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Abstract: The polymer processing industry is paying more attention to biodegradable materials
synthesized from renewable sources. One of the most popular of them is polylactide (PLA). Except the
material from which a given product is made, particularly important is the process of manufacturing
a polymer material, processing, use by the consumer, and finally, recycling it. Neither of these steps
is indifferent to the environment. The processing of polymers can often lead to material degradation,
which affects the properties of the material and leads to the generation of substantial amounts of post-
production waste that cannot be reused by processors. The aim of this work is to evaluate selected
properties of PLA subjected to the extrusion process under variable extrusion conditions. This is
important due to the large losses of material and energy resulting from the extrusion of biodegradable
polymers under poorly selected processing conditions, which, apart from the economic effects, has a
negative impact on the environment. The research proved that both the temperature and the structure
of the plasticizing system as well as the rotational speed of the screws affect the mechanical properties
of the final product. For PLA optimization, this process will directly contribute to the improvement of
the PLA processing process, and indirectly help to act for the benefit of the environment by reducing
the consumption of energy, raw materials, and the amount of post-production waste. The obtained
results allowed for the selection of appropriate parameters depending on the expectations regarding
the properties of the final product. The conducted research will help to optimize processing processes
and reduce the consumption of raw materials, which in the future will also affect the environment.

Keywords: degradation; extrusion; temperature; rotation speed; plasticizing system; polylactide
(PLA); gel permeation chromatography (GPC); melt flow rate (MFR); differential scanning calorimetry
(DSC)

1. Introduction

The production which increased polymers and their deposition in landfills without the
possibility of processing causes adverse effects on the environment. For several years, there
has been growing interest in this aspect also at the political level, where new directives are
aimed at limiting the production of synthetic plastics [1]. The current trend is to reduce the
production and consumption of copious amounts of plastic. In addition, many activities
are based on the recycling of already manufactured polymer materials. Fossil raw materials
from which traditional polymers such as polyethylene (PE), polyethylene terephthalate
(PET), polypropylene (PP) or polystyrene (PS) are made, may soon be depleted [2,3].
Subsequently, products made of polymer materials are often deposited in landfills and in
the oceans [4]. This is due to the difficult decomposition of polymeric materials having a
very stable structure [5,6].
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Thus, new approaches aimed to produce a product with less waste and more environ-
mentally friendly. For this purpose, biodegradable materials are obtained that are more
environmentally friendly. Some of them are obtained from plants such as corn, sugarcane,
and sugar beet, which are starchy materials [7,8]. These types of biodegradable materials
are environmentally friendly due to the source from which they are produced, but also
due to decomposition under the influence of microorganisms, humidity, temperature,
and ambient pH. Moreover, bioplastics on the market have properties comparable to con-
ventionally used petroleum-based plastics, which is why they have become exceedingly
popular [3,9,10].

An example of such a biopolymer is polylactide (PLA), which can be obtained from
starch-rich renewable raw materials such as corn or sugar cane [3,11]. Its main chain is
formed by lactic acid monomers [12]. Despite the high price compared to conventional
materials, it is currently one of the most popular and cheapest among biodegradable
plastics. PLA can be processed on diverse types of processing equipment, such as extruder
and injection molding machines [1,13,14].

Properties of PLA depend on the molecular weight and degree of crystallinity of
this polymer. Characteristic features include thermoplasticity, high hardness, and thermal
properties [15]. Apart from favorable properties, it is characterized by high stiffness and
brittleness, and is a hydrophobic material [16]. The disadvantages are also low flexibility
and poor barrier properties, which means that the use of this material on the packaging
market is limited [17]. Like many conventional materials, PLA needs to be dried prior
to processing to prevent the damaging effects of water molecules as much as possible.
The presence of water molecules accelerates the degradation of the material by engaging
between the chains of the polymer material, which leads to a reduction in the glass transition
temperature and deterioration of mechanical properties [18]. The degradation process is
accompanied by a change in molar masses. The degradation that occurs leads to a random
main chain disruption reaction, followed by a rapid reduction of the molar mass [19,20].
Another effect of the presence of water molecules is the cleavage of hydrolytic bonds.
This action reduces the molecular weight of the material and causes the formation of
cracks [21–23].

PLA is used in many industries. At first, it was used in the medical sector, among
others, to produce implants, prostheses, and resorbable sutures, for tissue reconstruction or
as a carrier for drugs. Numerous medical applications are possible due to its biocompatibil-
ity with tissues [16,24,25]. Currently, PLA has been used, among others, as an insulation,
construction, and packaging material, to 3D printing, constituting an environmentally
friendly alternative instead of PET or PE or PS [26,27].

PLA as a biopolymer biodegrades within several months. The degradation product
is carbon dioxide, methane, water, and lactic acid, which is metabolically harmless to
living organisms [28,29]. In addition, studies were conducted showing the improvement
of soil properties after PLA decomposition [3,30]. Additionally, researchers have shown a
positive effect of the presence of PLA deposited in the soil on plants intended for biomass
production, such as rapeseed, giant miscanthus or basket willow [31].

Replacing conventional plastics using petrochemical raw materials with PLA leads to
net savings in non-renewable energy consumption of 70–220 GJ/(ha/year) and a reduction
of net greenhouse gas emissions by 3–17 Mg CO2 eq/(ha/year) [32]. It is about 60% less
greenhouse gases produced, and 50% less renewable energy used in relation to conventional
materials [33].

As a result of the processing of plastics in poorly selected processing conditions,
undesirable degradation of the polymer may occur [21,34]. It is necessary to explain the
influence of both the process temperature and the design of the plasticizing system and
the rotational speed of the screw, which determine the time stay of PLA in the plasticizing
system. The evaluation of the listed parameters of the extrusion process in relation to
unmodified PLA is a valuable source of information for processors and allows to prevent
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the formation of post-production waste [35]. Industrial waste of homogeneous conventional
plastics can be recycled easily, but with biodegradable plastics, it is often impossible [36].

In this work, we are checking the conditions of PLA extrusion, such as the structure of
the plasticizing system, extrusion temperature and screw rotation speed, on the physical
and thermal properties of the target material. The obtained results will make it possible to
learn about the changes resulting from the operation of individual processing parameters
and will allow for the reduction of raw material and energy losses during processing in the
future. The obtained results are of particular importance to researchers and processors of
polymer materials.

2. Materials and Methods
2.1. Materials

The material used for the tests was PLA LX175 granules (Total Corbion, Gorinchem,
The Netherlands) with a density of 1.24 g/cm3 and a melt flow rate (MFR) of 6.0 g/10 min
(210 ◦C/2.16 kg). Prior to the extruding, unprocessed PLA granulate was dried at a
temperature of 80 ◦C for 6 h.

2.2. Extrusion

The extrusion process was conducted using a twin-screw extruder (Bühler BTSK
20/40D, Uzwil, Switzerland) with a screw diameter of 20 mm and a screw length of
790 mm. The following variables were used: (i) screw configuration; (ii) rotational speed of
the plasticizing system, and (iii) temperature.

The extrusion process was conducted using a screw: (i) with a less demanding configu-
ration containing two kneading and mixing zones (Figure 1a) or (ii) with a more demanding
configuration with four kneading and mixing zones (Figure 1b). The configurations below
are identified as configuration 1 and configuration 2, respectively.
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Figure 1. Scheme of the plasticizing system: (a) configuration 1 (two kneading and mixing zones);
(b) configuration 2 (four kneading and mixing zones). The kneading and mixing zones are marked.

Three different temperatures of the plasticizing system were used: 210 ◦C, 230 ◦C or
250 ◦C (Table 1).

The rotational speed of the plasticizing system was: 200 min−1, 400 min−1 or 600 min−1

(Table 1).

2.3. Melt Flow Rate, MFR

The melt flow rate (MFR) test was performed according to standard ISO:1133-1 [37]
using a load plastometer (LMI 4003 Dynisco, Franklin, MA, USA). The analyses were
conducted at a temperature of 210 ◦C under a piston load of 2.16 kg.
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Table 1. Summary of parameters of extrusion processes. Abbreviations: configuration 1—screw with
two kneading and mixing zones; configuration 2—screw with four kneading and mixing zones.

Temperature (◦C) Rotational Speed of the Plasticizing System (min−1)

Configuration 1

210

200

400

600

230

200

400

600

250

200

400

600

Configuration 2

210

200

400

600

230

200

400

600

250

200

400

600

2.4. Gel Chromatography, GPC

The samples were prepared by dissolving in 1.5 mL of Tetrahydrofuran (THF) and
then sonicated in an ultrasonic bath (Polsonic Sonic 05, Warszawa, Poland) for 60 min at
40 ◦C. The samples were left for 24 h at room temperature. The homogeneous solution was
then filtered through 0.45 µm filters and subjected to GPC analysis.

Weight average molecular weight (Mw) measurements were made using a 1260 Infinity
instrument (Agilent, Manchester, UK) equipped with a 10 µm Linear (2) 300 mm × 7.8 mm
column. The samples were dissolved in tetrahydrofuran (THF). Measurement conditions:
analysis time 15 min, eluent flow (THF) 1 mL/min, column temperature 35 ◦C, and detector
temperature (RI) 35 ◦C. The calibration curve was made using polystyrene standards with
molecular weights from 1000 to 3.5 million. The Polydispersity Index (PDI) was calculated.
It is the ratio of the average molecular weight (Mw) and the number average molecular
weight (Mn).

2.5. Differential Scanning Calorimetry, DSC

Differential scanning calorimeter (DSC) was performed with a calorimeter DSC1
(Mettler Toledo, Switzerland) calibrated with pure indium and zinc standards. The stan-
dard ISO 11357 (Parts 1–3) [38–40] was followed. Each sample weighing from 4.5 mg
to 5.5 mg was placed in an aluminum crucible, and heated from 0 ◦C to 300 ◦C under
a nitrogen atmosphere with a flow of 50 mL/min. The heating and cooling rate was
10 ◦C/min. Two heating scans were applied, after the first sample was cooled to 0 ◦C
and re-heated from 0 ◦C to 300 ◦C. Before cooling and the second scan, the sample was
kept at constant temperature for 3 min (before cooling at 300 ◦C, before heating at 0 ◦C).
The inflection point of each glass transition was taken as the glass transition temperature
(Tg). The crystallization and melting enthalpy were assessed from the integrated peaks.
The following designations were adopted: Tm—melting temperature (◦C), ∆Hm—melting
enthalpy (J/g), Tg—glass transition temperature (◦C), Tcc—cold crystallization temperature



Environments 2022, 9, 57 5 of 21

(◦C), ∆Hcc—cold crystallization enthalpy (J/g), Tc—crystallization temperature (◦C), and
∆Hc—crystallization enthalpy (J/g).

3. Results
3.1. Melt Flow Rate, MFR

The MFR measurement showed an increase in the parameter value with an increase in
the extrusion temperature and the rotational speed of the screw, as well as higher param-
eter values which were obtained for configuration 2 (range from 36.6 ± 0.11 g/10 min to
117.4 ± 0.96 g/10 min), compared to configuration 1 (range from 13.6 ± 0.09 g/10 min to
42.3 ± 0.15 g/10 min). The results were compared with unprocessed PLA for which the
MFR was 11.98 g/10 min (Figure 2).
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Figure 2. Melt Flow Rate (MFR), difference % with non-extruded PLA: (a) configuration 1; (b) config-
uration 2. Abbreviations: as in Table 1.

With the participation of configuration 1, the lowest MFR value (increase by about 14%
in relation to PLA not subjected to the extrusion process) was obtained after extrusion at the
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lowest temperature (210 ◦C) at the lowest of the applied rotational speeds (200 min−1). The
highest MFR value (increase by over 250% in relation to PLA not subjected to the extrusion
process) was obtained after extrusion at the highest temperature (250 ◦C) at the highest
of the applied rotational speeds (600 min−1) (Figure 2a). For each of the temperatures, an
increase in the MFR value was observed proportional to the increase in the rotational speed
of the screw. The MFR value at individual rotational speeds of the screw increased with the
temperature (Figure 2).

In the presence of configuration 2, greater differences from unprocessed PLA were
noted. The lowest MFR value (over 200% increase in relation to PLA not subjected to the
extrusion process) was obtained after extrusion at the lowest temperature (210 ◦C) at the
lowest of the rotational speeds used (200 min−1). The highest MFR value (increase by over
800% in relation to PLA not subjected to the extrusion process) was obtained after extrusion
at the highest temperature (250 ◦C) at the highest applied rotational speed (600 min−1)
(Figure 2b).

3.2. Gel Chromatography, GPC

Based on the conducted research, the values of Mw and PDI for individual variants
were analyzed, while for unprocessed PLA, these values were 183,099 and 2.254, respec-
tively. For both types of configurations in all variants, a decrease in Mw was observed in
the range from 108,101 (for PLA extruded in the presence of configuration 2, at 250 ◦C at
600 min−1 speed) to 170,035 (for PLA extruded in the presence of configuration 1, at 210 ◦C
at speed 200 min−1) (Figure 3).

In the presence of configuration 1, the smallest decrease in Mw relative to the non-
extruded PLA (about 7%) was obtained after extrusion at the lowest temperature (210 ◦C)
at the lowest rotational speed used (200 min−1). Decrease in Mw value (about 31%) was
obtained after extrusion at the highest temperature (250 ◦C) at the highest of the rotational
speeds used (600 min−1). Despite the decrease in Mw inversely proportional to the increase
in temperature and rotational speed of the screw, there were no major differences found
between Mw for PLA extruded at 210 ◦C at the rotational speed of 600 min−1, PLA extruded
at 230 ◦C at rotational speeds of 200 min−1 and 400 min−1, and also for PLA extruded
at 250 ◦C at rotational speeds of 200 min−1. In this case, the increase in the screw speed
to 600 min−1 compared to the temperature had a greater impact on the decrease of this
parameter (Figure 3a).
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Figure 3. Weight average molecular weight (Mw), differences % with non-extruded PLA: (a) configu-
ration 1; (b) configuration of 2. Abbreviations: as in Table 1.

In the presence of configuration 2, highest Mw (decrease approx. 19% to non-extruded
PLA) was obtained after extrusion at the lowest temperature (210 ◦C) at the lowest rotational
speed used (200 min−1). The lowest Mw value (decrease at about 41% to non-extruded
PLA) was obtained after extrusion at the highest temperature (250 ◦C) at the highest of
the rotational speeds used (600 min−1). These values are lower than in the presence of
configuration 1, while at the rotational speeds of 200 min−1 and 400 min−1, the increase
in temperature influenced the decrease in the Mw value, while at the rotational speed of
600 min−1, no differences were found between Mw for the extruded PLA at 210 ◦C and
230 ◦C. The values for these variants were comparable with PLA extruded at 230 ◦C at a
rotational speed of 400 min−1 (Figure 3b).

The particular importance of the screw rotational speed was found for the temper-
atures of 210 ◦C and 250 ◦C, although it can be generally assumed that Mw is inversely
proportional to the increase in the rotational speed of the screw and the processing temper-
ature (Figure 3).

Based on the same analysis, PDI values were calculated for each variant (Figure 4).
For each of the variants, the obtained values were lower (ranging from 1.905 ± 0.013 to
2.212 ± 0.005) than for the control sample (2.254 ± 0.009). As the requirements of the
extrusion process increased, an increase in the PDI value was observed, and this tendency
was more influenced by the temperature than the rotational speed of the screw (Figure 4).

For configuration 1, the lowest PDI values were recorded for samples extruded at the
lowest temperature (210 ◦C), while for samples extruded at a rotational speed of 200 min−1,
PDI was 13% lower than for non-extruded PLA. At the temperature of 210 ◦C, a slightly
greater decrease in the parameter was noted with the increase in the speed of rotation, but
the difference between the values for 400 min−1 and 600 min−1 was similar. At 230 ◦C, for
samples processed at the rotational speed of 200 min−1 and 400 min−1, PDI was reduced
by about 9%, while for the speed of 600 min−1 by about 6%. The further increase in
temperature did not affect the values mentioned. At the processing temperature of 250 ◦C,
similar PDI values were shown for the individual screw speed values as at the temperature
of 230 ◦C (Figure 4a).

For configuration 2, the smallest decrease in PDI was observed for samples extruded
at the highest temperature (250 ◦C), while the parameter at the screw speed of 200 min−1

decreased by about 9%, while at higher speeds by about 2–3%. There were no differences
between PDI for samples extruded at different temperatures at low screw revolutions
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(200 min−1); for these variants, this value in each case dropped by about 8–9%. Additionally,
at the lowest temperature (210 ◦C), no differences in PDI values were observed with the
increase of the rotational speed of the screw above 400 min−1. For the rotational speed of
the screw of 200 min−1, there was no effect of the processing temperature on the PDI value.
On the other hand, an increase in the screw rotational speed from 400 min−1 to 600 min−1

at a temperature of 210 ◦C did not cause a decrease in PDI. At 230 ◦C, a decrease in the
PDI value was observed inversely proportional to the increase in the rotational speed of
the screw. The lowest value was obtained with the screw rotational speed of 200 min−1.
At other speeds, the differences were not so noticeable. The highest values of PDI were
recorded at the temperature of 250 ◦C at the rotational speed of 400 min−1 and 600 min−1,
as opposed to 200 min−1, where this value was much lower (Figure 4b).
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3.3. Differential Scanning Calorimetry, DSC

In the first heating, the Tg value for PLA obtained with the use of the 1 screw configu-
ration ranged from 59.7 ◦C to 61.7 ◦C, with the lowest value recorded for the parameters
200 ◦C/200 min−1, and the highest for 250 ◦C/400 min−1. For unprocessed PLA, the
value was 61 ◦C, and the peak intensity was lower than for the other samples. The highest
peak intensity was observed for the sample processed at 210 ◦C and the screw speed of
400 min−1 (Figure 5, Table 2a).
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Figure 5. DSC thermograms heating analysis 1: (a) configuration 1; (b) configuration 2. Abbrevi-
ations: PLA 1—configuration 1, 210 ◦C/200 min−1; PLA 2—configuration 1, 210 ◦C/400 min−1;
PLA 3—configuration 1, 210 ◦C/600 min−1; PLA 4—configuration 1, 230 ◦C/200 min−1; PLA 5—
configuration 1, 230 ◦C/400 min−1; PLA 6—configuration 1, 230 ◦C/600 min−1; PLA 7—configuration
1, 250 ◦C/200 min−1; PLA 8—configuration 1, 250 ◦C/400 min−1; PLA 9—configuration 1,
250 ◦C/600 min−1; PLA 10—configuration 2, 210 ◦C/200 min−1; PLA 11—configuration 2,
210 ◦C/400 min−1; PLA 12—configuration 2, 210 ◦C/600 min−1; PLA 13—configuration 2,
230 ◦C/200 min−1; PLA 14—configuration 2, 230 ◦C/400 min−1; PLA 15—configuration 2,
230 ◦C/600 min−1; PLA 16—configuration 2, 250 ◦C/200 min−1; PLA 17—configuration 2,
250 ◦C/400 min−1; PLA 18—configuration 2, 250 ◦C/600 min−1.
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Table 2. Summary of DSC parameters: (a) configuration 1; (b) configuration 2. Abbreviations: as in
Table 1.

(a)

Temperature (◦C)
Rotational Speed of the

Plasticizing System (min−1) Tg (◦C) Tcc (◦C) ∆Hcc (J/g) Tm (◦C) ∆Hm (J/g)

Heating 1

210

200 61.33 114.24 28.74 152.93 27.38

400 60.87 114.90 30.07 156.27 27.24

600 60.05 116.70 30.24 153.51 27.92

230

200 59.66 118.36 28.71 152.73 27.15

400 61.29 118.56 30.15 154.28 26.96

600 60.60 122.77 28.06 153.35 22.45

250

200 60.83 126.87 18.64 155.11 15.33

400 61.68 127.49 9.57 155.73 16.76

600 60.62 125.04 14.81 153.97 17.91

Heating 2

210

200 58.14 - - 151.67 5.29

400 57.46 128.46 2.55 151.06 6.41

600 57.25 - - 151.11 4.52

230

200 57.20 - - 150.98 5.89

400 57.75 124.39 26.58 149.27 22.31

600 57.33 124.94 19.96 149.18 20.81

250

200 57.59 129.02 7.12 150.48 5.63

400 57.10 128.82 6.02 155.49 5.63

600 57.86 - - 157.19 6.79

(b)

Temperature (◦C)
Rotational Speed of the

Plasticizing System (min−1) Tg (◦C) Tcc (◦C) ∆Hcc (J/g) Tm (◦C) ∆Hm (J/g)

Heating 1

210

200 61.98 113.91 27.00 153.11 28.83

400 57.82 114.57 33.14 151.59 27.70

600 61.22 118.76 28.69 153.78 26.35

230

200 61.02 116.24 30.20 153.40 28.26

400 61.90 119.25 31.48 154.39 27.98

600 60.47 124.74 22.67 154.78 19.38

250

200 61.12 119.91 29.00 153.09 27.89

400 61.02 129.21 8.67 154.99 10.20

600 60.80 128.55 10.74 156.13 14.70

Heating 2

210

200 58.03 129.36 3.80 151.34 5.10

400 54.34 - - 149.35 1.34

600 56.20 - - 157.13 9.58

230

200 58.19 129.19 4.06 151.66 5.01

400 57.82 - - 150.83 5.13

600 57.60 127.05 11.06 156.72 11.09

250

200 57.33 128.21 7.98 149.98 9.21

400 57.67 128.88 - 150.16 7.81

600 56.95 128.71 8.88 149.65 9.41
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For configuration 1, the Tcc ranged from 114.2 ◦C to 127.5 ◦C. The lowest Tcc was
obtained for the sample processed at 210 ◦C with screw rotation speed of 200 min−1.
The highest value was observed for the sample extruded at 250 ◦C, with the speed of
400 min−1. Peak intensities decreased with increasing temperature. No Tcc was recorded
for unprocessed PLA (Figure 5, Table 2a).

In the first heating, the thermogram of PLA obtained using configuration 1 showed an
endothermic peak corresponding to the melting of the polymer in the temperature range
152.7 ◦C to 156.3 ◦C. The highest Tm was observed for PLA processed at 210 ◦C/200 min−1

and the highest for 250 ◦C/400 min−1. The peak intensities for all samples were comparable.
For PLA processed at 230 ◦C and with the screw speed rotation of 600 min−1, a double
peak was observed indicating probably the presence of two kinds of crystallites of different
size and irregular/disordered structure. For PLA not subjected to extrusion, the Tm was
153.6 ◦C (Figure 5, Table 2a).

For configuration 2, the Tg was in the range of 57.8 ◦C–62.0 ◦C in the first heat. The
highest glass transition temperature was demonstrated by PLA obtained at a temperature
of 210 ◦C and at the lowest rotation speed of the screw (200 min−1), and the highest was
obtained for a sample obtained at a temperature of 210 ◦C and a screw speed of 400 min−1

(Figure 5, Table 2b).
In the first heating, in the case of configuration 2, the lowest Tcc value was obtained

for the sample extruded at the lowest extrusion temperature (210 ◦C) and the lowest screw
speed (200 min−1), and the highest Tcc value for the highest extrusion temperature (250 ◦C)
and 400 min−1 screw rotation speed (Figure 5, Table 2b).

In the first heating in the case of configuration 2, the Tm values were in the range
of 151.6 ◦C–156.1 ◦C, the lowest value was obtained for PLA extruded at the lowest
temperature (210 ◦C) and at the speed screw rotation of 400 min−1, and the highest for
the sample extruded at the highest temperature (250 ◦C), and the highest at the screw
speed rotation of (600 min−1). For some samples, bimodal thermal changes were recorded
(two endothermic peaks) (Figure 5, Table 2b).

In the second heating, for configuration 1, the Tg value was in the range 57.1 ◦C–58.1 ◦C.
The lowest value was obtained for the sample extruded at the highest temperature (250 ◦C)
and at 400 min−1 screw speed rotation. The highest value was obtained for the sample with
the lowest extrusion parameters (temperature 210 ◦C, screw speed rotation 200 min−1).
The obtained peaks were characterized by a low peak intensity (Figure 6, Table 2a).

For configuration 1 on the second heating, Tcc was recorded for some samples. Tcc
was not observed for the samples extruded at the temperature of 210 ◦C and the screw
speed rotation of 200 min−1 and 400 min−1, and for samples extruded at the temperature
of 250 ◦C and the screw speed rotation of 600 min−1. The lowest Tcc value was obtained
for the sample extruded at the temperature of 230 ◦C and 400 min−1 screw speed rotation
(124.4 ◦C), and the highest for the sample extruded at the temperature of 250 ◦C and the
screw speed rotation 200 min−1 (129.0 ◦C) (Figure 6).

Tm from the second heating for samples obtained with configuration 1 ranged from
149.2 ◦C (PLA extruded at 230 ◦C, 600 min−1 screw revolutions) to 157.2 ◦C (PLA with the
highest processing conditions—250 ◦C, 600 min−1) (Figure 6, Table 2a).

The lowest Tg value in the second heating for configuration 2 was 54.3 ◦C (extrusion
temperature 210 ◦C, screw speed 400 min−1) and the highest was 58.2 ◦C (extrusion
temperature 230 ◦C, screw speed 200 min−1). For unprocessed PLA, the Tg was 58.2 ◦C.
The peak intensities were similar and comparable with the peak intensities of raw PLA
(Figure 6, Table 2b).

The lowest Tcc value was observed for the sample extruded at the temperature of
230 ◦C with the screw speed rotation 600 min−1 (127 ◦C), the highest for the sample ex-
truded under the lowest conditions—temperature 210 ◦C, screw speed rotation 200 min−1

(129.4 ◦C). Tcc was not observed for the samples 210 ◦C/400 min−1 and 600 min−1;
230 ◦C/400 min−1 and for unprocessed PLA (Figure 6, Table 2b).
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On the second heating, the Tm value for the samples obtained using configuration
2 ranged from 149.4 ◦C to 157.1 ◦C. The lowest value was obtained for PLA extruded at
210 ◦C with 400 min−1 screw speed rotation, and the highest for 210 ◦C, 600 min−1 screw
speed rotation. The Tm of the unprocessed PLA was 152.5 ◦C (Figure 6, Table 2b).

The determined values of ∆Hcc (heating 1) for the samples extruded at 210 ◦C and
230 ◦C using configuration 1 were in the range of 28.06 J/g–30.24 J/g. A decrease in ∆Hcc
was observed for the samples extruded at 250 ◦C. The lowest ∆Hcc equal to 9.57 J/g was
obtained for sample received under conditions 250 ◦C/400 min−1. Similar behavior was
observed for the samples obtained using configuration 2. The samples extruded at 210 ◦C
and 230 ◦C showed a similar ∆Hcc value. The lowest value equal to 22.67 J/g was obtained
for the sample extruded at the temperature of 230 ◦C with the screw speed of 600 min−1,
and the highest 33.14 J/g for the sample 210 ◦C/400 min−1. On the other hand, for samples
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extruded at 250 ◦C, the values decreased, but only for those extruded at a screw rotation
speed of 400 min−1 (8.67 J/g) and 600 min−1 (10.74 J/g) (Figure 7, Table 2).
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Figure 7. Enthalpy of cold crystallization (∆Hcc) of heating 1: (a) configuration 1; (b) configuration of
2. Abbreviations: as in Table 1.

Figure 1 in the first heating ∆Hm for the samples extruded at 210 ◦C was similar
(29.04 J/g–28.58 J/g). At 230 ◦C, ∆Hm decreased with the increase of the screw speed
(27.15 J/g for 200 min−1, 25.95 J/g for 400 min−1, 23.46 J/g for 600 min−1). Similar trends
have been noticed at 250 ◦C (14.63 J/g for 200 min−1, 16.35 J/g for 400 min−1, 17.29 J/g
for 600 min−1). The lowest ∆Hm was obtained for the samples extruded at the highest
temperature (250 ◦C) (Figure 8b, Table 2a).



Environments 2022, 9, 57 14 of 21

Environments 2022, 9, x FOR PEER REVIEW 14 of 21 
 

 

 
(b) 

Figure 7. Enthalpy of cold crystallization (ΔHcc) of heating 1: (a) configuration 1; (b) configuration 
of 2. Abbreviations: as in Table 1. 

Figure 1 in the first heating ΔHm for the samples extruded at 210 °C was similar (29.04 
J/g–28.58 J/g). At 230 °C, ΔHm decreased with the increase of the screw speed (27.15 J/g for 
200 min−1, 25.95 J/g for 400 min−1, 23.46 J/g for 600 min−1). Similar trends have been noticed 
at 250 °C (14.63 J/g for 200 min−1, 16.35 J/g for 400 min−1, 17.29 J/g for 600 min−1). The lowest 
ΔHm was obtained for the samples extruded at the highest temperature (250 °C) (Figure 
8b, Table 2a). 

 
(a) 

0

5

10

15

20

25

30

35

40

210 °C 230 °C 250 °C

200 1/min

400 1/min

600 1/min

0

5

10

15

20

25

30

35

210 °C 230 °C 250 °C

200 1/min

400 1/min

600 1/min

Environments 2022, 9, x FOR PEER REVIEW 15 of 21 
 

 

 
(b) 

Figure 8. Enthalpy of melting (ΔHm) of heating 2: (a) configuration 1; (b) configuration of 2. 
Abbreviations: as in Table 1. 

Based on configuration 2 in the first heating, ΔHm does not have great dependence 
on temperature. At 210 °C, there is a visible decrease with the increase of the screw speed 
(28.95 J/g for 200 min−1, 27.60 J/g for 400 min−1, 26.63 J/g for 600 min−1). The highest ΔHm 
was observed for the lowest screw rotation (28.95 J/g for 210 °C, 28.38 J/g for 230 °C, 27.88 
J/g for 250 °C). The lowest ΔHm value was recorded for the sample extruded at 250 °C at 
the speed of 400 min−1 (10.47 J/g) (Figure 8b, Table 2b). 

In the second heating scan, configuration 1, the ΔHm values are in the range of 4.54 
J/g (210 °C/600 min−1)–6.66 J/g (250 °C/600 min−1). The exception are two samples extruded 
at 230 °C, which resulted in ΔHm 22.36 J/g (400 min−1) and 20.46 J/g (600 min−1) (Figure 9a, 
Table 2a). 

  
(a) 

0

5

10

15

20

25

30

35

210 °C 230 °C 250 °C

200 1/min

400 1/min

600 1/min

0

5

10

15

20

25

210 °C 230 °C 250 °C

200 1/min

400 1/min

600 1/min

Figure 8. Enthalpy of melting (∆Hm) of heating 2: (a) configuration 1; (b) configuration of 2. Abbrevi-
ations: as in Table 1.

Based on configuration 2 in the first heating, ∆Hm does not have great dependence
on temperature. At 210 ◦C, there is a visible decrease with the increase of the screw speed
(28.95 J/g for 200 min−1, 27.60 J/g for 400 min−1, 26.63 J/g for 600 min−1). The highest
∆Hm was observed for the lowest screw rotation (28.95 J/g for 210 ◦C, 28.38 J/g for 230 ◦C,
27.88 J/g for 250 ◦C). The lowest ∆Hm value was recorded for the sample extruded at
250 ◦C at the speed of 400 min−1 (10.47 J/g) (Figure 8b, Table 2b).

In the second heating scan, configuration 1, the ∆Hm values are in the range of 4.54 J/g
(210 ◦C/600 min−1)–6.66 J/g (250 ◦C/600 min−1). The exception are two samples extruded
at 230 ◦C, which resulted in ∆Hm 22.36 J/g (400 min−1) and 20.46 J/g (600 min−1) (Figure 9a,
Table 2a).
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In configuration 2, in the second heating, the lowest ∆Hm value was 1.37J/g (210 ◦C
at 400 min−1). On the other hand, the highest value of the measured parameter 11.18 J/g
was recorded for 230 ◦C/600 min−1. A discrepancy between ∆Hm and the extrusion
temperature or screw speed rotation was found (Figure 9b, Table 2b).

4. Discussion

The developing globalization and consumerism contributed to the introduction of
legal regulations on plastic products in the European Union [41]. The used PLA type meets
the requirements of the European Commission 10/2011 on plastic materials and products
for use in contact with food [42]. On the other hand, because of the SARS-CoV-2 coronavirus
pandemic, the production of disposable products which, made of conventional polymer
materials, have harmful consequences for the environment, has increased globally [43,44].
Moreover, the production of many products from polymer materials in a brief time, due
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to the high demand, means that they are often made of a material of lower quality [45].
Since PLA is a biodegradable plastic and is produced from renewable energy sources,
its production is forecast to increase by 50% by 2022 compared to 2017 [46]. This is a
positive development, although PLA is a material whose properties deteriorate easily
during processing, which is pointed out by researchers and producers [47–50].

To reduce the production of industrial waste generated during processing because of
poorly selected parameters of processing processes, it is important to check to what extent
individual parameters of the extrusion process affect the degradation of the material. It
is important both from the ecological aspect of global importance and from the economic
aspect for the producer himself.

During extrusion, the operating mechanisms cause several types of degradation to
occur at once, which results in changes in the properties of polymer materials [51,52]. An
increase in MFR and a decrease in molecular weight indicate a decrease in the length of the
polymer chain because of its breaking into smaller fragments [53–55]. Thanks to the MFR
assessment, it is possible to assess the level of degradation of the polymer material easily
and quickly during processing. The use of DSC is also a practical method, but it does not
provide that much information [56,57]. On the other hand, GPC is a sensitive to changes
method that allows for detailed analysis of changes at the molecular level, however, from
the ecological point of view, compared to other analyses, it is a more harmful method for
the environment due to the use of chemicals to conduct research [58,59].

As it was found out, based on the conducted research, the configuration of the screw
selected for processing is of fundamental importance. At the same temperature and screw
speed, the difference in the values for the parameters evaluated was as high as 550% (for
MFR measurements at 250 ◦C and 600 min−1 screw revolutions). Other parameters are
important for the screw configuration used. The increase in temperature by 40 ◦C for the
configuration with two kneading-mixing zones increased the MFR by over 200%, and for
the four kneading-mixing zones by 600%. The increase in MFR is associated with a decrease
in the viscosity of the polymer material due to mechanical degradation. This is related to
the vibration energy of polymer bonds, which increases with temperature, and therefore
bonds are more prone to breakage. Additionally, an increase in the extrusion temperature
causes oxygen molecules to become more mobile, which favors oxidative degradation [50].
The degradation process was also noticeable when changing the rotational speed of the
screw. As it increased, the mass melt flow rate also increased. Signori et al. [20] correlated
the increase in rheological parameters with an increase in the degree of crystallinity, and
further with the degradation of the material and defragmentation of the polymer chain.
Cuadri et al. [60], similarly to our research, found PLA degradation after processing at
temperatures above 200 ◦C. In turn, Taubner et al. [50], investigating different varieties
of PLA found that each of them undergoes degradation processes because of processing
in the temperature range up to 200 ◦C, and these changes become more important as
temperature rises.

Considering the influence of the processing conditions on the properties of polymeric
materials, changes in the MFR value are equivalent to the changes in the Mw value. How-
ever, in the degradation process, we observe a decrease in Mw. Our research confirmed
this relationship, and the decrease in this parameter was inversely proportional to the
increase in temperature and rotational speed of the screw. However, at higher processing
temperatures, no differences were found in the results at the screw speed above 200 min−1.
This fact can be explained by the shorter residence time of the material in the device at
higher revolutions of the screw [61]. Taubner and Shishoo [56] also investigated the effect
of twin screw extrusion process parameters at 210 ◦C and 240 ◦C at a screw speed of 20 rpm.
and 120 rpm. on the properties of PLA. Researchers have shown that the longer residence
time of the polymer in the plasticizing system has a much greater impact on changes in its
molecular weight than the temperature itself, which confirms our hypothesis. In this analy-
sis, such sizable percentage changes between the values for different screw configurations
were not obtained, although the tendency was maintained—the more kneading-mixing
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zones, the easier it was for uncontrolled material degradation, and the lowest Mw value
was obtained for PLA, whose processing conditions were the most demanding. Yu and
Wilkes [62] linked similar relationships influencing Mw with the formation of a larger
number of polymer chains with a lower molecular weight. This is the same as the results
of Kopinke et al. [63], who found that exposure of PLA to elevated temperature under
oxidative conditions breaks the chain of alkoxy radicals, resulting in the formation of new
free radicals, followed by further breakage of polymer chains.

More detailed conclusions about the structure of a given polymer that can be drawn
from GPC studies are provided by PDI analysis. Based on this analysis, it is possible to
deduce what chain length the polymer consists of. The obtained results indicated that
for PLA processed under the most demanding conditions, the PDI value was close to the
original (not extruded) PLA. In the remaining cases, lower values were observed. When
using configuration 1, there is a clear increase in PDI with increasing extrusion temperature.
The PDI range using this configuration was measured from 1.90 to 2.12. According to
Jailani et al. [64–67], PDI is a measure of molecular weight distribution. However, in the
case of the application of configuration 2, such changes were not observed anymore. These
samples, in turn, ranged from 2.06 to 2.21, with the value of 2.10 in most cases. This proves
that structure 2 produces a broad molecular weight distribution. According to Kim et al.,
PLA [68] with a higher molecular weight have a more star structure.

The crystallization of PLA depends on the molecular weight and processing condi-
tions [69,70]. Considering the variable processing conditions introduced by us, the observed
changes in Tg, Tcc, and Tm were small. No direct correlation of the examined processing
parameters with the obtained values was found. As a result of the processes conducted
in the main chain, it could have been broken into smaller fragments. The cleavage of
the chain can take place anywhere, resulting in the formation of monomers, oligomers,
and many chemical compounds. The resulting short chain can join the main chain and
form a more spherical molecule due to the attached side chains. Such structural defects
do not affect thermal stability [71,72]. The cold crystallization peak is associated with
the reorganization of amorphous into crystalline domains, caused by the increased mo-
bility of macromolecules and flexibility of the processed polymer [73]. In our studies for
PLA processed using configuration 1 at 230 ◦C at 600 min−1, and using configuration
210 ◦C/200 min−1 and 230 ◦C/400 min−1, a double endothermic peak corresponding
to Tm was observed. Ahmed et al. [74] explained that during heating, bimodal thermal
changes occur, which are manifested by two endothermic peaks. The two melting peaks are
associated with the presence of two types of crystallites of distinct size and disorder. The
occurrence of a double melting peak can be attributed to the melting of imperfect crystals
and the other to the melting of the remaining crystal fraction [75]. Another explanation for
this is the melt-recrystallization mechanism [76].

5. Conclusions

The results of rheological measurements, molecular weight, and thermal properties
showed that during extrusion in the presence of a screw with a greater number of kneading-
mixing zones, at high temperatures (up to 250 ◦C), and at a high rotational speed of the
screws (600 min−1), PLA LX175 is degraded thermomechanically, which results in a reduced
viscosity assessed on the basis of MFR measurements, a reduction in molecular weight, and
no thermal changes. The most harmful element influencing a deterioration of the properties
of the material is a wrongly selected screw configuration, compared to the temperature and
rotation of the screw. Increasing the temperature by an additional 20 ◦C in the range from
210 ◦C to 250 ◦C also causes changes, which are sometimes compensated by increasing
the rotation of the screw, as it shortens the residence time of the material in the device.
The least harmful to the final properties of PLA LX175 turned out to be extrusion in the
presence of a screw with two kneading-mixing zones, at 210 ◦C and 200 min−1 speed, for
which the highest MFR (13.6 g/10 min) and the lowest Mw (170.039 g/mol) were recorded,
PDI value equal to 1.96 and Tg 61.3 ◦C (1st heat) and 58.1 ◦C (2nd heat), Tcc 114.2 ◦C (1st
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heat) and Tcc for 2nd heat not recorded, and Tm 152.9 ◦C (1st heat) and 151.7 ◦C (second
heat). Moreover, the tests proved that MFR is a fast, cheap, affordable, and uncomplicated
method that allows for the initial verification of properties that have been confirmed by
other analyses. In summary, the parameters influencing the time that the material remains
in the extruder are important for the quality of the final material: the more complicated the
screw configuration, the longer the material is exposed to elevated temperature. On the
other hand, the higher the temperature, the faster it is thermodegradable. Additionally, the
higher the rotational speed of the screw, the more difficult the conditions inside the device.
Sometimes, a slight increase in the value of a given parameter affects the physical or thermal
properties of the final material. In this study, it was proved that PLA LX175 subjected
to higher extrusion throughput, and hence shorter residence times of the material in the
device, is more resistant to elevated temperatures. The obtained results provide valuable
information on PLA LX175 and its behavior during processing with the extrusion method.

It is important to optimize the processing of polymers to reduce the consumption of a
large number of polymers, and that the obtained product is of superior quality, and can be
biodegradable or recyclable after use. When selecting processing raw materials, one should
also pay attention to what they are obtained from and whether they are biodegradable
or recyclable. Conscious processing of macromolecular plastics is an essential element
of everyday life and care for our environment. In the longer term, it seems necessary
to research other materials as well as the influence of processing conditions on physical
and mechanical parameters, such as strength properties, which will allow for further
optimization of processing processes.
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