resulting from multiple processing. In particular, at low reprocessing cycles, both
tensile and rheological properties seem to be mainly affected by HT dispersion, especially when OM-HT was added. After
five reprocessing cycles, on the contrary, chain scission, i.e. thermo-mechanical degradation, dominated.
As regards the effect of the presence of organic modifier in HT, the results indicated that this variable apparently did not
affect the macroscopic performance of the nanocomposites, especially at high reprocessing cycles.
Keywords: recycling, nanocomposites, PLA, hydrotalcites, melt processing

1. Introduction

represent an easy and low cost method [12, 13].
Among biodegradable polymers, poly(lactic acid)
(PLA) gained much attention thanks to its interesting
properties including good processability, mechanical
properties and performance, making it a good candidate for replacing commodities, e.g. in food packaging. Recently, polymer nanocomposites, have received a great interest because they exhibit good
mechanical, thermal and barrier properties [14, 15].
Due to the growing market of nanocomposites, the
scientific literature has currently studied the effect
of reprocessing of the nanocomposites based on conventional polymers [13, 16–19]. Moreover, several
studies investigated the effect of the reprocessing on
the properties of neat biodegradable polymers, such

In the last few decades, in order to minimize waste
and environmental pollution, both the scientific community and the industries have widely paid attention
to recycling oil-derived polymers [1, 2]. Besides recycling, the use of biodegradable polymers is rising
as an alternative solution [3, 4]. However, the replacement of conventional polymers with biodegradable polymers cannot be the only way to reduce the
accumulation of plastic materials in landfills. Several
papers also investigated the possibility to recycle
biodegradable polymers in order to reduce the environmental impact related to the life cycle of biodegradable polymer-based items [5–11]. Among the
different recycling routes, mechanical reprocessing
*
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as PLA [5, 6, 8, 20]. However, recycling of PLA-based
biodegradable nanocomposites was not been investigated in depth so far.
PLA is susceptible to thermo-degradation during
melt processing operations [20, 21]. For this purpose, the study of thermo-mechanical degradative
phenomena associated to its re-processing [20, 22,
23] is of great concern in order to assess the possibility of recycling PLA-based nanocomposites. To
enhance some properties of PLA, such as mechanical and gas barrier properties and to extend its use
in food packaging applications, small amounts of
nanoparticles can be loaded in the matrix [24]. For
this purpose, in this work, we used hydrotalcites
(HT) as nanofiller. HT consist of positively charged
brucite-like infinite layers, where trivalent cations
replace a fraction of the bivalent cations in octahedral coordination. The positive charge of the layers
is balanced by intercalated hydrated anions [25]. Unmodified HT, as well as commercial or ad hoc modified HT, have been extensively used as filler for
PLA based nanocomposites [26–31]. Nevertheless, to
the best of our knowledge no work investigated how
the reprocessing affects the properties of PLA/HT
nanocomposites.
This work aims to evaluate the effect of reprocessing
on molecular structure, morphology and properties
of PLA reinforced with HT compared to the neat polymeric matrix. For this purpose, mechanical recycling
was carried out by means of five subsequent extrusion cycles. Two different types of HT – organically
modified (OM-HT) and unmodified (U-HT) – were
used. Scanning electron microscopy (SEM), intrinsic
viscosity measurements, thermal, rheological and
mechanical tests are performed on the reprocessed
materials.

Akzo Nobel, Amsterdam, The Netherlands, modifier
content = 55 wt%).
In a previous work [32], OM-HT was characterized
by Fourier transform infrared spectroscopy (FT-IR)
and thermogravimetric analysis (TGA) and it was
shown that it is most likely modified with stearate and
palmitate anions and the amount of adsorbed/free
surfactant molecules is low (roughly 3 wt%).
Tetrahydrofuran (THF) is purchased by Sigma Aldrich
(St. Louis, USA).

2.2. Materials preparation
2.2.1. Nanocomposites preparation
Nanocomposites (containing 5 wt% of filler) were prepared in a co-rotating twin-screw extruder (type EBV
19/35 D, OMC, Saronno, Italy). Mechanically mixed
polymer pellets and HT were poured inside the feeder at a rotational speed of 16 rpm and processed at a
screw rotational speed of 220 rpm. The extruder
temperature proﬁle adopted was 180–190–190–200–
200–200–190 °C. For comparison, neat PLA was
processed under the same conditions adopted for the
nanocomposites. Then, the obtained materials were
pelletized for further characterization and/or reprocessing.
In order to prevent possible hydrolytic scission of
the matrix during processing, both PLA and HT were
preventively dried overnight under vacuum at 90 and
110 °C, respectively.
2.2.2. Reprocessing
Reprocessing was carried out using a single screw
extruder (Thermo Scientific HAAKE PolyLab QC,
Karlsruhe, Germany) up to five subsequent extrusion
cycles. The temperature profile was set to 180–190–
200–190 °C while the screw rotational speed was
50 rpm. For comparison, reprocessing was carried out
both on PLA nanocomposites and on neat PLA under
the same conditions. Before each step, the materials
were dried overnight under vacuum at 90 °C, in order
to prevent phenomena of hydrolytic chain scission.
The molten material coming out from the extruder
die was cooled in air and afterwards pelletized to be
used for further characterizations. After each further
extrusion process, an amount of the material was kept
for analysis. The sample codes, the compositions and
the reprocessing step of all the investigated materials
are reported in Table 1.

2. Experimental
2.1. Materials
PLA (Ingeo™ Biopolymer 4032D, NatureWorks,
Minnetonka, Minn., USA) is an extrusion grade with
melt flow rate (MFR) of 7 g/10 min (210°C, 2.16 kg),
density of 1.24 g/cm3 and melting point of 155–
170 °C.
The nanofillers are two commercial samples of HT.
The first is an unmodified hydrotalcite (U-HT)
(Perkalite LD, Akzo Nobel, Amsterdam, The Netherlands), the second is organically modified with hydrogenated fat acids (OM-HT) (Perkalite F100S,
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Table 1. Sample code, composition and reprocessing step of
all the materials investigated in this work
Code sample
PLA R0
PLA R1
PLA R3
PLA R5
PLA + OM-HT R0
PLA + OM-HT R1
PLA + OM-HT R3
PLA + OM-HT R5
PLA + U-HT R0
PLA + U-HT R1
PLA + U-HT R3
PLA + U-HT R5

(20 mL/min). Samples underwent a heating/cooling/heating program in the temperature range 30–
200 °C. The heating rate was 10 °C/min and the cooling rate was 40 °C/min.
The crystallinity (χ) of PLA and its nanocomposites
was calculated by Equation (1):

PLA OM-HT U-HT
Processing
[wt%] [wt%] [wt%]
100
–
–
Extrusion
100
–
–
Recycle-1
100
–
–
Recycle-3
100
–
–
Recycle-5
95
5
–
Extrusion
95
5
–
Recycle-1
95
5
–
Recycle-3
95
5
–
Recycle-5
95
–
5
Extrusion
95
–
5
Recycle-1
95
–
5
Recycle-3
95
–
5
Recycle-5

|=

DHm - DHcc
$ 100
0
DH m

(1)

where ΔHm and ΔHcc are, respectively, the melting
enthalpy and the cold crystallization enthalpy of the
sample; ΔH0m is the melting enthalpy of 100% crystalline PLA (93.7 J/g) [33].
Enthalpy values found for nanocomposites were normalized on the actual amount of polymer involved
in the thermal transition, being hydrotalcites not involved in melting/crystallization processes.

2.3. Characterizations
Scanning Electron Microscopy (SEM)
The morphology of the extruded nanocomposites was
analyzed by scanning electron microscopy (Quanta
200 ESEM, FEI, Hillsboro, Oregon USA). Images
were taken in secondary electron imaging mode by
using an accelerating voltage of 10.0 kV, spot size 4
at a working distance of 12 mm. Each sample was
fractured in liquid nitrogen and then sputter-coated
with a thin layer of gold under argon atmosphere for
120 s (Scancoat Six, Edwards, Crawley, United Kingdom.) in order to avoid electrostatic charging during
the analysis. Considering that under the used conditions the sputter coater deposition is about 8/9 nm/min,
the estimated thickness of sputtered gold layer is
about 17 nm.

Mechanical properties
Tensile tests of the processed materials were carried
out using a universal testing machine (Instron model
3365, Torino, Italy). The specimens (rectangular
shaped 90×10 mm) were cut off from sheets (thickness about 0.5 mm) obtained by compression molding at 190°C and 100 bar using a Carver (Wabash, IN,
USA) laboratory press. The initial crosshead speed
was 1 mm/min. When the displacement was 1 mm,
the crosshead speed was increased to 10 mm/min until
break. A minimum of 7 specimens were averaged for
each material.
Viscometry
The intrinsic viscosity [η] was measured by means of
a iVisc Capillary Viscometer LMV 830 (Lauda Proline PV 15, Lauda-Königshofen, Germany) instrument
equipped with a Ubbelohde (K = 0.009676) capillary
viscometer in an oil bath thermostated at 35 °C.
In order to prepare the solution at the concentration
of 0.2 wt%, each material was dissolved in THF
under stirring at 50 °C for 1 hour.
Flow time measurements were performed in triplicate for each sample until the standard deviation was
below 0.5 s.
The intrinsic viscosity values was calculated according to Solomom-Ciuta by Equation (2) [34]:

Rheological properties
The rheological characterization was performed using
a plate–plate rotational rheometer (HAAKE MARS,
Thermo Scientific, Waltham, MA, USA), operating
at 190 °C. The instrument has been set to operate in
frequency sweep mode in the range 0.1–500 rad/s
with a strain of 5%. Before testing, the samples were
vacuum dried overnight at 90 °C.
Specimens for rheological characterizations were
obtained by compression molding at 190 °C and
100 bar using a Carver (Wabash, IN, USA.) laboratory press.
Differential scanning calorimetry
Thermal properties of the processed materials were
studied using a differential scanning calorimeter
(Perkin Elmer DSC 7, Waltham, MA, USA). The experiments were performed under N2 gas ﬂow

"h% =

2
c hsp - ln h rel

(2)

where c is the concentration of the polymer solution,
η, ηsp and ηrel are, respectively, intrinsic, specific and
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relative viscosity. The solution viscosity of each
sample was obtained by averaging 5 flow measurements. The viscosimetric molecular weight (Mv) was
calculated using the Mark-Houwink’s equation
(Equation (3)):
"h% = KM va

The complex viscosity as a function of frequency is
reported in Figure 2 for all the systems presented in
this work. The rheological curves of not reprocessed
materials (Figure 2a) reveal that the viscosity of the
nanocomposites is lower than the viscosity exhibited
by the neat matrix in the whole frequency range. This
behavior, which might be surprizing, is in agreement
with previous work [27]. At low frequencies, neat
PLA exhibits a Newtonian plateau not present in the
nanocomposites (Figure 2a). The non-Newtonian
behaviour of nanocomposites at the lowest frequencies can be explained considering a solid-like behaviour of the material induced by three-dimensional
structures typical of nanofilled systems [37]. The formation of this three-dimensional percolated network
is due to the polymer–filler interactions that offer a
resistance to the flow [37–39]. When the shear rate
is higher, this structures are disrupted and the nanocomposites behave as a suspension of nanoparticles
in a melt matrix [40].
After the subsequent extrusion steps, the viscosity
of PLA decreases likely due to polymer chain degradation (Figure 2b). The scientific literature reports
three possible hypotheses for explaining degradation
phenomena of the matrix occurring during processing: i) radical degradation, ii) hydrolysis and/or
iii) transesterification with residual catalysts [41].
PLA + U-HT nanocomposites (Figure 2d) show the
same trend as PLA as a function of reprocessing cycles. Moreover, for each reprocessing cycle, PLA + UHT nanocomposites exhibit a lower viscosity in comparison to the respective reprocessed matrix. Chain
scission promoted by the presence of U-HT can be
invoked to explain this behaviour [27]. Surprisingly,
this trend does not occur for PLA incorporating OMHT (Figure 2c), in which the value of viscosity increased after the first recycle. This result can be explained considering that the first reprocessing leads to
a better dispersion of the filler, as shown by SEM micrographs, that likely overcomes the thermo-degradation phenomena occurring during reprocessing.
Afterwards, from the third recycle, the effect of
degradation phenomena is predominant over the dispersion effect and the values of the complex viscosity decrease (Figure 2c). For PLA + OM-HT the decrease of viscosity due to reprocessing is more remarkable in comparison to the PLA + U-HT likely
because of the strong interactions between the organically-modified hydrotalcite and the polymer matrix

(3)

The parameter values of the Mark-Houwink constants, a and K, depend upon the specific polymersolvent system. For PLA-THF, K =1.74·10–4 and a =
0.736 [35].

3. Results and discussion
Figure 1 display SEM micrographs of PLA/HT nanocomposites. It is worth noting that all the micrographs show the presence of many cracks on the sample surfaces. This drawback can be very probably
attributed to the sensitivity of PLA to electron beam
that damaged the polymer surface of the samples
during the SEM examination [36]. The samples filled
with the OM-HT (Figures 1a–1c) show a higher level
of particle dispersion and a lower presence of aggregates if compared with those of the materials containing U-HT, (Figures 1d, 1e), regardless of the extrusion number. In particular, PLA + OM-HT samples
(Figures 1a–1c) exhibit good dispersion of the filler,
reduction and uniformity in size, and optimal adhesion between the matrix and the hydrotalcite, as already reported in our previous work [27]. On the contrary, the materials filled with U-HT (Figures 1d–1e)
exhibit the simultaneous presence of dispersed particles and fairly large aggregates and a weak adhesion
between the particles and the polymer. Comparing
PLA + OM-HT R0 (Figure 1a) with PLA + OMHT R1 (Figure 1b) and R5 (Figure 1c) it is worth noting a reduction of the particle size and an improved
dispersion as a function of the number of reprocessing. This improvement can be related to longer residence time of the material in the extruder during the
reprocessing in which high levels of strain applied
to the melt promote enhanced mixing of the dispersed phase [17, 18].
SEM micrograph of PLA + U-HT R5 (Figure 1e) reveals a damaged polymer matrix in comparison to
that of PLA + U-HT R0 (Figure 1d). In particular, surface modifications, worsening in the adhesion between U-HT and the matrix and holes around the particles can be observed.
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Figure 1. SEM micrographs of (a) PLA + OM-HT R0, (b) PLA + OM-HT R1, (c) PLA + OM-HT R5, (d) PLA + U-HT R0
and (e) PLA + U-HT R5. Scale bars 5 µm

that lead to a larger contact surface promoting the
degradation of PLA.

In order to verify the decrease of molecular weight
due to degradation phenomena, intrinsic viscosity
559
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Figure 2. Complex viscosity as a function of frequency of (a) the three R0 materials and (b) PLA, (c) PLA + OM-HT and
(d) PLA + U-HT underwent to recycling

measurements were performed (Figure 3). Viscous
molar mass (Mv) as a function of reprocessing cycles
is shown in Figure 3a. The results show that the presence of both hydrotalcites causes an strong decrease
of Mv even for not reprocessed materials [27]. Moreover, for each reprocessing, nanocomposites exhibit
a molecular weight lower than that of the matrix. The
result of neat PLA indicates that the structure withstands to thermo-mechanical degradation in the first
recycling (Figure 3a). After five reprocessing cycles,
the largest decrease is 37% for PLA + OM-HT from
R0 to R5. The value is comparable with PLA + UHT sample and significantly higher than that observed for the matrix.
In Figure 3b, where the dimensionless values of Mv
are plotted, it can be seen that during the reprocessing the rate of decrease of Mv of nanocomposites is
higher than that of PLA. Moreover, the rate of decrease of Mv of PLA + OM-HT is higher than that
PLA+U-HT. This result is probably due to the presence of the organic modifier that could promote the
degradation phenomena, as reported in the scientific
literature [42].
Results derived from DSC measurements are summarized in Table 2. The Tg of all nanocomposites

Figure 3. Variation of (a) viscous molar mass and (b) dimensionless viscous molar mass throughout the reprocessing steps. Dimensionless values have been calculated by dividing the value of each recycle by
the value of the ‘0’ recycle.
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Table 2. DSC results of neat PLA, PLA + OM-HT and PLA + U-HT for each extrusion cycle studied
Sample
PLA R0
PLA R1
PLA R3
PLA R5
PLA + OM-HT R0
PLA + OM-HT R1
PLA + OM-HT R3
PLA + OM-HT R5
PLA + U-HT R0
PLA + U-HT R1
PLA + U-HT R3
PLA + U-HT R5

Tg
[°C]
60.2
60.5
60.5
60.2
59.5
59.5
59.0
58.7
59.5
59.7
59.4
59.7

Tcc
[°C]
110.9
109.7
107.4
106.2
107.5
96.9
96.7
96.5
110.0
108.4
107.4
106.9

Tm1
[°C]
161.9
161.5
160.7
160.2
160.2
–
–
–
161.4
160.9
160.4
160.0

and neat PLA are very close. Reprocessing does not
inﬂuence the PLA Tg temperatures, which are in the
ranges of 60.2–60.5 °C. For nanocomposites, a
slightly lower Tg is observed, which may be related
to an increase of free volume, resulting in the presence of more end chains further confirming molar
mass reduction, due to an enlarged thermo-mechanical degradation promoted by hydrotalcites.
Cold crystallization is observed for both neat PLA
and PLA + HTs samples. Regarding the cold crystallization temperature (Tcc), a progressive decrease is
shown on increasing the extrusion number, in agreement with the results obtained for similar systems
[5, 6]. For neat PLA and PLA + U-HT the decrease
is comparable while it is more remarkable for
PLA + OM-HT likely due to the better dispersion of
OM-HT that promotes an easier cold-crystallization.
Moreover, an increment in ΔHcc is found from matrix to nanocomposites and the same trend is found
for ΔHm.
PLA matrix shows two melting peaks with the dominant peak at the higher temperature. Other studies
have observed similar melting behavior for PLA and
its nanocomposites [4, 43]. The double peak is explained in different ways [33]: (a) formation of a
disordered alpha phase of PLA owing to the low crystallization temperature, (b) nucleation of more than
one crystal structure and (c) different morphology
of the lamellae formed prior to the heating process.
Increasing the number of extrusions, the shape of the
endotherms changes from a bimodal to an unimodal
distribution, which might be attributed to the homogenization of crystals type and size dependant on chain
shortening of the PLA [44, 45]. In PLA + OM-HT
samples bimodal distribution disappears after the
first recycle.
561

Tm2
[°C]
167.9
168.2
168.2
167.7
167.0
166.5
165.5
164.9
168.5
168.4
167.9
167.7

ΔHcc
[J·g–1]
29.2
29.1
27.8
27.6
33.5
32.0
31.5
30.8
34.2
31.8
33.0
32.2

ΔHm
[J·g–1]
32.6
33.0
32.0
32.1
38.8
38.0
38.6
39.1
38.6
37.6
39.1
39.6

χ
[%]
3.6
4.1
4.5
4.8
5.7
6.4
7.6
8.9
4.7
6.1
6.5
7.9

The crystallinity increases on increasing the recycling number and this effect is larger for the filled
materials thanks to the synergistic effect played by
hydrotalcites as nucleating agent and as promoter of
polymer chains shortening easing crystallization kinetics. Indeed, for each extrusion step PLA + OM-HT
samples show the highest crystallinity thanks to the
better dispersion of modified hydrotalcite.
The effects of reprocessing on the mechanical properties are displayed in Figure 4. Young’s modulus
(E), tensile strength (TS) and elongation at break (EB)
of the nanocomposites are compared with neat PLA.
The not reprocessed nanocomposites show a Young’s
modulus slightly lower than that of the neat matrix
processed under the same conditions (Figure 4a).
During the subsequent extrusion cycles, the nanocomposites containing U-HT show a trend of mechanical
properties comparable to that of PLA matrix, i.e. the
elastic modulus increases up to the third recycling,
afterwards decreases. These results can likely be attributed to the competition between two phenomena
that occurs during reprocessing, i.e. the decrease of
molecular weight and the increase of crystallinity
that affect in an opposite way the stiffness of the material [41]. On the contrary, the mechanical performance of the material reinforced with OM-HT has a
different trend. In particular, the Young’s modulus of
PLA + OM-HT increases from 1449 MPa in the first
recycle to a final value of 1718 MPa in the fifth recycle, increasing by 19%. This behaviour can be explained considering that, although the reprocessing
of this system leads to the highest decrease rate of molecular weight, at the same time it improves the morphology of the nanocomposite, i.e. reduction of particle size and higher level of dispersion. Moreover,
similarly to the other systems, reprocessing causes a
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as commented before, phenomena occurring during
the reprocessing of the system containing the OMHT, i.e. decreasing of the molecular weight, improvement of the morphology and increment of the crystallinity leading, on the whole, to an increase of the
stiffness of PLA + OM-HT, decreases the sample
ductility.

4. Conclusions
The effects of reprocessing on molecular structure,
morphology and properties of melt reprocessed PLA/
hydrotalcites nanocomposites were studied after five
subsequent extrusion cycles.
The investigations highlighted opposite effects, i.e.
nanofiller dispersion, crystallinity, viscous molar mass,
that affect the properties in melt, in solution and in
solid.
The morphological analysis revealed that the materials containing modified hydrotalcite show the higher degree of dispersion and adhesion in comparison
with those containing unmodified hydrotalcite. By
reprocessing OM-HT becomes smaller and more
ﬁnely dispersed in the PLA matrix. This result justifies the rheological and mechanical measurements
during the first few reprocessing cycle. In the subsequent recycles, reduction in complex viscosity indicates that the occurrence of chain scission overcomes nanofiller effect, as confirmed by the mechanical performance. Reprocessing causes a remarkable
decrease of viscous molar mass especially in the nanocomposites, as confirmed by viscosimetric molecular weight measurements. Both the hydrotalcites –
organically modified and unmodified – cause the increase of the thermo-mechanical degradation rate of
the matrix. The hydrotalcites lead to an increase of
the crystallinity of the materials suggesting the double effect due to the nanoﬁller incorporation, as nucleating agent and as promoters of the chain shortening.

Figure 4. Mechanical properties of neat PLA, PLA + OMHT and PLA + U-HT: (a) Elastic modulus (E),
(b) tensile strength (TS) and (c) elongation at break
(EB) for the extrusion cycles tested

slight increase of the polymer crystallinity, as already commented. Indeed, the incorporation of OMHT and its dispersion degree cause opposite effects
on mechanical behavior leading on the whole to an
increase of the stiffness of PLA + OM-HT, as previously reported [27].
Tensile strength of PLA + U-HT remains almost constant during the extrusion cycles, and comparable
with the matrix values (Figure 4b) although these
latter exhibit a maximum after the third reprocessing.
Moreover, the reprocessing cycles do not significantly influence the EB of PLA and of nanocomposite system containing U-HT since even the not reprocessed
materials show a brittle behaviour (Figure 4c).
On the contrary, for PLA + OM-HT samples, both
properties at break, i.e. TS and EB, exhibit a drop
after the first recycling, showing in both cases, the
same trend observed for the elastic modulus. Indeed,
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