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Abstract: This study analyzed the structural changes of semicrystalline polylactide (PLA) in the 

form of spun-bonded mulching nonwoven, during outdoor composting. The investigation was 

carried out at the microstructural, supramolecular and molecular levels using scanning electron 

microscopy (SEM), wide-angle X-ray diffraction (WAXD) and the viscosity method, respectively. 

The results showed the varying degree of influence of the climatic condition, prepared compost 

mixtures and time on the molecular, supramolecular and micromorphological structure of PLA 

spun-bonded mulching nonwoven and its degradation rate. The obtained experimental results 

revealed how the popular outdoor composting method, realized under two different European 

climatic conditions (in Poland and in Bulgary), affects the degradation of PLA nonwoven, designed 

for agriculture use. 
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1. Introduction 

In recent years, with regard to the environmental preservation and according to the circular 

economy, novel biodegradable materials, made from biomass waste for application in many areas of 

life, were developed [1, 2]. The group of biopolymers that has attracted considerable attention 

includes poly(lactic acid) or polylactide (PLA) [3]. These are synthesized from completely renewable 

sources, for example corn, possess excellent mechanical properties, which are comparable with those 

of other polyesters, and can be used for compost or biodegradation [4]. 

The synthesis of PLA, depending on its application, is based on the polycondensation of lactic 

acid or the ring-opening polymerization of lactide (LA) obtained from the depolymerization of 

oligomers of lactic acid (2-hydroxypropionic) (LAc). LAc is synthesized of hydrocarbons of 

agricultural origin, such as biomass waste, by means of a fermentation process with the use of 

bacteria Lactobacilli. The polymerization of lactide is usually initiated by covalent alcoholates 

(Mt(OR)n), and results in polylactide composed of macromolecules with ester and hydroxyl 

terminal groups, respectively [5]. The presence of various stereoisomeric lactide forms, different 

chirality in the polymer chain, and the creation of different supramolecular structures of polymers 

strongly influence the physical properties of the final products [6-8].  
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The poly(L-lactide) homopolymer is a crystallizable polymer and can crystallize in three 

different polymorphous-ordered forms: α [9], β [10], γ [11], one disorder form α’ [12, 13] and 

meso-phase [14] characterized by different properties [15]. In the technological regime, where 

poly(L-lactide) is usually applied with low content (<10%) of D-lactide isomers, the main observed 

crystalline structure form is α’ which ensures the optimum usable properties of final materials [16, 

17]. 

PLA is also well known as hydrolysable and unstable biodegradable polyester [18, 19]. 

Degradation of this aliphatic polyester depends on the physical, chemical and biological agents, 

mainly through hydrolytic or thermal degradation. [20-22]. The degree and rate of degradation also 

depends on the molecular and supramolecular structures of the polymer [23-25]; however, current 

knowledge is based on the experiments carried out mainly on the amorphous PLA materials 

degraded under laboratory or natural conditions [26, 27]. The presented results from composting 

tests have demonstrated that materials made from PLA can be degraded after several weeks. 

However, the temperature of the compost must be near or above the glass transition temperature, 

which for PLA is in the range of 55 – 65°C [28, 29]. The degradation of PLA products in outdoors 

manure piles is slower in a Mediterranean climate [30]. 

The advantages of PLA have made it a polymer with huge application potential in agriculture 

in the form of packaging [31], strings [32] and nonwoven fabrics for mulching [33, 34]. Due to these 

potential applications, it is important to carry out investigation related to the testing of the 

degradation of prototypes of PLA products during composting under conditions typical for 

agriculture and horticulture—this has become the motivation to carry out the experiment described 

in this work.  

In this study, degradation in an outdoor regime was investigated which is interesting not only 

from the scientific point of view. The possibility of utilizing plastics by composting in a home is 

extremely important with respect to environmental protection, and could be a method of waste 

reduction. Semicrystalline PLA in the form of spun-bonded nonwoven, such as the material applied 

to mulching plants in summer 2015, was composted in soil with peat with and without the addition 

of a commercially available agent for compost containing nitrogen, Radivit®, under two different 

climatic conditions, defined according to Köppen–Geiger’s classification as humid continental (Dfb) 

and humid subtropical (Cfa) [35]. Additionally, a part of the composting prism was covered by foil 

which is a typical method used in horticulture and agriculture to accelerate the composting process. 

The experiment was carried out from April 10, 2015 to October 10, 2017. The effects of degradation 

were analyzed by using scanning electron microscopy (SEM), wide-angle X-ray diffraction (WAXD) 

and the viscosity method, which provided information about structural changes at the 

microstructural, supramolecular and molecular levels, respectively. 

. Materials and Methods  

2.1. Materials 

The studied materials were made from the poli(L-lactide) which contained 1,4% of D-lactide, 

Nature Works 6202D (Cargill Dow, USA), with the addition of black dye (PolyOne, USA). The PLA 

spun-bonded mulching nonwovens with a mass per unit area of 50.1, g/m2 were performed by using 

the large laboratory stand. The methodology guaranteed optimal mechanical properties with the 

semicrystalline structures what were previously described [36]. 

2.2. Composting condition and method 

The outdoor composting was realized at two experimental stations: Vegetable Experimental 

Station of the University of Agriculture in Krakow, Poland (50º04′N, 19º51′E) and Agroecological 

Centre (AEC) at the Agricultural University of Plovdiv, Bulgaria (42°09′N 24°45′E) where the climate 

is, according to Köppen–Geiger’s classification, humid continental (Dfb) and humid subtropical 

(Cfa), respectively [37]. The experiments were started on the last day of June 2014 through the 

deposition of nonwoven strips on the soil, which were supposed to imitate the litter in contact with 
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the soil. On the last day of August, the litter nonwoven strips were cut into 5x5 cm2 pieces and added 

to the compost prisms of the following most popular composting mixtures: 

• Soil with peat (sample notation is defined as S+P) 

• Soil with peat and a commercially available agent for composting which contains nitrogen, 

Radivit® (sample notation is defined as S+P+R) 

Additionally, part of the compost prisms was covered with foil and that sample is defined as 

S+P+F and S+P+R+F, respectively. The samples for testing were taken after 1 year and 2 years of 

composting. 

2.3. SEM method 

The effect of degradation on the change of spun-bonded nonwoven morphology was observed 

under a scanning electron microscope (SEM) (Nova NanoSEM 230). The studies were carried out by 

the use of a Low-Vacuum environment and beam energy 10 keV. 

2.4. Molecular weight 

Molecular weight was measured by the viscosity method in a diluted polymer/dichloromethane 

(0.08 g/dL) using an Ubbelohde viscometer (Type 2a.) at 25°C. The viscosity-average molecular weight, 

Mη, was then calculated from the intrinsic viscosity [η] by using the following equation [38]: 

[η]=KMη
α (1) 

where K and α are constants which equal PLLA 5.45×10-4 and 0.74, respectively. 

2.5. DSC method 

The thermal properties of the studied materials were analysed using a model Q 2000 differential 

scanning calorimeter, model Q 2000 (TA Instrument Inc., UK), in the range of 0 - 250°C at a heating rate 

of 10°C/min. 

2.6. WAXDmethod 

Measurements of the crystalline structure of PLA were carried out by means of a diffractometer 

X'Pert PRO (PANalytical, Netherland) with the use of CuKα source (λ= 0.154 nm) and the following 

parameters: accelerating voltage 40 kV; anode current density 30 mA. A semiconductor counter 

X’Celector was used as a detector. Diffraction patterns for powdered samples were taken within the 

range of angles of 2θ: 5° - 45°. 

3. Results and Discussion 

3.1. Analysis of micromorphology 

In the first part of the evaluation of the degradation of PLA spun-bonded mulching nonwovens, 

the influence of the degradation factors such as time, climatic conditions and composition of 

compost on the physical microstructure of the nonwoven fabrics was analysed. Due to the strong 

diffusion of the soil inside the nonwoven structure and its difficulty with purification, a reliable 

assessment of the weight loss was not possible. Thus, in this work, changes at the microstructure 

level were assessed as an investigation of the physical structures of nonwovens, by means of 

scanning electron microscopy. Figure 1 presents the SEM images recorded before and after 

degradation in magnification ×1600. It is clearly shown that the results of the composting process are 

characteristic transverse cracks of fibres after just one year of degradation [39]. Additionally, in the 

case of composting in a humid subtropical climate, the preliminary fragmentation of fibers is also 

observed. After the second year of composting, all of the studied samples are partially fragmented; 

however, there is a lack of visible fragmentation to the powdered form. Based on the presented 

results, it can be concluded that the degradation process after two years is still in its early stages at 

the micromorphology level. The materials have partially fragmented what would be called 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   doi:10.20944/preprints201902.0222.v1

Peer-reviewed version available at Polymers 2019, 11, 559; doi:10.3390/polym11030559

http://dx.doi.org/10.20944/preprints201902.0222.v1
http://dx.doi.org/10.3390/polym11030559


 

disintegration without any visible typical effects of fragmentation and mineralization [40]. 

Moreover, it can also be assumed that changes in micromorphology are slightly more severe when 

composting is carried out in a humid subtropical climate. In addition, it cannot be determined which 

compost composition has a more degrading effect on semicrystalline PLA spun-bonded mulching 

nonwovens based on SEM images of micromorphology (Figure 1). The investigation at the 

microstructural scale of the effects of degradation also demonstrated an insignificant influence of 

covering the compost prism with foil on the destruction and fragmentation of studied samples, 

mainly visible as surface defects. Based on the assessment of changes in the microstructure of PLA 

nonwovens, it can be concluded that composting of semicrystalline polymer material under natural 

conditions is not trivial. Without the proper temperature, soil moisture and natural microorganisms 

are not sufficient conditions for the rapid degradation of the semicrystalline form of PLA. 

 

 
Figure 1. SEM images of PLA spun-bonded nonwovens before and after composting in various 

conditions. 

3.2. Molecular weight analysis 

Figure 2 presents the changes in PLA-estimated intrinsic viscosity and calculated viscosity-average 

molecular weight that resulted from various composting mixtures and times. The one-year 

composting process of nonwovens in selected conditions did not significantly change the 

viscosity-average molecular weight of the PLA. The Mη decreased from 38.8 kDa to 37.7–38.0 kDa 

and 37.0–37.2 kDa in the case of composting in soli and composting in soli with Radivit® covered 

with foil, respectively. The changes in Mη are more visible after the second year of composting. 

Moreover, after two years of the composting process, the influence of climatic condition on the 

calculated viscosity-average molecular weight is more visible. According to the presented result, as 

expected, the most intensive changes in Mη parameters are observed in the case of the composting 

process in the humid subtropical climate (Cfa). After a year of composing, the calculated Mη for 

samples composting in Plovdiv decreased from 38.8 kDa to 31.9–33.0 kDa, while for the samples 

composting in Cracow Mη decreased to only 35.0–34.4 kDa. It is worth noting that the composting 
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process in outdoor conditions—where the maximum temperatures in the composting prism during 

the experiment were in the case of Cracow in the rage of 25–32°C, and in the case of Plovdiv in the 

range of 28–35°C—affected the molecular structure of the polymer, but the effects of degradation are 

not as significant as in the case of laboratory tests or degradation realized in the municipal 

composting heap, where the temperatures are in the range of 56–65°C [29]. The presented results 

confirm the significant importance of the supplied energy in the form of heat as a degrading factor, 

which is possible to obtain under natural conditions by changing the climate zone or providing heat 

from an artificial source. Adding Radivit® agent and covering the composting prism with foil 

insignificantly accelerate the degradation of semicrystalline PLA material at the molecular level, 

which is a significant observation from the perspective of PLA degradation in natural conditions. In 

summary, the obtained results of molecular weight changes correlate with changes at the 

microstructure level and confirm that after two years of composting PLA nonwoven in natural 

conditions, degradation is visible but it is still at a preliminary stage. 

 

 
Figure 2. The changes in viscosity-average molecular weight of PLA during composting in: (a) soil 

with peat, (b) soil with peat covered with foil, (c) soil with peat and Radivit®, and (d) soil with peat 

and Radivit® covered with foil. 

3.3. DSC results 

Analysis of the PLA spun-bonded mulching nonwoven thermal properties was performed before 

and after composting in various media and climate conditions.  

In Figure 3, the first heating DSC thermograms of the studied materials are presented. Figure 4 

compares the estimated variation of the heat capacity (ΔCp) and degree of crystallinity (χc) for each 

studied PLA sample. The degree of crystallinity was calculated using the following equation: 

χ
c
=
ΔHm-ΔHcc

ΔH100%
× 100% (2) 

where ΔHm is the melting enthalpy, ΔHcc is the cold crystallisation enthalpy and ΔH100% is the 

melting enthalpy of 100% crystalline PLA, which is equal to 93.1 J g-1[41]. 

On all of the thermograms, the melting point of PLA around 166°C is clearly visible. The analysis of 

determined values shows the slight decrease in Tm of the studied samples mainly after 2 years of 

composting from 166.5°C to 166.0°C. This is an interesting observation because it suggests that most 

of the crystallites detected by DSC originate from the locally ordered structure obtained during 

degradation. This phenomenon will be the subject of WAXD studies, the results of which are 

presented later in this work. 

More clearly visible changes in the thermal properties of studied samples were noted for the glass 

transition point and cold crystallization peak. For the samples composted in the humid subtropical 

climate, a decrease in Tg and Tcc was discernible, and its range depended on the composting mixture 

and the presence of a foil cover (Figure 3b). In samples composting for 2 years, an insignificant or no 

cold crystallization peak was noted with the significant decrease in the glass transition point. These 

results correlate with the results of molecular weight analysis estimated by the viscosity method. 
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The glass transition point and cold crystallization peak are observed at a lower temperature for the 

polymer with a lower viscosity-average molecular weight. This phenomenon is evident because the 

polymer with lower Mη requires lower thermal energy to transition from a solid to a glassy form. 

The decrease in molecule weight also results in an insignificant decrease in the cold crystallization 

point (Figure 3).  

 
Figure 3. DSC thermographs of PLA spun-bonded mulching nonwovens recorded before and after 

composting in (a) Cracow and (b) Plovdiv.  

 

The composting process changes the thermal properties of the studied sample. This is mainly 

observed as a decrease in the values Tg and Tc, but also changes in the supramolecular structures of 

the polymer. In Figure 4, the variation in the heat capacity and degree of crystallinity is presented as 

a function of degradation time. The increase in χc with decreasing ΔCp is clearly presented. 

According to the presented results of the numerical analysis of the obtained DSC thermograms, the 

influence of climatic condition on the PLA degradation is visible. The increase in the degree of 

crystallinity with the decreasing variation of the heat capacity is more intense when composting was 

conducted in a Cfa climate than in a Dfb climate. Moreover, composting with the use of a foil cover 

contributes to the occurrence of significant structural changes in the polymer in a shorter time, 

which is clearly visible in the case of samples S+P+F and S+P+R+F. Additionally, the obtained DSC 

results suggested that the addition of Radivit® to the composting mixture causes an insignificant 

increase in the velocity of structural changes of PLA during degradation, observed as an increase in 

the degree of crystallinity with the decreasing variation of the heat capacity, as shown in the 

viscosity-average molecular weight analysis results. 
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Figure 4. Results of DSC analysis of semicrystalline PLA spun-bonded mulching nonwoven before 

and after composting in: (a) soil with peat, (b) soil with peat covered with foil, (c) soil with peat and 

Radivit®, (d) soil with peat and Radivit® covered with foil.  

3.4. WAXD results 

In Figure 5, X-ray diffractograms of investigated semicrystalline PLA mulching nonwoven, 

before and after composting, are compared. In all of the obtained diffractograms, two dominant 

diffraction peaks located at 2θ, equal to 16.5° and 18.8°, are clearly visible, corresponding to 

(110)/(200) and (203) lattice planes of α or α’ forms of PLA. In addition, for the composted samples, a 

sharp diffraction peak at around 2θ, equal to 22°, 27° and 28°, and many weak visible diffraction 

peaks in the range of 2θ 10°–40°, assigned to the reflection from crystallographic planes of soil, are 

also discernible. 

 
Figure 5. WAXS diffractograms of PLA spun-bonded mulching nonwovens before and after 

composting in (a) Cracow and (b) Plovdiv. 

 

The visible increase in PLA diffraction peak intensity suggested significant supramolecular 

changes in the studied polymer. This was analysed in depth by the deconvolution of the 

diffractograms into the amorphous halo and the crystalline peaks. For this analysis, the experimental 

data were fitted by a broad Gaussian peak, characteristic of the amorphous component, and main 

narrow Gaussian–Lorentzian peaks relevant to the crystalline form, all calculated using the 
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WAXSFIT software based on Hindeleh and Johnson’s method [42]. The shapes of the crystalline 

peaks and the amorphous halo were matched according to the model proposed by Stoclet et al [43]. 

The crystalline phase contents in the studied materials were calculated according to the following 

equation: 

χ
c
=

AC

AC − AA
× 100% (3) 

where AA and AC are the integral intensities of the amorphous halo and the peaks originating from 

the crystalline phase, respectively. 

Another characteristic feature of the structure formed after composting of semicrystalline PLA 

spun-bonded nonwoven, under various conditions, was detected by an analysis of the d-spacing 

(lattice length) calculated according to Bragg’s equation:  

d(hkl)=
𝜆

2 sin 𝜃
 (4) 

where λ is the wavelength of the X-ray source (0.15418 nm) and θ is an angle of the reflection (half of 

2θ of peak position).  

Figure 6 presents the results of numerical analysis of recorded WAXD diffractograms. The 

degrees of crystallinity estimated by the WAXD method and d-spacing calculated for the two strong 

visible diffraction peaks corresponding to (110)/(200) and (203) lattice planes, as a function of 

degradation time, are similar to those estimated by the DSC method. The degradation of the 

amorphous phase during composting, along with the ordering of the crystalline phase, caused 

visible changes in the shape of diffractograms as well as an increase in the determined numerical 

method of the degree of crystallinity. The influence of the four degradation factors—time, climatic 

conditions, composting mixtures and covering with foil—on the crystallisation of the studied sample 

is clearly presented. The χc is higher and d-spacing is lower in the case of composting in a Cfa 

climate than in a Dfb climate. What is more, covering composting prisms with foil allows faster 

degradation and crystallization after the first year of conducting the experiment, which is clearly 

visible in the case of composting under the Dfb climatic condition. Additionally, the addition of 

Radivit ® to the composting mixture causes an insignificant increase in the velocity of structural 

changes of PLA during degradation, observed as an increase in the degree of crystallinity and 

decrease in d-spacing. The obtained results testify that the degradation of PLA is not only detectable 

as an increase in crystallinity but also as the ordering of crystalline forms. For the uncomposted 

nonwoven, the mean values of the d-spacings were 0.537 nm and 0.474 nm for the (110)/(200) and 

(203) lattice planes, respectively. The calculated cell units were equal to a=1.074 nm, b=0.620 nm, and 

c=3.018 nm. For the nonwoven composted in the soil with peat and Radivit® under the Cfa climatic 

condition, the diameters of the lattice changed, and the mean d-spacings were approximately 0.533 

nm and 0.469 nm (a=1.066 nm, b=0.615 nm, and c=2.961 nm). In sum, the initial disorder α’ crystalline 

form of the studied material is ordering to the α form of PLA during composting. 
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Figure 6. Results of numerical analysis of WAXD diffractograms recorded for PLA spun-bonded 

mulching nonwovens before and after composting in: (a) soil with peat, (b) soil with peat covered 

with foil, (c) soil with peat and Radivit®, (d) soil with peat and Radivit® covered with foil. 

3. Conclusion 

An investigation of the structural changes of PLA spun-bonded mulching nonwovens after two 

years outdoor composting revealed important information about the degradation of semicrystalline 

PLA and significantly increased the scientific knowledge about this polymer. The most important 

conclusions include the following:  

1. Degradation of semicrystalline PLA materials by the outdoor composting method in various 

climatic conditions for one year is not efficient, as confirmed mostly by SEM studies. An 

increase in the degree of crystallinity with decreasing viscosity-average molecular weight 

and changes in the thermal properties of the studied material are observed but to a lesser 

extent than after composting for two years.  

2. The climatic condition and the presence of a foil cover on the composting prism are 

important for the rapid degradation of semicrystalline PLA by the outdoor composting 

method. Ensuring high average annual temperatures, preferably close to the glass transition 

temperature of PLA, and ensuring its stability are crucial from the point of view of 

composting semicrystalline PLA materials. 

3. The addition of a commercially available agent that contains nitrogen (Radivit®) to the 

composting mixture slightly accelerates the degradation process, but not as much as the 

climatic conditions and covering the composting prism with foil. 

4. Outdoor composting had a strong effect on the disorder-to-order phase transition (α’ to α 

form) of PLA. The decrease in d-spacing measured for the most intense WAXD diffraction 

peaks is observed after the first year of degradation and is more pronounced after two years 

of conducting the process. On the basis of the obtained results, it can be assumed that, in the 

case of PLA degradation, changes in d-spacing and the disorder-to-order phase transition of 

PLA could be precise degradation assessment indicators. 

Author Contributions: Michał Puchalski designed the analytical part of experiment, performed the WAXD, 

DSC and SEM measurement, analyzed all experimental data and wrote the paper; Piotr Siwek designed the 

composting of materials and performed the composting in Cracow; Nicolay Panayotov and, Małgorzata Berova 

co-designed the composting of materials and performed the composting in Plovdiv; Stanisława Kowalska 

performed mass loss and molecular weight changes measurements, Izabella Krucińska co-designed the 

analytical part experiment and contributed to wrote the paper, was the leader of Biogratex Project. 

Funding: This research was partially funded by the European Regional Development Fund in the frame of key 

project titled “Biodegradable fibrous products” (acronym: Biogratex) No. POIG.01.03.01-00-007/08-00 and part 

of work was funded by statuary activity by Lodz University of Technology, Department of Material and 

Commodity Sciences and Textile Metrology, Poland, No. 14-148-1-2117.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   doi:10.20944/preprints201902.0222.v1

Peer-reviewed version available at Polymers 2019, 11, 559; doi:10.3390/polym11030559

http://dx.doi.org/10.20944/preprints201902.0222.v1
http://dx.doi.org/10.3390/polym11030559


 

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in 

the decision to publish the results. 

References 

1. Álvarez-Chávez, C.R.; Edwards, S.; Moure-Eraso, R.; Geiser, K. Sustainability of bio-based plastics: 

general comparative analysis and recommendations for improvement. Journal of Cleaner Production 2012, 

23, 47-56. doi:10.1016/j.jclepro.2011.10.003 

2. Alaerts, L.; Augustinus, M.; Van Acker, K. Impact of Bio-Based Plastics on Current Recycling of Plastics. 

Sustainability 2018, 10, 1487. doi:10.3390/su10051487 

3. Lima, L.-T.; Auras, R.; Rubino, M. Processing technologies for poly(lactic acid). Progress in Polymer Science 

2008, 33, 820-852. doi:10.1016/j.progpolymsci.2008.05.004 

4. Groot, W.; van Krieken, J.; Sliekersl, O., de Vos, S. Production and Purification of Lactic Acid and Lactide 

In: POLY(LACTIC ACID) Synthesis, Structures, Properties, Processing, and Applications Auras, R.; Lim, L.-T.; 

Selke, S.E.M.; Tsuji H.; Eds.; John Wiley & Sons Inc.: Hoboken, USA, 2010, pp. 3-19. 

5. Duda, A.; Penczek, S.; Mechanisms of aliphatic polyester formation In: Biopolymers, Vol. 3b: Polyesters II - 

Properties and Chemical Synthesis Steinbüchel, A.; Doi, Y.; Eds.; Wiley-VCH: Weinheim, Germany, 2002, 

Volume 3, pp. 371-430. 

6. Henton, D.E.; Gruber, P., Lunt, J; Randall, J. Polylactic acid technology. In: Natural fibers, biopolymers, and 

biocomposites Mohanty, A.K.; Misra, M.; Eds.; CPC Press: Boca Raton, USA, 2005, pp. 527-577. 

7. Michalski, A.; Brzezinski, M.; Lapienis, G.; Biela, T. Star-shaped and branched polylactides: Synthesis, 

characterization, and properties. Progress in Polymer Science 2019, 89, 159-212. 

doi:10.1016/j.progpolymsci.2018.10.004 

8. Standau, T.; Zhao, C.; Murillo Castellón, S.; Bonten, C.; Altstädt, V. Chemical Modification and Foam 

Processing of Polylactide (PLA). Polymers 2019, 11, 306. doi: 10.3390/polym11020306 

9. Kawai, T.; Rahman, N.; Matsuba, G., Nishida, K.; Kanaya, T.; Nakano, M.; Okamoto, H.; Kawada, J.; Usuki, 

A.; Honma, N.; Nakajima, K.; Matsuda, M. Crystallization and Melting Behavior of Poly (L-lactic Acid). 

Macromolecules 2007, 40, 9463-9469. doi:10.1021/ma070082c 

10. Sawai, D.; Takahashi, K.; Sasashige, A.; Kanamoto, T.; Hyon, S.-H. Preparation of Oriented β-Form 

Poly(L-lactic acid) by Solid-State Coextrusion: Effect of Extrusion Variables Macromolecules 2003, 36, 3601- 

3605. doi:10.1021/ma030050z 

11. Cartier, L.; Okihara, T.; Ikada, Y.; Tsuji, H.; Puiggali, J.; Lotz, B. Epitaxial crystallization and crystalline 

polymorphism of polylactides. Polymer 2000, 41, 8909-8919. doi.org/10.1016/S0032-3861(00)00234-2 

12. Pan, P.; Kai, W.; Zhu, B.; Dong, T.; Inoue, Y. Polymorphous crystallization and multiple melting behavior 

of poly(L-lactide): molecular weight dependence. Macromolecules 2007, 40, 6898-6905. 

doi:10.1021/ma071258d 

13. Zhang, J.; Tashiro, K.; Tsuji, H.; Domb, A.J. Disorder-to-order phase transition and multiple melting 

behavior of poly(L-lactide) investigated by simultaneous measurements of WAXD and DSC. 

Macromolecules. 2008, 41, 1352-1357. doi:10.1021/ma0706071 

14. Stoclet, G.; Seguela, R.; Lefebvre, J.-M.; Rochas C. New Insights on the Strain-Induced Mesophase of 

Poly(d,l-lactide): In Situ WAXS and DSC Study of the Thermo-Mechanical Stability. Macromolecules 2010, 

43, 7228-7237. doi: 10.1021/ma101430c  

15. Saeidlou, S.; Huneault, M.A.; Li, H.; Park, C.B. Poly(lactic acid) crystallization. Progress in Polymer Science 

2012, 37, 1657-1677. doi:10.1016/j.progpolymsci.2012.07.005 

16. Puchalski, M.; Kwolek, S.; Szparaga, G.; Chrzanowski, M.; Krucińska, I. Investigation of the Influence of 

PLA Molecular Structure on the Crystalline Forms (α’ and α) and Mechanical Properties of Wet Spinning 

Fibres. Polymers 2017, 9, 18. doi:10.3390/polym9010018 

17. Puchalski, M.; Sulak, K.; Chrzanowski, M.; Sztajnowski, S.; Krucińska, I. Effect of processing variables on 

the thermal and physical properties of poly(L-lactide) spun bond fabrics. Textile Research Journal 2015, 85, 

535-547. doi:10.1177/0040517514547215 

18. Sikorska, W.; Richert, J.; Rydz, J.; Musioł M.; Adamus, G.; Janeczek, H.; Kowalczuk, M.; Degradability 

studies of poly(L-lactide) after multi-reprocessing experiments in extruder. Polymer Degradation and 

Stability 2012, 97, 1891-1897. doi:10.1016/j.polymdegradstab.2012.03.049 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   doi:10.20944/preprints201902.0222.v1

Peer-reviewed version available at Polymers 2019, 11, 559; doi:10.3390/polym11030559

http://dx.doi.org/10.20944/preprints201902.0222.v1
http://dx.doi.org/10.3390/polym11030559


 

19. Garrison, T.F.; Murawski, A.; Quirino, R.L. Bio-Based Polymers with Potential for Biodegradability. 

Polymers 2016, 8, 262. doi: 10.3390/polym8070262 

20. Naira, L.S.; Laurencin, C.T. Biodegradable polymers as biomaterials. Progress in Polymer Science 2007, 32, 

762-798 doi:10.1016/j.progpolymsci.2007.05.017 

21. Kameno, N.; Yamada, S.; Amimoto, T.; Amimoto, K.; Ikeda, H.; Koga, N. Thermal degradation of 

poly(lactic acid) oligomer: Reaction mechanism and multistep kinetic behavior. Polymer Degradation and 

Stability 2016, 134, 284-295. doi:10.1016/j.polymdegradstab.2016.10.018 

22. Puchalski, M.; Siwek, P.; Biela, T.; Sztajnowski, S.; Chrzanowski, M.; Kowalska, S.; Krucińska, I.; Influence 

of the homehold composting conditions on the structural changes of polylactide spun-bonded 

nonwovens during degradation. Textile Research Journal 2017, 87, 2541–2549, doi: 
10.1177/0040517516673332 

23. Saha, S.K.; Tsuji, H. Effects of molecular weight and small amounts of D-lactide units on hydrolytic 

degradation of poly(L-lactic acid)s. Polymer Degradation and Stability 2006, 91, 1665-1673. 

doi:10.1016/j.polymdegradstab.2005.12.009 

24. Chen, H.; Shen, Y.; Yang, J.; Huang, T.; Zhang, N.; Wang, Y.; Zhou, Z. Molecular ordering and α’ -form 

formation of poly(L-lactide) during the hydrolytic degradation. Polymer 2013, 54, 6644-6653. 

doi:10.1016/j.polymer.2013.09.059 

25. Zhang, N.; Yu, X.; Duan, J.; Yang, J.-h.; Huang, T.; Qi, X.-d.; Wang, Y. Comparison study of hydrolytic 

degradation behaviors between α′- and α-poly(L-lactide). Polymer Degradation and Stability 2018, 148, 1-9. 

doi:10.1016/j.polymdegradstab.2017.12.014 

26. Satti1, S.M.; Shah, A.A.; Marsh, T.L.; Auras, R. Biodegradation of Poly(lactic acid) in Soil Microcosms at 

Ambient Temperature: Evaluation of Natural Attenuation, Bio-augmentation and Bio-stimulation. Journal 

of Polymers and the Environment 2018, 26, 3848-3857. doi:10.1007/s10924-018-1264-x 

27. G. Kale, R. Auras, S. P. Singh, R. Narayan, Biodegradability of polylactide bottles in real and simulated 

composting conditions, Polymer Testing 2007, 26, 1049-1061. 10.1016/j.polymertesting.2007.07.006 

28. Janeczek, H.; Duale, K.; Kowalczuk, M. Forensic Engineering of Advanced Polymeric Materials—Part V: 

Prediction Studies of Aliphatic–Aromatic Copolyester and Polylactide Commercial Blends in View of 

Potential Applications as Compostable Cosmetic Packages. Polymers 2017, 9, 257. 

29. Gutowska, A.; Jóźwicka, J.; Sobczak, S.; Tomaszewski, W.; Sulak, K.; Miros, P.; Owczarek, M.; 

Szalczyńska, M.; Ciechańska, D.; Krucińska, I. In-Compost Biodegradation of PLA Nonwovens. FIBRES 

& TEXTILES in Eastern Europe 2014; 107, 99-106. 

30. Rudnik E and Briassoulis D. Degradation behaviour of poly(lactic acid) films and fibres in soil under 

Mediterranean field conditions and laboratory simulations testing. Industrial Crops and Products 2011, 33, 

648-658. doi:10.1016/j.indcrop.2010.12.031 

31. Sinclair, R.G. The Case for Polylactic Acid as a Commodity Packaging Plastic, Journal of Macromolecular 

Science, Part A 1996, 33, 585-597, doi:10.1080/10601329608010880 

32. Czekalski, J.; Krucińska, I.; Kowalska, S.; Puchalski, M. Effect of twist stabilisation and dyeing on the 

structural and physical properties of agricultural strings. FIBRES & TEXTILES in Eastern Europe. 2013, 102, 

39-44 

33. Kalisz, A.; Siwek, P.; Libik, A. Evaluation of degradable nonwoven covers on the growth and 

yield of overwintering leeks. European Journal of Horticultural Science 2017, 82, 98-104. 

doi:10.17660/eJHS.2017/82.2.5 

34. Domagała-Świątkiewicz, I.; Siwek, P.; Effect of biodegradable mulching on soil quality in stenotermal 

vegetable crop production. Proceedings of ECOpole 2015, 9, 425-439. doi:10.2429/proc.2015.9(2)050  

35. Köppen, W.; Geiger, R. Das geographische System der Klimate In: Handbuch der Klimatologie., Borntraeger: 

Berlin, Germany, 1936. 

36. Puchalski, M.; Krucińska, I.; Sulak, K.; Chrzanowski, M.; Wrzosek, H. Influence of the calender 

temperature on the crystallization behaviors of PLA spun bonded non-woven fabrics. Textile Research 

Journal 2013, 83, 1775-1785. doi:10.1177/0040517513478480 

37. Kottek, M.; Grieser, J.; Beck, C.; Rudolf, B. Rubel, F. World Map of the Köppen-Geiger climate 

classification updated. Meteorologische Zeitschrift 2006, 15, 259-263. doi:10.1127/0941-2948/2006/0130 

38. Mao, Y.; Wei, W.; Zhang, J.; Li, Y. A novel determination technique of polymer viscosity‐average 

molecular weights with flow piezoelectric quartz crystal viscosity sensing. Journal of Applied Polymer 

Science 2001, 82, 63-69. doi:10.1002/app.1823 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   doi:10.20944/preprints201902.0222.v1

Peer-reviewed version available at Polymers 2019, 11, 559; doi:10.3390/polym11030559

http://dx.doi.org/10.20944/preprints201902.0222.v1
http://dx.doi.org/10.3390/polym11030559


 

39. Azimi, B.; Nourpanah, P.; Rabiee, M.; Arbab, S. Poly (lactide -co- glycolide) Fiber: An Overview. Journal of 

Engineered Fibers and Fabrics 2014, 9, 47-66. 

40. Krzan, A.; Hemjinda, S.; Miertus, S.; Corti, A.; Chiellin, E. Standardization and certification in the area of 

environmentally degradable plastics. Polymer Degradation and Stability 2006, 91, 2819-2833. 

doi:10.1016/j.polymdegradstab.2006.04.034 

41. Tsuji, H. Poly(lactide) Stereocomplexes: Formation, Structure, Properties, Degradation, and Applications. 

Macromolecular Bioscience. 2005, 5, 569-597. Doi:10.1002/mabi.200500062 

42. Rabiej, M. Application of immune and genetic algorithms to the identification of a polymer based on its 

X-ray diffraction curve. J. Appl. Cryst. 2013, 46, 1136-1144, doi:10.1002/mabi.200500062 

43. Stoclet, G.; Seguela, R.; Vanmansart, C.; Rochas, C.; Lefebvre, J.-M. WAXS study of the structural 

reorganization of semi-crystalline polylactide under tensile drawing. Polymer 2012, 53, 519-528. 
doi:10.1016/j.polymer.2011.11.063 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 February 2019                   doi:10.20944/preprints201902.0222.v1

Peer-reviewed version available at Polymers 2019, 11, 559; doi:10.3390/polym11030559

http://dx.doi.org/10.20944/preprints201902.0222.v1
http://dx.doi.org/10.3390/polym11030559

