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ABSTRACT 

Plastics are essential materials, but their extensive production poses a threat to the 

environment. Biobased plastics provide an alternative, that reduce, in many cases, their 

perdurability. The degradation of conventional (polyethylene (PE) / polyethylene 

terephthalate (PET) and polyamide (PA) / polypropylene (PP)- ethylene vinyl alcohol 

(EVOH)-PP) and polylactic acid (PLA)-based materials was evaluated through an in situ 

manipulative experiment for one year simulating different soil scenarios. The degradation 

of the materials was evaluated by means of weight loss, differential scanning calorimetry 

and infrared spectroscopy. Conventional materials showed values less than 2% of weight 

loss for all treatments after one year. The weight loss in PLA-based materials was notably 

enhanced at temperatures above 20ºC and with high water availability, while soil texture 

showed a minor influence.  

The carbonyl and crystallization indices, as well as the enthalpy of fusion, detected early 

signs of degradation of biobased materials and confirmed the degradation detected by 

weight loss.  This study highlights that the degradation of materials can be markedly 

different depending on the environmental conditions in terrestrial environmental 

compartments such as soil, where water availability and temperature can be more 

variable than in marine environments. Thus, the certification of material degradability 

needs to be linked to the specific environmental compartment and conditions in which the 

material has been tested. 

 

Capsule: The degradation of conventional and PLA-based materials through an 

experiment embracing different soil scenarios for one year has been carried out. 

 

KEYWORDS: Plastic degradation; PLA-based materials; Fourier Transform Infrared 

Spectroscopy; Differential Scanning Calorimetry; Weight loss; Terrestrial ecosystem 
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1. Introduction 

The massive scale of the production of petroleum-based polymers constitutes a 

major environmental concern, since around 31.9 million metric tons of these materials are 

released and accumulate in the environment each year1. Petroleum-based plastic waste can 

last in the environment up to 1000 years2. Plastic waste is found in many ecosystems3
, 

negatively impacting species4 which can sustain harm from ingestion, entangling, choking, 

and poisoning5. In this context, biobased plastics, which have a lower expected persistence 

in the environment, have emerged as a possible alternative6,7. Of these biobased plastics, 

polylactic acid (PLA) represents the largest fraction of biobased plastic production in the 

world8.  

Plastics in the environment can be mainly degraded through biological degradation 

(primarily by microorganisms), photodegradation (mainly by UV radiation) and hydrolysis. 

Thermal degradation, it is not prevalent in nature due to insufficiently high temperatures in 

the environment9. Accordingly, even though PLA degrades in 45-60 days under industrial 

composting conditions (50-60 °C)10, degradation rates are much slower under natural 

conditions in soil 11. In addition to temperature, water availability is an important factor for 

hydrolysis, and along with the type of soil, are key parameters that influence the diversity 

and activity of microorganisms12,13, which have a strong impact on biological 

degradation14,15. In turn, plastics like PLA can modify soil conditions, such as the pH and 

redox potential, influencing the composition of microorganisms14 and, therefore, the 

degradation rates of these materials. 

However, previous studies have generally evaluated the degradation of PLA in 

soil in a narrow range of high temperatures (≥ 58ºC)
15,16

. Information on the effects of 

key parameters on the decomposition of materials and their interactions in soil under natural 

conditions, which are highly variable, is scarce. PLA has been reported to reduce its 

weight by 0.7% and 3.0% after 14 days at 45ºC in compost and soil, respectively. 
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Meanwhile, in a PLA/starch blend (10:90), this reduction can increase up to 44.8 % and 

35.2 % under the same conditions
17

. At 25ºC under laboratory conditions, a PLA/starch 

blend required 5-6 months to degrade
18

. Under natural temperature conditions, PLA was 

not fully degraded after 7 months
19

.  

There are specific international standards for the assessment of materials 

degradability. For example, the ISO 17556
20

 estimates the degradation of materials in 

soil under aerobic conditions by measuring CO2 release. However, these standard 

methods are based on highly specific and controlled laboratory conditions, which 

prevents the extrapolation of their results to real terrestrial conditions
21

. In addition, 

measuring CO2 release may not be a reliable proxy for assessing degradation under 

natural conditions. Under these conditions, CO2 is not only released by the material in 

which degradability is being assessed, but by the whole system, including the organic 

matter contained in the soil. Although the separation of these sources could be done, to 

some extent, by designing specific controls, the addition of degradable materials in the 

environment can have interacting effects, stimulating or limiting the decomposition of 

the preexisting organic matter
22,23

, hampering an accurate estimation of the 

degradability of the studied material. Furthermore, anaerobic conditions can occur in 

soil. In this case, CH4 is the resulting byproduct of degradation, rather than CO2 
24

. 

Accordingly, new tools to study material degradability are needed to 

complement those currently used. In addition to environmental conditions, the 

degradability of a material highly depends on the type of polymer and its characteristics, 

including the first-order molecular structure (molecular weight, optical purity) and other 

higher-order structures (crystallinity, glass transition temperature (Tg) and melting 

temperature (Tm))25,26. During degradation, these structures can suffer modifications such as 

in the degree of crystallinity and the formation of carbonyl groups27. Thus, techniques that 

analyze these structures, such as attenuated total reflectance Fourier transform infrared 
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spectroscopy (ATR-FTIR) and differential scanning calorimetry (DSC) have been proposed 

as suitable techniques to study degradability providing complementary insights into this 

process27,28. ATR-FTIR has been used to monitor changes that arise in the surface of the 

materials due to the degradation process that makes them weak and fragile29. In terms of 

thermal analysis techniques, DSC has been widely used to determine the values of 

temperatures and enthalpies related to the thermal transitions obtained in the thermograms 

of the degradation profile of polymers30,31. 

The aim of this work is to evaluate the role of key parameters such as water availability, 

soil type and temperature, and their interaction in the degradation of plastics in the soil 

expecting a different degradation behavior of plastics depending on the environmental 

conditions. To achieve this, the degradation of conventional (polyethylene (PE) / 

polyethylene terephthalate (PET) and polyamide (PA) / polypropylene (PP)- ethylene vinyl 

alcohol (EVOH)-PP) and PLA-based materials commonly used as plastic mulch was 

monitored by means of an in situ manipulative experiment replicating different real 

terrestrial environments for one year by  specific parameters in addition to weight loss, such 

as carbonyl and crystallization indexes and enthalpy of fusion values obtained by using 

FTIR and DSC techniques.  

 

2. Materials and Methods 

2.1.  Experimental set up 

The experiment took place outdoors in the experimental research facilities of the 

University of Alicante over the course of a year, starting in the middle of July 2019 and 

ending in the middle of July of 2020. The climate of this area is Mediterranean, with hot 

summers and mild winters. During the time span of the experiment, the average 

temperature of the air was 19.7 ± 1.5 ºC (mean ± SE), with an absolute maximum and 

minimum temperature of 36.6 and 2.2 ºC, with 119 sunny (mean daily cloudiness lower 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



than 20%) days per year
32

. The area received an annual natural rainfall of 545.1 mm 

only in the form of rain, with torrential rains occurring mainly in spring. (Figure S1) 

(Table S1). 

The experimental units were soils in ceramic pots with a diameter of 20 cm and 

a volume of 4 L containing soil to a depth of 15 cm. From the beginning of the 

experiment in July 2019 until the end of September, and from the end of May until the 

end of the experiment in July 2020, a shelter that reduced the incoming radiation from 

the sun by 60% was installed at 1.5 m above the pots. This shelter was used to limit 

evaporation since potted soil loses more water than the soil in the ground.  

 

2.2. Reference materials 

Four different of virgin plastic materials commonly used as plastic mulch were 

selected for this study. Material A was made of polyamide (PA) and polypropylene 

(PP)- ethylene vinyl alcohol (EVOH)-PP layers.). In this material, the PA used was an 

Ultramid® PA6 grade (BASF) presenting a melt flow index (MFI) of 130 g 10 min
-1

. In 

addition, an EVOH barrier resin EVAL
TM

 film grade with an ethylene content of 32 

mol% and low oxygen transmission rate (OTR (cm
3
/m

2
 day atm; 20°C; 65% HR; ISO 

14663-2) = 0.4) was incorporated as a functional gas and flavor/aroma barrier in 

material A. 

On the other hand, material B was made of polyethylene terephthalate (PET) and 

polyethylene (PE) layers and material C was a transparent heat-sealable compostable 

film based on polylactic acid (PLA) Ingeo
TM

 2500HP (MFI = 8g 10 min
-1

) from 

Natureworks and mainly a microcrystalline cellulose from renewable wood pulp 100% 

compostable (ASTM D6400, EN13432). Finally, material D was a bilayer of laminate 

paper/PLA in which the PLA used was Ingeo
TM

 4032D from Natureworks (Mn = 
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217000 Da; 2.5%wt D-isomer). Additional information about the properties of materials 

A, B and D can be found in Supplementary Information (Table S2). 

2.3. Experimental design 

The degradation of materials was tested under 4 different conditions, 

considering two factors: type of soil (loam and clay) and water availability (wet and dry 

conditions). The experiment design was fully factorial. The two types of soil, were 

characterized by means of the analysis of 6 subsamples to which the texture was 

estimated by using Bouyoucos method
33

 and classified according to the United of States 

Department of Agriculture
34

; and organic carbon content was estimated according to 

Walkley & Black (1934)
35

. The loam soil had 45.4% of sand, 28.8% of silt and 25.8% 

of clay and was classified as loam. The clay soil had 34.3% of sand, 38.5% of silt and 

27.2% of clay and was classified as clay-loam
34

 . Organic carbon content in loam and 

clay soils was 0.5± 0.1 and 0.5 ± 0.1 %, respectively.  

To manipulate the water availability in the soil, a manual irrigation system was 

used. Irrigation was performed by aspersion for 7 minutes to saturate the pots with 

water, so all pots reached field capacity. The pots were irrigated as shown in Table S3.  

Pots contained either conventional (A and B) or PLA-based (C and D) materials. 

Rectangular plastic pieces with a size of 3.5 x 1.5 cm
2
 of each material were introduced 

into small bags made of fiberglass with a mesh size of 1 mm, to prevent loss of material. 

The bags were closed by cotton thread and were then fully buried in the first layer of 

soil (4 cm deep), in vertical position.  

In the pots containing conventional materials (A and B), four bags were buried. 

In pots containing PLA-based materials (C and D), eight bags of each material were 

buried in each pot. Then, the degradation of all materials under the selected conditions 

was tested at day 0, 28, 127, 252 and 365; and the weight loss of materials C and D was 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



additionally tested at day 51, 70, 87 and 105 of the experiment. A total of 4 replicates 

were made per treatment and plastic materials (conventional or biobased ones) were 

grouped together resulting in a total of 32 pots. 

 

2.4 Sample pre-treatment 

At the specific days, the fiberglass bags containing the samples were carefully 

taken out from the pots keeping the thin layer of soil covering these bags and 

immediately transferred to individual zip lock bags. Then, in the laboratory, the samples 

were rinsed in distilled water with a sieve of 0.053 mm mesh size to remove soil 

particles and avoid loss of any fragmented material, if present. Materials were dried at 

30ºC until constant weight was reached. Then, weight loss was estimated, and FTIR-

ATR and DSC analyses were performed. 

 

2.5 Weight loss analysis 

The weight loss of each piece of material was calculated by weight difference 

between day 0 and the corresponding testing day using a precision balance (± 0.0001g).  

 

2.6 Fourier transform infrared (FTIR) spectroscopy 

Briefly, infrared spectra were recorded using a Bruker Analitik IFS 66 FTIR 

spectrometer (Ettlingen, Germany) equipped with a DTGS KBr detector and a Golden 

Gate Single Reflection Diamond ATR accessory (incident angle of 45°). Spectra were 

recorded in the absorbance mode from 4,000-600 cm
-1

; using 64 scans and 4 cm
-1

 

resolution (air spectrum corrected). For material A, the PA index (polyamide index) was 

measured, while for materials B, C and D, the carbonyl (CO) index was evaluated.  

Additionally, for material B, the maximum value of absorbance of the band in the 
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hydroxyl region was also measured. See Section 2.6 of the Supp. Mat. for a detailed 

explanation of each measurement. 

 

2.7 Differential scanning calorimetry (DSC) 

Thermal characterizations were performed using a TA DSC Q-100 (New Castle, 

DE, USA) equipment under a nitrogen atmosphere. Samples were introduced in 

aluminum pans (40µL). Samples were heated from ambient temperature to 250 ºC, 300 

ºC or 200 ºC for materials A, B and D, respectively. Afterwards, samples were cooled to 

-90ºC and finally heated again to 250ºC, 300ºC or 200 ºC, (heating/cooling speed=10ºC 

min
-1

). Calorimetric curves were analyzed using the Universal Analysis TM Software 

(TA Instruments, New Castle) to obtain enthalpy (ΔH, J g
-1

), calculated from the area 

under the DSC curves, and peak temperature values (
º
C) corresponding to the maximum 

of the observed transitions. The crystallization and melting parameters were determined 

from the first heating event.  

 The crystallization index (CI) was calculated using the expression
36

: 

CI = ΔHm / (ΔH°m) x 100 

where ΔHm is the melting enthalpy per unit mass of the sample and ΔH°m the theoretical 

value of the melting enthalpy per unit mass of 100% crystalline PE (290 J g
-1

), PP (138 

J g
-1

), PET (135.8 J g
-1

), PA (230 J g
-1

) and PLA (93.7 J g
-1

)
37

.  

 

2.8 Statistical Analysis 

 

The trends of the weight loss of each material of each treatment were modeled 

through the period of the experiment. Weight loss at day 0 was considered as another 

measure and was 0% for all materials. The model was chosen by adjusting the data to 

the best fit regression models using the Akaike information criterion. Then, the trends 
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among the simulated environmental conditions were compared through analysis of 

covariance (ANCOVA). Parametric assumptions were tested by plotting the fitted vs. 

the residual values and through quantile-quantile plots. Statistical analyses were 

performed with the R statistical software (v. 4.0.2) using the packages ―AICcmodavg‖ 

and ―plyr‖. Data are reported as mean ± standard error (SE) unless otherwise stated. 

Statistical tests were conducted with a significance level of α = 0.05
38

. 

 

3. Results and discussion 

 

3.1. Weight Loss Analysis 

 

The weight loss of conventional materials did not follow a significant trend 

during the time span of the experiment (Table S4), with less than 2% weight loss for all 

treatments after one year (Figure 1). This fact indicated none or very limited 

degradation of the conventional materials, which was not influenced by the tested 

environmental conditions. Similar results have been observed for these materials under 

marine environmental compartments
27

.  

Figure 1 

Figure S2 

This low degradability is typical of conventional plastic due to their structure. 

The long carbon chains present in PP and PE provide a high hydrophobicity, that does 

not allow for hydrolysis, which results in a low degradability
39

. In the case of PET, its 

aromatic groups make it resistant to hydrolysis and microorganism degradation, 

preventing the breakdown of the ester bonds
40

, which makes it essentially non-

degradable under natural environmental conditions
41

. Our results agree with an earlier 

study, in which no significant weight loss was observed after 6 months in compost 

soil
14

. In PA, the high symmetry of its molecular structure, in addition to the strong 
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hydrogen bonds between the chains, provides a crystalline structure and high resistance 

to degradation. Our results agree with previous studies, where PA buried in soil for two 

years and 6 months suffered no or minimal weight loss
12,42

. Conventional polymers such 

as PP, PE and PET degrade (or at least breakdown), mainly through photo- and thermal 

degradation, such as exposure to solar UV radiation, which triggers autocatalytic 

thermal oxidation
43

. In the present experiment, the study materials were buried in the 

first centimeters of the soil, being protected from direct UV rays and the thermal 

radiation was reduced
11

, which makes the breakdown of the conventional materials even 

more difficult. 

In contrast, PLA-based materials showed a noticeable weight loss in all 

treatments in comparison with conventional ones. Weight loss in both materials 

followed a significant third-order polynomial equation indicating that degradation 

mainly occurred during the warm period when air mean temperature was above 20ºC 

(Fig. S1), while in the cold period weight loss was practically non-existent (Fig. 1). 

Both PLA-based materials exhibited  a greater weight loss under wet conditions, with 

material C showing the greatest extent of degradation after one year. For wet conditions, 

the percentage of weight loss in material C was 86.4 ± 2.8 and 89.4 ± 1.8 for clay and 

loam soils, respectively; and for dry conditions, 69.3 ± 10.6 and 84.9 ± 2.3, for clay and 

loam soils, respectively (Figure 1). For material D, the mass reduction was markedly 

favored by wet conditions. Under wet conditions, material D showed a 51.6 ± 4.4 and 

46.8 ± 1.7 % weight loss for clay and loam soils, respectively. For dry conditions, 

material D showed 34.6 ± 4.6 and 38.4 ± 0.3 % weight loss, for clay and loam soils, 

respectively (Figure 1). The trend of weight loss during the experiment was 

significantly different for materials C and D compared to material A, with a more 

marked difference for material C. Water availability and soil texture did not have a 
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significant effect on the trend of weight loss of materials C and D along time (Table 

S4). 

PLA is a compostable material, but its degradability in soil under natural 

conditions has not been studied extensively
44

. The degradation of PLA begins by abiotic 

chemical hydrolysis
11,45

 and continues by enzymatic hydrolysis under microbial 

attack
17

. Water breaks the ester bonds of PLA, causing a reduction in the molecular 

weight of the material
16

. Then, microbial degradation is predominant and favored by 

high temperatures
12

. 

In general terms, the texture of the soil did not have a notable effect on material 

degradation. This fact could be explained because loam soils retain less water, but 

promote aerobic conditions compared to clay soils. Water availability is a key factor 

that promotes soil respiration
26

, while anaerobic metabolic pathways, which are less 

efficient than aerobic respiration, have slow degradation rates
46

. 

Comparing these findings with the results of a previous study using the same 

materials under marine conditions27, PLA-based material degradation in the soil appears to 

be a 10-25 % slower than in the seabed, while a 40-60% faster than in the water column. 

The materials in the seabed and soil suffered the largest weight loss, which may be 

because both environmental compartments harbor a large concentration of 

microorganisms
11,47

 compared with other compartments, such as the water column of 

the sea, other aquatic environments, or the atmosphere
8
. These results agree with the 

fact that biodegradation is mainly mediated by microorganisms
38

, given that soils and 

sediments are major areas of biogeochemical activity
48

, and accordingly the degradation 

rates in these environmental compartments are higher.  
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In the seabed, the trend of the weight loss of the PLA-based materials followed a 

second-order polynomial equation, in which the greatest weight loss of the materials 

occurring at the beginning of the experiment, and, as time passed, weight loss was 

reduced until it was close to zero due to the consumption of the whole material or the 

part that had a high degradability
27

. This trend resembles to the decay of organic 

matter
49

. In contrast, the weight loss of the PLA-based materials in this experiment 

followed a third-order polynomial equation, starting with a steep weight loss (July - 

October), which then stabilized (November – March), and finally rose again (April - 

July). The observed variations in the degradation rate of this material are likely to be 

related to the variation of the temperature since the metabolic rate of microorganisms is 

highly sensitive to temperature
12

 and the same trend was observed in all the treatments.  

Thus, the degradation of materials, such as PLA-based ones, are expected to be 

modulated by temperature changes in the environment, with more constant degradation 

in more temperature stable environmental compartments, such as the seabed, while 

varying more in terrestrial temperate ecosystems with marked seasons.

 

3.2. ATR-FTIR Analysis 

 

The PE (material B) spectra did not show any modification between the 

beginning and the end of the experiment, which coincides with previous observations 

that did not detected changes in the structure of PE buried in soil for 90 days
l
.  As 

regards PET (material B), the analysis of the hydroxyl band present in the ATR-FTIR 

spectrum, has been previously related to the degradation of the material
27

, assigned to 

the -OH group vibration stress of the newly formed carboxylic acid end groups, which 

are by-products of chemical degradation. The absorbance of the band at 3400 cm
-1

 is 

directly related to the CO index since this index depends on the absorbance of the band 
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of the carbonyl group C = O and the group C - O. Accordingly, if there is an increase in 

the intensity of the band at 3400 cm
-1

, associated with the formation of COOH groups 

as degradation products (which implies the formation of new C = O groups); then an 

increase in this index is expected as the degradation process increases
14

. Our results 

show no notable differences in both parameters in any of the treatments that material B 

underwent during the whole year between the beginning and the end of the experiments 

(Figure 2). Similar results were found in previous studies that analyzed PET degradation 

in soil
14

. 

In relation to PA (material A), no new absorption bands were observed in the 

ATR-FTIR spectra in any of the four different treatments that material A underwent 

during the whole year, indicating low to no degradation. The amide bond of PA is 

susceptible to  hydrolysis  in the presence of moisture, in which the N - C bond is 

broken, and the amine and carboxylic acid groups are formed
34

. However, the 

carboxylic group has a strong absorption band in the carbonyl region that corresponds to 

the vibrational stress of the C = O group. Because the FTIR spectrum of non-degraded 

PA already has a well-defined band in the carbonyl region, any new products formed by 

chemical degradation could not be detected because the new bands in this region would 

overlap with the existing bands. In relation to the PA index (Figure 3), no marked 

differences were observed among treatments being these results in accordance with the 

ones obtained simulating marine environmental compartments
27

.  

As regards PLA-based materials (C and D), the by-product formed after the 

hydrolytic degradation process of PLA is lactic acid, which increases the CO index, 

since the formation of acid groups such as lactic acid implies the formation of carbonyl 

bonds. 
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In relation to material C, the CO index remained practically constant throughout the 

experiment (Figure 3). Under marine conditions the same trend was observed, except 

for the index obtained from the samples exposed to marine sediment, in which the 

material was almost completely degraded
27

. The formation of new absorption bands in 

the PLA spectrum were not observed, but changes in the intensity of the functional 

groups (mainly C - O and C - C), indicating that the chemical structure has suffered 

changes in the material surface as a consequence of the degradation process. In relation 

to material D, the CO index remained constant in samples of any of the treatments 

(Figure 3). These results agree with those obtained with PLA fibers in the soil
li
 and in 

compost
14

. 

Figure 3 

 

 

3.3. DSC Analysis 

 

PE, PP, PA, PET and PLA are semi-crystalline polymers, i.e. they are composed of 

crystalline zones connected by amorphous regions
52

. The degradation rate of the 

crystalline zone is lower than that of the amorphous region
53

 because water diffuses 

more easily between the less organized regions
16

. The degradation of the amorphous 

zone leads to an increase in CI as it causes the surface area exposed to the erosion of the 

crystalline material to increase with time. In this way, the degradation rate decreases as 

crystallinity increases
9
. In addition, the short segments of the polymer generated by 

chain breaking during degradation can migrate together and crystallize, leading to 

increases of crystallinity
34

. 

In this study, no marked differences related to ΔHm and CI were observed in 

conventional materials under all tested conditions indicating that there was no 

noticeable degradation (Figures 4 and 5). However, an increase in CI was observed in 
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the PLA-based material D exposed to all treatments. A more pronounced increase was 

obtained in samples under wet conditions in both loam and clay treatments as expected 

since ΔHm increases as the crystalline region of the polymer increases indicating that 

PLA becomes more crystalline as degradation increases (Figure 5). These results agree 

with the ones previously reported in soil
20

 and in the seabed
15

.  

Figure 4 

Figure 5 

In addition, no marked differences were observed related to melting temperature 

of PE, PP, PA, PET and PLA-based materials under any of the treatments (data not 

shown) indicating that the Tm is not affected by the degradation process as it has been 

previously reported
32

.  

Standards assessing material biodegradability should try to simulate as much as 

possible natural conditions, including the use of natural matrices of the environmental 

compartment they are simulating (i.e. soil, sediment, etc). In general, international 

standards focus on measuring CO2 to assess material degradability
20,54

, while ASTM 

D5988
55

 also includes mass loss. Despite CO2 release is directly related to the definition 

of biodegradation, in natural matrices where the material tested is not the only 

component that is being decomposed but the organic matter than soil naturally contains, 

can lead to difficulties in the accuracy of these measurement
56,23

. Thus, additional 

parameters could be useful to assess material degradation, this study suggest that apart 

from mass loss, CO  and CI index could be used as complementary measures in the 

assessment of material degradation. 

Our study shows that temperature is a key factor in the decomposition of the 

biodegradable materials as previously reported
16,57

. Current international standards have 

considerably high maximum temperatures of 28 
20,54

 and 37ºC
55

, which can lead to an 
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overestimation of the material biodegradability, since the mean annual temperature of 

many terrestrial environments can be notably below the maximum ones of the 

standards. Additionally, the wide range of temperatures of these standards (20-28ºC
20,54

; 

20-37ºC
55

) could lead to different outcomes when using the extreme temperatures of the 

ranges. Our results also point out the relevant role of water availability in material 

degradation. The degradation of materials in nature is strongly modulated by these 

mentioned environmental parameters which have a wide range depending on specific 

terrestrial ecosystems. For example, our study suggests that 20ºC could be a threshold 

below which degradation rates could be notably lowered. Following the approach 

proposed by Vieira
58

, the biodegradability standards should select the values of these 

environmental parameters that are at a sufficiently low level of the range, to guarantee 

that when a material is assessed as biodegradable, it can decompose in a large variety of 

terrestrial environments in a comprehensively low time span.   

 

Conclusions 

After one year of exposure to soil with different environmental conditions, 

conventional materials showed no degradation through several lines of evidence: weight 

loss, spectroscopy and thermal derived metrics. However, PLA-based materials showed 

a notable degradation based on the same lines of evidence. The CO index, CI and ΔHm 

appear to be suitable parameters to detect early signs of degradation in biobased 

materials, such as PLA-based materials. The results suggest that water availability and 

temperature are key environmental variables that modulate plastic degradation. PLA-based 

material degradation in the soil appears to be a 10-25 % slower than in the seabed, while a 

40-60% faster than in the water column. This study highlights that in soil, where 

environmental variables that are key for decomposition can be more variable than in marine 

environmental compartments, the degradability of material can be markedly different 
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depending on the specific conditions. The standards for the assessment of biodegradability 

should, not only strive to replicate natural conditions but use levels of key environmental 

parameters of degradation that are sufficiently low to guarantee that when a material is 

assessed as biodegradable it degrades naturally in most of the terrestrial environments in a 

comprehensively low time span. Additionally, the certification of the degradability of a 

material needs to be linked to the simulated environmental compartment, while reported 

with reference to the specific environmental conditions in which the material has been 

tested. 
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Figure 1: Trends of weight loss (mean ± SE, n=4) of the different materials [A (PA and 

PP-EVOH-PP); B (PET and PE); C (PLA and cellulose); and D (bilayer of laminate 

paper/PLA)] on the different environmental conditions: wet and dry weather and  clay 

and loam soils according to the measures done shown in symbols. Weight loss at day 0 

was 0 % for all materials under all environmental conditions and it was considered as 

another measure, although it is not shown in the plot with a symbol to facilitate 

visualization. Despite measures were done at the same days, symbols are slightly 

displaced from the time axis to avoid overlapping and facilitate visualization. A single 

regression model was done for all simulated conditions and all the materials. The R
2
 

value of the regression was 0.87 and significant (p<0.001).  
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Figure 2: Absorbance value at 3400 cm

-1
 of PET layer of material B at different days 

under the four different soil treatments (mean ± SD, n=4). ―WS‖ and ―WM‖ stand for 

wet sandy and wet muddy soil, respectively. ―DS‖ and ―DM‖ stand for dry sandy and 

dry muddy soil, respectively. 
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Figure 3: Index (PA index for PA layer of material A and CO index for PET layer of 

material B and materials PLA-C and PLA-D) at different days under the four different 

soil treatments (mean ± SD, n=4). ―WS‖ and ―WM‖ stand for wet sandy and wet muddy 

soil, respectively. ―DS‖ and ―DM‖ stand for dry sandy and dry muddy soil, respectively. 
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Figure 4: Crystallization index (CI) (mean ± SD, n=4) of the conventional materials 

(PP; PA; PE and PET) and the PLA-based material (Material D) at different days of the 

four degradation treatments. ―WS‖ and ―WM‖ stand for wet sandy and wet muddy soil, 

respectively. ―DS‖ and ―DM‖ stand for dry sandy and dry muddy soil, respectively.  
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Figure 5: Melting enthalpy (ΔHm, J g
-1

) (mean ± SD, n=4) of the conventional materials 

(PP; PA; PE and PET) and the PLA-based material (Material D) at different days of the 

four degradation treatments. ―WS‖ and ―WM‖ stand for wet sandy and wet muddy soil, 

respectively. ―DS‖ and ―DM‖ stand for dry sandy and dry muddy soil, respectively.  
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HIGHLIGHTS  

 

-Temperatures above 20ºC notably boost plastic degradation in soil. 

-Carbonyl group formation can be used in the assessment of degradation. 

-An increase in crystallization was observed in PLA-based sample under wet 

conditions. 

-Biodegradability certifications must be linked to environmental conditions. 
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