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Abstract 

The extended use of polymers from renewable resources such as aliphatic polyesters or 

polyhydroxyalkanoates boosted the necessity to understand their behaviour in an end-of-life 

scenario. Although they can be degraded in reasonable shorter times than traditional polymers, 

understanding the degradation mechanisms under dissimilar conditions will contribute to further 

developments in this field. This work aimed to study the effect of temperature and substrate in 

the degradation of polylactide (PLA) and poly(3‐hydroxybutyrate‐co‐3‐hydroxyhexanoate) 

(PHBH) in a simulated laboratory scale to ascertain their contribution, separately or in 

combination. For this purpose, nine parallel degradation assays were performed by means of the 

combination of mesophilic (25 ºC), thermophilic (58 ºC) and hyperthermophilic (80 ºC) 

temperatures with enriched synthetic medium, compost and standardised soil substrates. Although 

the analysis of the surface morphology, the thermal properties and the thermo-oxidative stability 

revealed changes as a function of time, the evaluation of the molar mass allowed for a more 

precise determination of the degradation. In general, chain scission was perceived in all cases as 

a function of time. The effect of temperature was critical, significantly more important than the 

effect of the substrate, which showed a less significant contribution, especially in terms of molar 

mass reduction. While for the PLA, biodegradation at 58 ºC and thermal degradation at 80 ºC 

resulted in similar consequences, for the PHBH the hyperthermophilic temperature of 80 ºC was 

the most severe condition, regardless of the substrate. From a technological perspective, it may 

be highlighted that biodegradation at 58 ºC may be the most cost-effective condition due to the 

lower energy supply required and the valuable contribution of the microorganisms. 
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1. Introduction 

Traditional synthetic polymers possess high versatility and low cost, and are widely used in the 

industrial and domestic sectors. However, they are usually obtained from non-renewable 

resources and its availability may be subjected to economic and ecologic concerns in a short-term 

scenario [1]. Although there is increasing social awareness regarding the proper management of 

plastic waste, a quarter of the total recovered waste in 2018 in Europe still went to landfill, where 

it can take up to hundreds of years to decompose [2]. Given its intrinsic high resistance to 

corrosion, water and bacterial decomposition their disposal in terrestrial and marine ecosystems 

involves a serious environmental problem [3]. 

The replacement of traditional plastics by biopolymers, including those obtained from renewable 

resources, may minimize the amount of permanently deposited plastic waste, especially for high-

consume applications. For this reason, the use of biomaterials based in aliphatic polyesters as 

polylactide (PLA) and polyhydroxyalkanoates as poly(3‐hydroxybutyrate‐co‐3‐

hydroxyhexanoate) (PHBH) gained importance in the packaging or agriculture sectors, 

particularly in North America and Europe [4]. The consideration of cradle-to-cradle approach 

may result in beneficial industrial systems and positive economic, environmental and social 

goals would be achieved [5]. 

In an end-of-life framework, residues of such biopolyesters may have to be managed and 

valorised. Although recycling has been postulated as a feasible alternative in some cases [6,7], 

their biodegradation needs to be addressed as a real valorisation route. Both PLA and PHB may 

undergo degraded in reasonably shorter times than traditional petroleum-based polymers, in the 

order of hundreds of days or tens of months [3]. In particular, the environmental conditions during 

the degradation play a determining role, being able to modulate the disintegration and 

bioassimilation rate of such biopolymers [8]. Therefore, disposal routes must be carefully 

managed for a satisfactory valorisation and assimilation after their service-life from a cost-

effective perspective, energetically affordable and environmentally friendly [9]. In this line, 

understanding the degradation mechanisms under dissimilar conditions will contribute to further 

developments in the field of biodegradable plastics [10,11]. 

During biodegradation depolymerisation reactions occur, in which non-competitive stages 

deteriorate, erode and disintegrate the polymer. In polyester based materials such as PLA and 

PHBH, the ester bond is the more labile and probably to shrink site and chain breakage will take 

place at this point [12]. First, chain scission through hydrolytic breakage happen and then, once 

reached oligomeric species, chains reintegrated into the carbon cycle by assimilation and 

mineralisation in the media [13,14]. Several factors may determine the biodegradation kinetics 

under in-land conditions such as the concentration of the material in the medium or the nature of 
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the microbial populations, whereas the obtained results might vary significantly depending upon 

the standard test specifications [15]. Studies dealing with the evaluation of the biodegradation in 

a laboratory scale are in continuous advance [16]. The biodegradation of PLA and PHAs has been 

evaluated under a series of standardised conditions (ASTM, EN and ISO), including aerobic and 

anaerobic or in different substrates such as sewage sludge, compost or soil, as gathered in Table 

1. 

Table 1. Biodegradation evaluation studies of PLA and polyhydroxyalkanoates (PHAs) in the literature. 

Organisation Code Title 

Material 

PLA PHAs 

ASTM 

D5209 

Standard test method for determining the aerobic 

biodegradation of plastic materials in the presence of municipal 

sewage sludge 

[17] [18,19] 

D5338 

Standard test method for determining aerobic biodegradation of 

plastic materials under controlled composting conditions, 

incorporating thermophilic temperatures 

[13,20–22] - 

D5526 
Standard test method for determining anaerobic biodegradation 

of plastic materials under accelerated landfill conditions 
[23] - 

D5988 
Standard test method for determining aerobic biodegradation of 

plastic materials in soil 
[20] [24–26] 

EN 

14046 

Packaging - Evaluation of the ultimate aerobic biodegradability 

and disintegration of packaging materials under controlled 

composting conditions - Method by analysis of released carbon 

dioxide 

- - 

14806 

Packaging - Preliminary evaluation of the disintegration of 

packaging materials under simulated composting conditions in 

a laboratory scale test 

[27] - 

ISO 

14852 

Determination of the ultimate aerobic biodegradability of 

plastic materials in an aqueous medium - Method by analysis 

of evolved carbon dioxide 

[28–30] [29,30] 

14855 

Determination of the ultimate aerobic biodegradability of 

plastic materials under controlled composting conditions - 

Method by analysis of evolved carbon dioxide 

[13,22,38–

42,28,31–37] 
[43,44] 

16929 

Plastics - Determination of the degree of disintegration of 

plastic materials under defined composting conditions in a 

pilot-scale test 

- [44] 

17556 

Plastics - Determination of the ultimate aerobic 

biodegradability of plastic materials in soil by measuring the 

oxygen demand in a respirometer or the amount of carbon 

dioxide evolved 

- [26] 

20200 

Plastics - Determination of the degree of disintegration of 

plastic materials under simulated composting conditions in a 

laboratory-scale test 

[45–54] [45,46,51] 

Although variations of the standardised conditions have been proposed in the literature [54], the 

contribution of the temperature and substrate on the biodegradation of these materials was not 

still compared in a simultaneous experiment. Therefore, this work aimed to study the effect of 

temperature and substrate in the degradation of polylactide (PLA) and poly(3‐hydroxybutyrate‐

co‐3‐hydroxyhexanoate) (PHBH) in a simulated laboratory scale in order to ascertain the 

contribution of the different factors in such dissimilar environments. For this purpose, a multiple 

perspective characterisation methodology was applied and standardised indications were 

followed. For such evaluation, the Design of Experiments (DoE) was considered as a useful, 
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reliable and immediate procedure to elucidate the contribution of time, temperature and substrate 

on the degradation both individually or in combination [8,55,56]. An analysis of variance was 

applied in terms of the molar mass and the physico-chemical changes during degradation were 

evaluated. 

2. Materials and methods 

2.1. Materials and preparation of plates 

Polylactide (PLA) and poly(3‐hydroxybutyrate‐co‐3‐hydroxyhexanoate) (PHBH) were used as 

raw materials for the preparation of plates. PLA with a density of 1.24 g·cm-3 and a glass transition 

temperature (Tg) in the 60-70 ºC range and poly(3‐hydroxybutyrate‐co‐3‐hydroxyhexanoate) 

(PHBH) with a density of 1.25 g·cm-3 and Tg in the range from 0 to 5 ºC were considered. The 

molar ratio of 3‐hydroxyhexanoate in PHBH was 6%.  The preparation of plates was carried out 

by means of thermo-compression. The pellets of PLA and PHBH were processed in a hot plate 

press Fontijne Grotnes BV (Model LPC 600) and pressure and temperature of 100 kN and 200 

°C, respectively, were applied during 15 min. Plates with dimensions of 145×145 mm2 were 

obtained, from which samples were cut with dimensions of 25×25 mm2, as defined in the UNE-

EN ISO 20200 standard [57]. The thickness of the plates was 1±0.1 mm. Finally, the samples 

were kept in zip bags and placed in desiccators until further analyses. 

2.2. Degradation assays 

The degradation was carried out in standardised conditions, considering as the baseline scenario 

the indications of the UNE-EN ISO 20200 [57]. However, three different temperatures of 

incubation were selected: hyperthermophilic temperature of 80±2 ºC, thermophilic temperature 

of 58±2 ºC and mesophilic temperature of 25±2 ºC. Apart from the enriched synthetic medium 

suggested in the standard, two complementary degradation substrates were considered: 

standardised soil and compost. All of them were prepared according to the standards specified in 

the Table 2. The overall approach is represented in Figure 1. 

 

Figure 1. Schematic approach of the present study: effect of substrate and temperature on the degradation 

of polylactide (PLA) and poly(3‐hydroxybutyrate‐co‐3‐hydroxyhexanoate) (PHBH). 
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Table 2. Description of components of the enriched synthetic medium, standardised soil and compost. 

Materials Description 

Enriched 

synthetic 

medium 

[57] 

Compost [58] 
Standardised 

soil [59] 

Dry mass composition (%) 

Compost Organic origin of pruning remains 10 100 4 

Sawdust From untreated wood 40 - - 

Rabbi food Alfalfa based commercial product 30 - - 

Saccharose Powder 5 - - 

Corn-starch Powder 10 - - 

Corn oil Density 0.9 g·ml-1 at 25 ºC 4 - - 

Urea Powder 1 - - 

Sand Fine industrial quartz sand (0.2 mm) - - 70 

Clay Red clay (kaolin) - - 10 

Natural Soil Obtained from the area - - 16 

KH2PO4 Powder - - 0.2 

MgSO4 Powder - - 0.1 

NaNO3 Powder - - 0.4 

NH4Cl Powder - - 0.4 

Urea Powder - - 0.2 

For the degradation analyses, the samples were mixed with the substrates so that they were 

perfectly buried. Given the mass ratio of the sample/substrate specified in the standard, a 

concentration of 5 g polymer per 1000 g of substrate (dry weight) was considered. The bioreactors 

were polypropylene containers with dimensions of 30×20×10 cm3, and plugged to avoid 

excessive evaporation. At the centre of the sides and approximately at 6.5 cm of height, holes of 

5 mm diameter facilitated the exchange of gases between the inner and the outer environment. 

Once mixed the polymer samples and substrates, the bioreactors were closed, weighed and placed 

in a Memmert ICH750L climate chamber. In order to ensure adequate environmental and 

humidity conditions, aeration of the substrates was performed and humidity was periodically 

monitored and maintained between the limits. 

The samples were extracted and washed in triplicates after 15, 60 and 90 days of degradation. In 

the last stage, the substrates were sieved (2 mm) in order to recover remnant sample fragments. 

In all the cases, the samples were dried at 40±2 ºC into a vacuum oven until a constant mass was 

reached and furtherly stored for subsequent analyses. The degree of disintegration (D), was 

calculated according to the Equation 1: 

𝐷 (%) =  
𝑚𝑖−𝑚𝑟

𝑚𝑖
×  100  Equation 1 

where mi is the initial dry mass and mr is the dry mass of the residual sample recovered from the 

sieve. 
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2.3. Physico-chemical characterisation 

2.3.1. Size Exclusion Chromatography (SEC) 

Size exclusion chromatography (SEC) was performed on different devices, given the dissimilar 

solubility of PLA and PHBH. Tetrahydrofuran (THF), (≥99.8%) and 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP) were used as solvents for the PLA and PHBH, respectively, and were supplied 

by Sigma-Aldrich® and used without further purification. 

For the PLA, analyses were carried out by means of a Malvern Instruments Omnisec Resolve 

chromatograph. It combined an integrated pump, a degasser, an autosampler and a column oven, 

along with a Malvern Instruments Omnisec Reveal multi-detector ‒Ultraviolet (UV), Refractive 

Index (RI), Low and Right-Angle Light Scattering (LALS and RALS) and Viscosity (VISC). A 

standard sample of monodispersed polystyrene with a dn/dc value of 0.185 was used to calibrate 

the equipment. Tetrahydrofuran (THF) was used as a mobile phase with a flow rate of 1 mL·min-

1 and a column temperature of 35 ºC. Two Malvern Instruments columns (T2000 and T4000) were 

used. The samples were dissolved in THF at concentrations of approximately 2 mg·mL-1 and then 

filtered through PTFE filters of 0.45 µm. Three injections were performed per sample and the 

data obtained were analysed using the OMNISEC V10TM software. 

For the PHBH, analyses were carried out by means of an Agilent Infinity 1260 chromatograph. 

Separation was performed with a Jordi Associates mixed bed fluorinated column with permeation 

range 100–10×106 Dalton. All the samples were dissolved in HFIP, which was also used as mobile 

phase containing 2.72 g·L-1 of sodium trifluoroacetate (NaTFA). This solvent was previously 

degassed by vacuum filtration over PTFE 0.45 µm pore membranes. The flow rate was 1 mL·min-

1 and temperature was set at 35 ºC. Detection was conducted by UV-vis-detector. Monodisperse 

polymethylmethacrylate patterns from Sigma Aldrich were used for the calibration. 

2.3.2. Field Emission Scanning Electron Microscopy (FE-SEM) 

The surface morphology of the samples was analysed by means of a Zeiss Ultra 55 field emission 

scanning electron microscope (FE-SEM). The samples were cut into small pieces and mounted 

on metal studs and sputter-coated with a platinum layer during 15 s using a Leica EM MED020. 

Analyses were carried out at room temperature with a 1 kV voltage. 

2.3.3. Thermogravimetric Analysis (TGA) 

The thermo-oxidative stability was assessed by means of thermogravimetric analysis (TGA) in a 

Mettler-Toledo TGA 851 series. The samples, with a mass of about 4 mg, were introduced into 

70 μL Mettler-Toledo perforated alumina crucibles. A dynamic method was considered with a 
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heating rate of 10 ºC·min-1 from 25 to 800 ºC in an oxygen atmosphere. The samples were 

analysed in triplicates and averages and deviations were taken as representative. 

2.3.4. Differential Scanning Calorimetry (DSC) 

The thermal properties were analysed by means of differential scanning calorimetry (DSC) in a 

Mettler-Toledo DSC 820e device. The samples with a mass of 4 mg, were deposited in perforated 

aluminium crucibles of 40 µl. Analyses were carried out the range from 0 ºC to 200 ºC with a 

heating rate of 10 ºC·min-1 under inert atmosphere of N2. The samples were analysed in triplicates 

and averages and deviations were taken as representative. The crystallinity degree (Xc) of the 

plates was calculated by means of the Equation 2: 

𝑋𝑐(%) =
∆ℎ𝑚−∆ℎ𝑐𝑐

∆ℎ𝑚
0 × 100  (Equation 2) 

Where ∆hm and ∆hcc are the measured melting enthalpy and cold crystallisation enthalpy and ∆hm
0 

is the heat of fusion of 100% crystalline PLA and PHB with values of 93 and 146 J·g-1, 

respectively [60,61]. 

2.4. Factorial statistical study 

Statistical Design of Experiments (DoE) was performed with the Minitab® 19.2 software. The 

effect of the time, temperature and substrate on the biodegradation of PLA and PHBH were 

assessed by means of the analysis of variance. The average molar mass in number (Mn) was 

selected as a key indicator of the chain scission during degradation. As a result, main effect plots 

(MEF) and interaction plots (IP) were obtained. 

3. Results and discussion 

The native PLA and PHBH plates were physico-chemically characterised in order to establish the 

baseline for further characterisations. Next, the degradability of the PLA and PHBH was 

evaluated in terms of disintegration degree after 90 days in the different substrates and 

temperatures. Then, the changes underwent in the different conditions were assessed as a function 

of the degradation time in different stages: 0, 15, 60 and 90 days. The molar mass was considered 

as the main degradation indicator, and the influence of the time, substrate and temperature were 

statistically analysed. Subsequently, the changes in the physico-chemical properties of the plates 

were evaluated following a multiple approach in which the macroscopic appearance of the 

samples, the microscopic surface, the thermo-oxidative stability, the thermal properties and 

crystallinity were evaluated. 
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3.1. Physico-chemical characterisation of initial PLA and PHBH 

The molar mass, the macro and microscopic morphology, the thermal properties and the thermo-

oxidative behaviour of the prepared PLA and PHBH plates were assessed, which results are 

gathered in Table 3. 

Table 3. Initial properties of the PLA (left) and PHBH (right) in terms of molar mass, macro and 

microscopic (100×) morphology, thermal properties and thermo-oxidative stability. 

 PLA PHBH 

Molar mass 

Mn = 57000 g·mol-1 

Mw = 94000 g·mol-1 

PDI = 1.64 

Mn = 122000 g·mol-1 

Mw = 241000 g·mol-1 

PDI = 2.56 

Macro and 

microscopic 

morphology 

    

Thermal 

properties 

  

Thermal 

stability 

  

The plates of PLA were translucid with uniform thickness around 1 mm and a smooth surface, as 

corroborated by electron micrographs. The average molar mass in number (Mn) was close to 

60000 g·mol-1, according to the manufacturer specifications, and a polydispersity index (PDI) of 

1.64 was found. The PLA showed the consecutive processes of the glass transition (Tg) at 62 ºC, 

the cold-crystallisation (Tcc) at 113 ºC and the melting (Tm) at 168 ºC [62]. A crystallinity degree 

(Xc) of 16.97% was calculated. In terms of thermo-oxidative-stability, the PLA plates were 

decomposed in a single stage with a peak temperature (Td) at 354 ºC [63,64]. 

The plates of PHBH were yellowish and opaque with a thickness around 1 mm. The average 

molar mass in number (Mn) was 122000 g·mol-1. It is important to remark the relatively high 
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polydispersity index (PDI) of 2.56, characteristic of the biological synthesis of the PHBH with 

wide multimodal molar mass distributions [65]. The surface was apparently smooth. However, 

microscopic analyses revealed a slight roughness, due to the mould marks during thermo-

compression processing. A semicrystalline structure was found, with a glass transition 

temperature (Tg) at 3 ºC, a main melting peak (Tm) at 146 ºC and a small melting shoulder at 124 

ºC with an overall crystallinity degree (Xc) of 27% [66,67]. The PHBH plates revealed a one stage 

thermo-oxidative decomposition, which peak temperature (Td) was 279 ºC. 

Although both PLA and PHBH are bio-based polyesters, their dissimilar physico-chemical 

properties may offer a good reference point to evaluate the effect of the temperature and substrate 

on the degradation of such materials. 

3.2. Degradability in standardised conditions 

The PLA and PHBH degradability were evaluated in terms of the disintegration degree (D) as the 

remaining percentage of the samples at the end of the assay, according to the above described 

Equation 1. The obtained D values after 90 days are gathered in Table 4 for the PLA and PHBH 

subjected to degradation in the different substrates and temperatures. 

Table 4. Average disintegration degree (D) of the PLA (left) and PHBH (right) after 90 days of 

degradation in the different substrates and temperatures. 

 Substrate 
Temperature (ºC) 

25 ºC 58 ºC 80 ºC 

PLA 

Synthetic 2.15 ± 0.52 100.00 100.00 

Compost 0.24 ± 0.21 100.00 100.00 

Soil 2.32 ± 0.67 100.00 100.00 

PHBH 

Synthetic 1.69 ± 0.28 41.03 ± 3.44 8.89 ± 2.55 

Compost 0.53 ± 0.31 25.08 ± 6.22 13.04 ± 4.22 

Soil 2.52 ± 0.75 9.60 ± 1.98 7.23 ± 2.30 

For the PLA plates, the mesophilic temperature of 25 ºC resulted in low disintegration, below 3% 

regardless of the substrate. At the thermophilic temperature of 58 ºC, the disintegration was 

complete for the synthetic, compost and soil substrates [35,68]. The hyperthermophilic 

temperature of 80 ºC also caused complete disintegration in all the substrates. Given the 

disappearance of the samples and subsequent assimilation after 90 days of burial at 58 and 80 ºC, 

the particular effect of the substrate and temperature on the disintegration procedure could not be 

clearly ascertained in the PLA plates. 

The disintegration of the PHBH revealed a slightly different behaviour. At the mesophilic 

temperature of 25 ºC similar results to that of PLA were perceived with disintegration below 3% 

in all the substrates. However, the thermophilic temperature of 58 ºC revealed disintegration 

around 41% in the synthetic substrate, 25% in compost and 9% in soil. Finally, the 
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hyperthermophilic temperature of 80 ºC provoked a disintegration degree in the compost of 13%, 

whilst similar disintegration was found in the synthetic and soil substrates around 8%. According 

to the disintegration results, the thermophilic temperature of 58 ºC in the synthetic substrate was 

the most degrading circumstance. Under these conditions, the biodegradation of the PHBH 

resulted in the highest disintegration degree. 

3.3. Degradation evaluation: molar mass 

The molar mass of the PLA and PHBH plates in the different substrates and temperatures was 

evaluated as a function of the degradation time and was selected as the key indicator of the 

degradation. This analysis precisely determine the occurrence and allows quantification of the 

degradation by means of the polymer segment size evaluation [54,69,70]. For this purpose, size 

exclusion chromatography (SEC) analyses were carried out and the chain scission occurred during 

degradation was evaluated by means of the average molar mass in number (Mn), which results are 

plotted in Figure 2. In general, the molar mass diminished as a function of time both for the PLA 

and PHBH in all the substrates and temperatures. In particular, a large diminution was observed 

in the first stage of immersion, which is characteristic for the degradation in bulk of both selected 

polyester-based materials [10]. Chain scission occurs rapidly in the first stage of degradation 

given the humidity and temperature contribution, which hydrolyses the ester linkages. During this 

period, especially the degradation of the amorphous fraction occurs. Then, the erosion and 

fragmentation take place. The integrity of the sample after long time degradation is given by the 

crystalline fraction of the sample, which will be evaluated in next sections. 

The degradation in the different substrates revealed a similar behaviour. However, slightly diverse 

tendencies were found, furtherly evaluated in detail. 
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Figure 2. Average molar mass in number (Mn) for the PLA (up) and PHBH (down) as a function of the 

degradation time for the different substrates and temperatures. 

For the PLA, the mesophilic temperature of 25 ºC promoted a moderate decrease of molar mass 

of near 40% from 57000 g·mol-1 to values close to 35000 g·mol-1 regardless of the substrate. The 

thermophilic and hyperthermophilic temperatures of 58 and 80 ºC, respectively, promoted a 

similar behaviour, in which molar mass dramatically decreased from the first stage of burial 

[54,62]. A reduction of around 90% of the initial molar mass was found after day 15 in all the 

substrates, and values between 10000 and 5000 g·mol-1 were reached. It is important to remark 

that most of the degradation occurred before day 15 of the trial. That is, from this point onwards 

the molar mass remained almost constant until disintegration. This behaviour is characteristic of 

PLA-based materials subjected to biodegradation above its glass transition temperature [71], and 

is boosted due to the higher activity of water molecules as compared to the equilibrium state 

[42,72,73]. 

For the PHBH, the mesophilic temperature of 25 ºC promoted a decrease of around 30% of molar 

mass, moving from 122000 g·mol-1 to 80000 g·mol-1 in all the substrates. However, at the 

thermophilic temperature of 58 ºC the molar mass variation revealed diverse tendencies for the 

different substrates. In the enriched synthetic medium, a progressive reduction was observed as a 

function of time, following a moderate decreasing exponential function. Then, in the compost and 

soil, slightly higher degradation in the first stage was found, which values around 30000 g·mol-1 

remained almost constant until the end of the assay. Finally, the hyperthermophilic temperature 

of 80 ºC was the most severe degradation condition, with a decrease of more than 90% of molar 

mass after day 90 regardless of the substrate. 

In order to furtherly evaluate the effect of the substrate and temperature on the degradation of the 

PLA and PHBH plates through the molar mass variation, a factorial approach was carried out in 

the next section. The contribution of both factors on the Mn was therefore assessed and discussed. 

3.3.1. Multiple degradation approach: individual and combined effect of substrate and 

temperature on the molar mass of PLA and PHBH 

As a consequence of the multiple factors considered in this study, it may be difficult to elucidate 

the contribution of time, temperature and substrate on the degradation of PLA and PHBH. When 

they are applied simultaneously, their influence may be boosted, overlapped or even buffered. 

Given the big number of combined conditions, the evaluation of the individual contribution and 

the combination of factors may be crucial to understand the degradation of such polyester-based 

materials.  In order to overcome these limitations a factorial statistical study was carried out. For 

this purpose, an analysis of variance was applied to the obtained results in terms of the average 

molar mass in number (Mn). As a result, the main effects (MEP) and interaction (IP) plots were 
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obtained, which are very useful and intuitive tools to ascertain the influence of different factors, 

separately or in combination, on the response of a given process [8,56,74]. 

The main effect plots (MEP) of the time, substrate and temperature on the mean of the average 

molar mass in number (Mn-mean) of PLA and PHBH are represented in Figure 3. Considering 

the differences in the absolute values of the Mn-mean, a similar behaviour was found for both 

materials. However, some particularities may be highlighted. 

 

Figure 3. Main effect plots of the time (left); substrate (middle); and temperature (right) on the average 

molar mass in number mean (Mn mean) in the degradation of PLA and PHBH. 

In the PLA, significant degradation occurred after 15 days, and the increase of time did not 

furtherly reduced molar mass. Moreover, the increase in the temperature resulted in greater 

degradation. The mesophilic temperature of 25 ºC promoted moderate changes in the molar mass, 

while the thermophilic of 58 ºC and hyperthermophilic of 80 ºC resulted in higher and similar 

molar mass reduction. Finally, the effect of the substrate was not relevant on the Mn-mean. The 

synthetic, compost and soil substrates caused similar degradation regardless of the time and 

temperature. 

For the PHBH, in terms of time, the first 15 days were the critical stage, where the molar mass 

considerably decreased. However, while in PLA the molar mass barely changed in further 

extractions, the degradation of PHBH progressively continued as the time increased. A similar 

tendency occurred with the effect of temperature. The increase in the temperature significantly 

promoted degradation and, in this case, the most severe conditions were the hyperthermophilic 

temperature of 80 ºC, followed by the thermophilic temperature of 58 ºC and finally the 

mesophilic temperature of 25 ºC. As found before for PLA, the differences in terms of the Mn-

mean between the studied substrates were non-significant. 
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At this point, the combination of time, temperature and the different substrates was evaluated. 

Factors such as the temperature, along with the substrate characteristics and the presence of 

microorganisms and/or humidity may result in a synergistic behaviour. Accordingly, 

biodegradation, hydrothermal degradation or thermal degradation may prevail in the different 

conditions [54]. Therefore, the interaction plots (IP) were obtained, which are represented in 

Figure 4 for the PLA and PHBH, respectively. 

 

Figure 4. Interaction plots (IP) of the time-substrate (left); time-temperature (middle); and substrate-

temperature (right) on the average molar mass in number (Mn) in the degradation of PLA (up) and PHBH 

(down). 

For the PLA, non-significant differences were found as a function of time in the different 

substrates. Then, when combined time and temperature, 25 ºC resulted in considerably lower 

degradation than 58 and 80 ºC, which revealed almost identic results. Finally, when the effect of 

substrate and temperature were combined, the above-mentioned significant contribution of 

temperature was found, while the effect of the substrate was virtually negligible. 
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For the PHBH, the consequence of the increase of time was similar in the different substrates. 

Slightly higher degradation was found in the soil substrate in the first stage of the assay, followed 

by the compost and synthetic substrates. Then, higher temperatures increased degradation as a 

function of time. The degradation at 25 ºC was less substantial than that of 58 and 80 ºC, 

respectively. In this case, the hyperthermophilic temperature was the most aggressive condition. 

Finally, when combined substrate and temperature, this observation could also be perceived, 

while non-representative contribution of the substrate was found. 

As a general overview, omitting the slight differences between the PLA and PHBH, the 

temperature was the crucial factor on the Mn reduction. On the one hand, higher temperatures 

enhanced both polymer chain mobility and water molecules activity, that resulted in advanced 

hydrolysis of the polymers by means of the ester bond breakage. On the other hand, given the 

analogous degradation pattern found at the thermophilic and hyperthermophilic temperatures, the 

contribution of microorganisms at 58 ºC seemed to have compensated the higher temperature of 

80 ºC in order to achieve comparable degradation consequences in terms of molar mass reduction. 

3.4. Changes during degradation 

As a complementary analysis to the chain scission evaluation, the effect of the substrate and 

temperature, on the physico-chemical properties of the PLA and PHBH plates during degradation 

were monitored and evaluated. For this purpose, the macroscopic and microscopic appearance as 

well as the crystallinity and thermo-oxidative stability were analysed as a function of the 

degradation time. 

3.4.1. Macroscopic appearance 

The evaluation of the macroscopic appearance during degradation may give an overview of the 

changes underwent in the PLA and PHBH plates. The overall outline of the macroscopic 

variations during burial in all the conditions is shown in Tables S1 and S2 in the Supplementary 

Material. In general, the macroscopic appearance changed as a function of time. The loss of 

transparency, the change of colour, the increase in the surface roughness, the erosion and 

fragmentation and the development of biodegradation spots were perceived [12]. However, 

diverse patterns were observed in the different conditions. For comparison purposes, the 

macroscopic state of the washed samples after 60 days of degradation is shown in Figure 5. This 

period was selected due to the still existence of PLA and PHBH specimens in all the temperatures 

and substrates. 
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Figure 5. Surface macroscopic appearance of the PLA (left) and PHBH (right) after 60 days of 

degradation for the different substrates and temperatures. 

On the one hand, the PLA plates remained almost transparent at 25 ºC. Only in the soil substrate 

a slight change to a yellowish colour with small spots was found, that seemed to be the incipient 

sites of degradation. At the thermophilic temperature of 58 ºC, biodegradation occurred in the 

synthetic substrate, as identified by the brownish colour and clearly recognised degradation spots. 

In the compost and soil substrates, the PLA turned opaque and whitish, due to the presumable 

chain rearrangement and polymer crystallisation caused by humidity and temperature. Finally, at 

the hyperthermophilic temperature of 80 ºC, the PLA turned opaque, acquired a brownish colour 

and samples were more fragile. The prevalence of thermal degradation may have caused this 

behaviour [75]. 

On the other hand, the PHBH maintained the original yellowish colour at the mesophilic 

temperature of 25 ºC in all the substrates. At the thermophilic temperature of 58 ºC in the synthetic 

substrate the main biodegradation characteristics could be observed. Microorganisms had 

biodegraded the sample locally, as suggested by the presence of dark small spots and the 

generation of holes in the plate [76]. However, in the compost and soil substrates, the macroscopic 

state of the PHBH remained unaltered. At the hyperthermophilic temperature of 80 ºC, whereas 

the brownish colour turned more intense in the plates of the synthetic substrate, the PHBH in the 

compost and soil seemed again unaffected. In this line, it was highlighted the superior stability of 

the PHBH to the manifestation of macroscopic changes. 

Once evaluated an overall picture of the state of the PLA and PHBH plates during degradation 

for the different substrates and temperatures, the causes and mechanisms of the observed 

differences were furtherly ascertained. 
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3.4.2. Surface microscopic morphology  

The changes in the microscopic scale were evaluated in the surface of the plates by means of field 

emission scanning electron microscopy (FE-SEM), which obtained images are gathered in Figure 

6. As for the macroscopic appearance, samples after 60 days of degradation were selected to give 

a general overview of the process. 

 

Figure 6. Surface microscopic morphology (100×) the PLA (left) and PHBH (right) after 60 days of 

degradation for the different substrates and temperatures (scale bar 250 µm). 

As perceived in the previous section, the exposure to the synthetic, compost and soil substrates at 

the mesophilic temperature of 25 ºC did not alter the surface microscopic morphology, both in 

the PLA and PHBH plates. 

At the thermophilic temperature of 58 ºC significant changes were observed for the PLA. 

Fragmentation due to the apparition of cracks was found, especially perceivable for the synthetic 

substrate, with an average width of around 35 µm. The compost and soil substrates also promoted 

cracking but they were not critical. Similar consequences were found at the hyperthermophilic 

temperature of 80 ºC. The surface of the plates revealed widespread cracks of approximately 25 

µm of width. The cracking behaviour in the PLA plates has been reported in the literature during 

bio- and hydrothermal degradation, and may provide alternative paths for water and 

microorganisms to diffuse, enhancing the consequences of degradation [54,77]. 

For the PHBH, the thermophilic temperature of 58 ºC significantly increased rugosity of the 

surface regardless of the substrate. Small holes of 35 µm of diameter were found, along with small 

cracks. These changes point out the colonization of the plate surface by the degrading 

microorganisms [12]. Finally, the hyperthermophilic temperature of 80 ºC did not significantly 

altered the surface of the PHBH plates. The original flatness of the PHBH plates remained 

virtually unaffected. 
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Overall, the PLA and PHBH revealed slightly different degradation mechanisms according to the 

microscopic appearance. Whilst cracking and fragmentation occurred in the PLA plates, the 

degradation of PHBH samples was revealed in small holes, which resulted in an increase of the 

surface porosity. 

3.4.3. Thermo-oxidative stability 

The evaluation of thermo-oxidative stability is a key indicator of degradation in biopolymers and 

it was therefore evaluated by means of thermogravimetric analysis under oxidative atmosphere 

[78]. For this purpose, experiments were carried out as a function of the degradation time in the 

different substrates and temperatures. The obtained derivative-thermogravimetric curves are 

plotted in Figure 7 for the PLA and PHBH. The mass percentage (∆m) and peak temperature (Tp) 

values of the main thermo-oxidative decomposition stage of the PLA and PHBH are gathered in 

Table S3 in the Supplementary Material. Moreover, as a key indicator of thermo-oxidative 

stability, the evolution of the peak temperature (Tp) of the DTG curve was selected and plotted as 

a function of time in Figure 8. 

 

Figure 7. Derivative TGA curves (DTGA) of the PLA (left) and PHBH (right) as a function of the 

degradation time for the different substrates and temperatures. 

In general, the thermogravimetric curves for PLA showed the mass loss in a single stage in the 

temperature range between 270 ºC and 450 ºC. During this stage, the decomposition of the 

polymer backbone takes place, with a similar total mass loss in all the samples above 90%. 
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Although the specimens were rinsed after the extraction from the substrate, the residue found in 

the thermogravimetric analysis as non-decomposed material may correspond to inorganic 

components, such as precipitated salts. The initial PLA showed a Tp around 353 ºC. Once exposed 

to the mesophilic temperature of 25 ºC any significant alterations in the stability were perceived 

in none of the three substrates. Although molar mass analyses revealed the existence of 

degradation, this behaviour is in line with the microscopic and macroscopic appearance 

observations. For the thermophilic temperature of 58 ºC, Tp remained constant until the plates 

were fully disintegrated in the compost and soil substrates. However, in the synthetic substrate, 

Tp significantly decreased up to values around 300 ºC in day 15 and remained close to this value 

until disintegration. Finally, at the hyperthermophilic temperature of 80 ºC, a large decrease of 

the Tp was observed, reaching values around 300 ºC in day 60 in all the substrates. Afterwards, 

the PLA collapsed and was completely disintegrated, so thermo-gravimetric analyses could no 

longer be carried out. Although the hyperthermophilic temperature of 80 ºC resulted in a large 

decrease in the thermo-oxidative stability and, ultimately, in the disintegration of the sample, the 

great advance of degradation in the synthetic substrate at 58 ºC must be highlighted. 

 

Figure 8. Degradation peak temperature (Tp) for the PLA (left) and PHBH (right) as a function of the 

degradation time for the different substrates and temperatures. Error bars were omitted for the sake of 

clarity. 

The thermogravimetric curves of the PHBH were similar to those of PLA, in which the mass loss 

occurred in a single stage, in the temperature range between 250 ºC and 300 ºC. The mass loss 

was in all cases greater than 92%. As mentioned above, the remaining percentage could 

correspond to salts and residue of the substrate embedded in the material. In general, the peak of 

the derivative thermogravimetric curves slightly moved towards lower temperatures from 279 ºC 

to ~260 ºC as the degradation time progressed in the most severe conditions. However, the Tp 

values fluctuated in the ±10 ºC range and, therefore, the effect of the temperature and the substrate 

could not be clearly evaluated by means of the thermo-oxidative stability analyses. Again, 
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although degradation was certified by molar mass results, the PHBH virtually kept their thermo-

oxidative stability after being subjected to degradation in all the conditions. 

3.4.4. Thermal properties  

The thermal properties of the PLA and PHBH plates were evaluated in the different substrates 

and temperatures, as a function of the degradation time. This evaluation is especially relevant for 

semicrystalline polymers to determine its performance during degradation [64,79,80]. The 

obtained calorimetric thermograms are plotted in Figure 9. 

 

Figure 9. DSC thermograms of the first heating scan of the PLA (left) and PHBH (right) as a function of 

the degradation time for the different substrates and temperatures. 

The significant parameters obtained from the thermograms are gathered in the Supplementary 

Material in Table S4. For the PLA the temperature and enthalpy of structural relaxation (Trl, ∆hrl), 

the temperature and enthalpy of cold crystallization (Tcc, ∆hcc), the melting temperature and 

enthalpy (Tm, ∆hm) and the degree of crystallinity (Xc) were obtained. For the PHBH, the melting 

temperature and enthalpy (Tm, ∆hm) and the degree of crystallinity (Xc) were calculated. In 

particular, the variation of Xc was considered as the most relevant indicator of the degradation, 

which may give valuable information of the change in the microstructure of the plates. The 

evolution of Xc as a function of time is plotted in Figure 10 for the different conditions. 
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Figure 10. Crystallinity degree (Xc) for the PLA (left) and PHBH (right) as a function of the degradation 

time for the different substrates and temperatures. Error bars were omitted for the sake of clarity. 

At the mesophilic temperature of 25 ºC, the structural relaxation increased its enthalpy (∆hrl) and 

temperature (Trl) as a function of time regardless of the substrate. The degradation reduced the 

molar mass of the polymer chains, which acquired greater mobility to approach the equilibrium 

situation, therefore increasing the value of the enthalpy related to structural relaxation [81]. The 

cold crystallisation was displaced towards lower temperatures (Tcc) and tended to disappear during 

degradation [62]. Finally, the melting enthalpy (hm) and temperature (Tm) diminished as a 

consequence of the crystalline fraction degradation. This behaviour was also visible in the 

crystallinity degree (Xc) that tended to decrease to lower values. Non-significant differences were 

found in the different substrates. 

At the thermophilic and hyperthermophilic temperatures of 58 and 80 ºC a similar thermal 

behaviour was found. However, the changes were generally more severe for the 80 ºC 

temperature. First, the structural relaxation disappeared during degradation in all the substrates, 

because both 58 and 80 ºC were above the glass transition temperature of the PLA (55-60 ºC) 

[54,82]. The cold crystallisation enthalpy (hcc) descended and even disappeared, as found at 25 

ºC. Given the shortening of the polymer chains throughout the degradation, they have increased 

mobility and, therefore, the ability to crystallise during burial [73]. Both the crystallisation of 

PLA during degradation and the highly degraded structure prevented the presence of cold-

crystallisation during DSC analyses. In terms of crystallinity degree (Xc), it increased in the first 

stage of burial, due to the generation of new crystalline domains by shorter segments that, together 

with the effect of temperature and humidity, had greater mobility and crystallised [73]. Moreover, 

the disintegration of the amorphous fraction would result in a higher proportion of crystalline 

phase with respect to the total mass and, therefore, Xc increased. Whilst, crystallinity kept growing 

until day 60 at the thermophilic temperature of 58 ºC, at the hyperthermophilic temperature of 80 

ºC it reached a maximum after day 15 and then decreased until day 60 due to the severe 
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degradation. From that point onwards, the PLA collapsed and disintegrated. This behaviour was 

slightly more pronounced for the synthetic substrate both at 58 and 80 ºC. 

For the PHBH, only the melting process in the range from 130 to 160 ºC could be clearly observed 

[83]. As found for the PLA, the consideration of degradation temperatures highly above the glass 

transition of PHBH made difficult the identification of the glass transition and discussion was 

focused in the melting event and crystalline degree. 

During the degradation at the mesophilic temperature of 25 ºC, the changes were almost 

unperceivable. Both the melting temperature (Tm) and enthalpy (Δhm) remained constant. In the 

same way, the differences between the substrates were almost irrelevant. The crystallinity degree 

(Xc) along degradation did not revealed significant changes as a function of time and remained 

around 30% in all the substrates and temperatures. 

At the thermophilic temperature of 58 ºC, the melting process turned into a bimodal transition, 

with the fusion of crystalline populations of dissimilar lamellar thickness [84]. The generation of 

the crystalline fraction with lower thickness during degradation progressed until day 60. From 

then onwards, the melting transition was again monomodal with an acute peak at higher 

temperatures (Tm). The role of the substrate was non-perceivable in this case. In terms of 

crystallinity degree (Xc), the increase in the temperature enhanced mobility and promoted 

crystallisation to some extent, reaching values of 37%. 

Finally, at the hyperthermophilic temperature of 80 ºC, the melting enthalpy (Δhm) increased as a 

function of time. However, the fusion transition revealed a slightly different behaviour for the 

different substrates. While in the synthetic substrate, the monomodal transition was slightly 

displaced towards lower temperatures and turned into a more acute peak as a function of time, in 

the compost and soil substrates, the bimodal transition gained importance. In this case the peak at 

lower temperatures broadened due to the generation of crystalline domains with lesser lamellar 

thickness and the peak at higher temperatures sharpened. This behaviour would suggest a slightly 

diverse degradation pattern in the different substrates due to the prevalence of lower lamellar 

thickness crystals degradation or general crystalline structure fragmentation, respectively. 

However, in general, the crystallinity degree (Xc) followed a growing tendency and values around 

55% were found after 90 days of degradation in all the substrates. 

In general, the consequences of degradation in terms of the crystallinity degree (Xc) were more 

significant as the temperature increased, and slightly more relevant in the synthetic substrate both 

for the PLA and PHBH. Under these conditions, a higher decrease in the melting temperature and 

a greater increase in the crystallinity degree was found. 
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4. Conclusions 

Although the analysis of the surface macroscopic and microscopic morphology, the thermo-

oxidative stability and the thermal properties revealed changes as a function of time, the 

evaluation of the molar mass allowed for a precise determination of the degradation. In general, 

chain scission was perceived in all cases as a function of time. 

The effect of temperature was critical, implicitly more important than the effect of the substrate. 

While for PLA, biodegradation at 58 ºC and thermal degradation at 80 ºC resulted in similar 

consequences, for PHBH the hyperthermophilic temperature of 80 ºC was the most severe 

condition. 

In terms of the substrate, although its influence on the molar mass reduction was not clearly 

defined, the burial in synthetic substrate at 80 ºC were the most severe conditions both for the 

PLA and PHBH, as demonstrated the macro and microscopic appearance and the change in the 

microstructure. 

From a technological perspective, it may be highlighted that biodegradation at 58 ºC may be the 

most cost-effective condition due to the lower energy supply required and the valuable 

contribution of microorganisms. For the PLA plates it resulted in complete assimilation in 90 days 

in the three substrates. Whereas the PHBH plates were not completely disintegrated in this period, 

a very advanced reduction in molar mass was perceived at 58 ºC, which would result in collapse 

in a short term. In terms of substrate, although the enriched synthetic substrate seemed to be more 

aggressive, given the similar degradation advance, all of them could be considered according to 

their availability. 
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