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Abstract:  
 
The aim of this study is to establish a baseline for poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHBV) lifetime prediction in a marine environment, by means of mechanical and physico-chemical 
characterization of specimens immersed in continuously renewed and filtered natural seawater in the 
laboratory at different temperatures (4, 25 and 40°C). Samples were also aged at sea in Lorient 
harbour in order to compare laboratory and natural degradation mechanisms and kinetics. Due to its 
morphology, hydrolysis of PHBV in natural seawater is quite slow, and samples were observed to 
undergo preferentially an enzymatic surface degradation. Increasing the aging temperature in the 
laboratory promotes the water uptake and causes hydrolysis. As two degradation mechanisms occur 
in parallel, the choice of test conditions is critical, and the lifetime of PHBV in a marine environment is 
difficult to predict accurately. 
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1. Introduction 

Over the last decade, development of biodegradable polymers has been evolving continuously 

[1,2]. Recently, pollution of nature by plastics has resulted in a growing awareness of this 

environmental concern, and enhanced the interest for developing biodegradable polymers or 

polymers for which the lifetime is controlled. Large quantities of plastic waste are discarded 

into the oceans by winds, rivers or maritime activity [3,4]. Besides their petrochemical origin, 

a major drawback of these conventional plastics is their end of life management. Indeed, the 

high ratio between their lifetime and their period of use generates an accumulation of waste 

which progressively fragments. Harmful consequences for marine wildlife, and increasing 

dangers for humans are now well established [5,6]. 

Polyhydroxyalkanoates (PHA) are microbial synthetized polyesters [7] which have received 

considerable attention as biodegradable alternatives to conventional plastic. From a life cycle 

point of view, they are interesting because they are produced from renewable resources and 

they are also biodegradable [8]. Overall environmental impacts are lower than those of 

traditional polyolefins but some aspects such as the use of chemical products for the cellular 

extraction or for the purification still require improvement [9,10]. 

PHA has many other advantages like biocompatibility, thermoplastic processing capacity and 

properties similar to various synthetic thermoplastics. PHA can be produced using organic 

waste and is not in competition with food production, unlike PLA. Moreover, the thermal and 

mechanical properties of PHA can be controlled by varying the amount of valerate in 

copolymers [11,12]. In this study, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), a 

particularly promising PHA copolymer [13], is studied.  

A remarkable advantage of these polymers is their biodegradability in various environments: 

in soil, in compost, in fresh water and more especially in various marine environments like 

mangrove in tropical coastal waters in the Caribbean sea [14,15], South China sea [16,17], the 
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Pacific ocean off the Japanese coast [12,18–20] or in Baltic sea water [21]. The PHA 

degradation rate is known to be influenced by different factors especially those related to the 

environment such as weather conditions, microbial population [18], pH [22], temperature, 

chemical composition of the PHA, the polymer geometry (surface area) and its processing 

induced morphology [17]. 

A large number of studies have examined the identification of bacteria capable of degrading 

or ingesting PHBV but mainly focusing on biodegradation mechanisms [12,17,18,23,24]. Few 

studies have compared the influence of different kinds of seawater on the degradation, and 

very few used temperature to accelerate ageing of PHBV. Also the majority of studies have 

focused on very thin film specimens (a few µm thick) and characterizations are limited. 

Moreover, PHBV lifetime in marine environment is not clearly established. 

In the present study, ageing of PHBV specimens in seawater, natural or filtered and renewed, 

was investigated at different temperatures over a period of 360 days. In order to establish a 

baseline for degradation mechanisms, several mechanical and physico-chemical 

characterizations were carried out using gravimetry, surface roughness measurement, 

scanning electron microscopy (SEM), tensile tests, steric exclusion chromatography (SEC) 

and differential scanning calorimetry (DSC). PHBV ageing was followed at different 

temperatures in order to evaluate the validity of a lifetime estimation based on the Arrhenius 

relationship. 

2. Experimental  

2.1. Materials 

PHBV with a molar ratio of HB to HV of 92:8 and commercialized in pellet form under the 

name ENMAT Y1000P was supplied by Tianan Biological Materials Co. Ltd. (China). 

According to the manufacturer, PHBV has the following properties: density = 1.25 g.cm-1, Tg 
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≈ 4°C, Tm = 175°C and an average molecular weight �w ≈ 400 kg.mol-1. This grade has been 

comprehensively characterized in a recent paper [25]. 

2.2. Preparation of tensile specimens 

PHBV pellets were dried at 50°C under vacuum for 24h before processing. For the 

preparation of dog-bone specimen, pellets were injected using a Battenfeld HM 80/120 press. 

The hopper temperature was 160°C and the profile was the following: 160-165-170-170°C. 

Injection pressure was 1200 bars and the mould temperature was kept at 35°C. All parameters 

were kept constant throughout the injection moulding process. PHBV was injected in a mold 

designed to produce standard specimens, 180 x 10 x 4 mm geometry (specimen 1A according 

to NF EN ISO 527). 

2.3. Ageing conditions 

Ageing tests were performed under two conditions: immersion in natural seawater and in 

filtered and renewed seawater for one year. Accelerated ageing tests were carried out in 

seawater baths (60L) at 4, 25 and 40°C, with filtered and continuously renewed seawater 

pumped from the Brest Estuary (France). Ageing experiments must be performed at 

temperatures superior to the PHBV glass transition temperature (Tg) to be sure that the 

polymer is in the same morphological state. Natural ageing tests were also performed in the 

Lorient harbour (France). Characteristic parameters of seawater between Brest and Lorient 

were substantially the same during the study, from March 2012 to March 2013, and are 

summarized in Table 1. Water temperature varied from 8.6 to 19.8°C. Lower temperatures are 

well-known to slow down the bacteria activity. Water pH was constant around 8 during the 

year except in October with a peak at 8.5. Salinity and oxygen contained in the seawater were 

in the standard average range. 
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Table 2 shows the mean number of colony-forming unit (CFU) determined for seawater 

samples taken in the four different areas. The bacterial contribution is an essential parameter 

for PHA studies. A series of seawater dilutions was mixed with marine agar and incubated at 

25°C for 24h. After the necessary incubation period, the colony counting was performed for 

each petri dish containing less than 300 colonies. The value in the initial seawater is obtained 

by taking into account the dilution ratio. The CFU number is most important in natural 

seawater. For the baths at different temperatures, seawater was filtered and continuously 

renewed. The CFU number is lower at lower temperature, and difference between 4 and 25°C 

is not significant in microbiology. Filtration can prevent specific types of microorganisms 

from entering the baths but the temperature increases the development of thermophilic 

bacteria in the bath, with a high value of CFU number at 40°C. Moreover, the renewal of 

seawater increases the time for microorganism to colonize surfaces. 

Table 1 - Table 2 

2.4. Characterization techniques 

2.4.1. Water uptake 

A set of dog-bone specimens immersed in water were removed, washed several times with 

distilled water, wiped and weighed at room temperature (23°C and RH = 50%) on a weighing 

machine with a precision of 0.1 mg. The percentage gain at any time t, Mt, was determined by 

Eq. (1): 

0

0

(%) 100t
t

W W
M

W

−= ×     (1) 

where Wt and W0 denote, respectively, weight of sample after exposure to water and weight 

of dry material before immersion.  
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A Dynamic Vapour Sorption (DVS 5000, TA Instruments) device was used to evaluate water 

diffusion coefficient, in a 160 µm thick film cut directly in the dog-bone specimen, at 

different Relative Humidity (RH) for temperatures ranging from 20 to 50°C. Although water 

diffusion coefficients have been measured under conditions different from those of ageing, 

these values are still interesting because the water diffusion kinetics in a polymer are not 

greatly affected by the value of partial pressure of the water in the external environment. 

The weight gain resulting from moisture absorption can be modelled in terms of two 

parameters, the water diffusion coefficient D and the maximum moisture content M∞, are 

given by Fick’s first law, Eq. (2): 

2 2

2 2 2

8 1 (2 1)
1 exp

(2 1)
tM D i t

M i e

π
π∞

 += − − +  
∑    (2) 

where e is the thickness of the sample. D can be calculated from the initial linear portion of 

the absorption curve. For �� /�� ≤ 0.5 the function Mt = f(√t) is linear and the Fickian 

diffusion coefficient D is determined by Eq. (3): 

22

16
tMe

D
t M

π
∞

 
=  

 
       (3) 

Commonly, D value is constant whatever the relative humidity and extrapolation for 

immersion in water is then possible. 

2.4.2. Weight Change 

Following weight is a useful method to characterize irreversible degradation. At selected 

immersion times, the percentage loss, at any time t, WLt, was determined on drying dog-bone 

specimens by Eq. (4): 

(%) 100o d
t

o

W W
WL

W

−= ×      (4) 
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where W0 and Wd, indicate, respectively, initial weight of materials prior to water exposure 

and weight of dried material (after immersion). 

2.4.3. Surface roughness  

Surface roughness was measured using a surface roughness tester (TR100, TIME group Inc, 

China). This device sweeps a surface and gives an average roughness (Ra) which corresponds 

to an average of surface irregularity (ridges and troughs) with a sensibility of 0.5 µm. After 

each weight measurement, tests were carried out on the dried sample and each specimen was 

measured in fifteen non-overlapping regions on the entire surface. The mean roughness was 

then determined. 

2.4.4. Scanning electron microscopy (SEM) 

Microscopy analyses were performed with a Jeol JSM 6460LV scanning electron microscope 

(SEM) to examine the surface and the fracture zone of the dry PHBV specimens. Prior to 

observation, the fracture surfaces of unaged and aged PHBV were prepared by fracture in 

liquid nitrogen. Then, specimens were sputter-coated with a thin gold layer by means of a 

sputtering apparatus (Edwards Sputter Coater) before examination. 

2.4.5. Mechanical tests 

Static tensile tests were carried out in an environmentally controlled laboratory, according to 

ISO 527 (23°C and 50% relative humidity) on an MTS Synergie RT1000 testing machine. 

The loading speed was 1 mm.min-1 and an MTS extensometer was used to measure strain, 

over a 25 mm gauge length. Two types of tests were performed, one on wet specimens, one 

on specimens which had been dried. Drying conditions have been previously described (2.4.1 

part). At least five specimens were tested for each condition, and the results were averaged 

arithmetically. The sections of aged samples were measured just before the test as they can 

evolve after removal from water. 
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2.4.6. Molecular weight measurement 

Steric exclusion chromatography (SEC) was used to determine the evolution of molecular 

weight. The apparatus is equipped with a set of three columns: two ResiPore and one PL gel 

Mixed C (Polymer Labs.). The detection system is composed of a refractometer and a UV 

detector. Chloroform was used as eluent with a flow rate of 0.8 mL.min-1. The elution profiles 

were analysed by the Empower GPC module software (Waters). Calculations are based on 

calibration curves obtained from polystyrene standards ranging from 200 g.mol-1 up to 6	×	106 

g.mol-1. The weight-average molecular weight (�w) and number-average molecular weight 

(�n) are obtained from the SEC analysis. The polydispersity index (PI) is calculated as 

�w/�n. 

2.4.7. Thermal properties 

Differential scanning calorimetry (DSC) analysis was performed on samples of about 10 mg, 

in standard aluminium pans, using Mettler-Toledo DSC882 equipment under a nitrogen 

atmosphere. Samples were taken in the middle of the dog-bone on a part of the section. Data 

were recorded at a heating rate of 20°C.min-1. The samples were heated from 20 to 200°C and 

kept at 200°C for 3 minutes. The samples were then cooled to -20°C and finally a second 

heating scan was performed from -20 to 200°C to distinguish the reversible effects from 

permanent changes. The degree of crystallinity was determined by Eq. (5): 

100%

mH

H
χ ∆=

∆
      (5) 

where ∆Hm (J.g-1 of polymer) are the melting enthalpy. ∆H		

% is the melting enthalpy for 

PHBV of 100% crystallinity, taken to be 146 J.g-1 [27]. This value, found for PHB 

homopolymer by Barham et al., is considered as a good approximation of the ∆H		

% for 

PHBV sample, provided that the copolymers have a low percentage of hydroxyvalerate units 

[28]. 
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3. Results and discussion 

3.1. Water uptake 

Fig. 1 shows the weight gain of PHBV as a function of t1/2 (expressed in H1/2) at different 

immersion temperatures in seawater. All the sorption curves follow the same trend with 

similar behaviour. An initial linear relationship between water uptake and square root of time 

is observed, followed by a saturation plateau. These observations indicate a typical Fickian 

behaviour. Value of �� obtained for the equilibrium plateau region are summarized in Table 

3. Increasing the temperature has an influence on values of the saturation plateau. This trend 

has already been observed for PHBV [29] and also in the case of PLA [30]. The water 

diffusion is influenced by the temperature and water absorption can induce minor chain 

cleavage which is sufficient to increase the number of hydrophilic sites in the polymer [31]. 

Moreover, water uptake can also cause swelling, thus facilitating the transport of water within 

the polymer. 

Figure 1 - Figure 2 – Table 3 

Commonly, water diffusion characteristics in polymers are usually characterized by weight 

gain measurements. In this study, PHBV samples have been immersed in seawater, natural or 

filtered and renewed, with the presence of marine microorganism as shown in Table 2, and 

weight loss can occur simultaneously with water uptake. To avoid this weight loss problem, 

DVS was employed and experiments were done at different temperatures in order to obtain an 

accurate diffusion coefficient. The �� in immersion (RH = 100%) is not determined but one 

of the advantages of this technique is that diffusion coefficient must be constant whatever the 

relative humidity. An extrapolation was then possible to get diffusion coefficient value in 

immersion. 

Table 4 
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At each RH increasing, the initial curves when �� /��  ≤ 0.5 were used to determine the 

diffusion coefficients. Values of D for the different temperatures, according to Eq. (3), are 

given in Table 4 and the increasing of temperature has an effect on the diffusion coefficients. 

These values are similar to those found in the literature, especially at low temperature [29]. 

Moreover, a linear relation (R2 = 0.97) is noted between lnD and the inverse of temperature 

(Fig. 2). Results show that diffusion is a thermally activated process, suggesting that these 

coefficients are governed by the Arrhenius law (Eq. 6): 

0 exp aE
D D

RT
 = − 
 

     (6) 

The activation energy Ea was obtained from the slope of linear fitting of lnD versus 1/T and 

was estimated at 71 kJ.mol-1 using DVS device. This value is higher than the few published 

values available, which are around 44 kJ.mol-1 [29].  In this study conditions and using the 

experimental data, the activation energy in seawater was estimated at 50 kJ.mol-1 (not shown 

here). This difference between Ea values could be explained by several reasons: the different 

kinds of aqueous environments, the grade of PHBV used or the processing conditions which 

modify the polymer morphology. 

In summary, these results indicated an equilibrium water uptake in PHBV which is 

temperature dependent and diffusion coefficients also increase with temperature, following an 

Arrhenius relationship. The activation energy is constant over the temperature range studied 

and justifies one of the assumptions for using this approach for lifetime prediction. 

3.2. Surface roughness 

Modification of surface roughness could be the consequence of leached products produced by 

irreversible surface degradation due to polymer hydrolysis or surface erosion due to microbial 

attack. The influence of seawater immersion at different temperatures on surface roughness of 

PHBV specimens is presented on Fig. 3. Roughness change was higher for specimens aged in 
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natural seawater, with a maximum roughness of 8.3 µm observed after 270 days of 

immersion. In filtered seawater, at 4, 25°C and 40°C, the roughness increase was slower and 

corresponding values are respectively 2, 2.5 and 4.5 µm after 360 days of immersion.  

Figure 3 

SEM observations on the PHBV surface confirmed roughness analysis. Unaged PHBV shows 

a homogeneous and uniform surface (Fig. 4-1a). After one year in immersion in natural 

seawater, considerable changes occurred as shown on Figure 4-2a. The surface became totally 

heterogeneous and rougher with the apparition of holes and pores. 

The surfaces of PHBV specimen aged in filtered seawater revealed different aspects 

according to ageing temperature. We noted the appearance of tiny holes at 4°C suggesting a 

relatively low roughness for this sample. The surface roughness was drastically modified with 

increasing ageing temperature since these holes became larger and deeper for the samples 

aged at 25 and 40°C (Fig 4-4a and Fig 4-5a).  Another significant point was that the bulk of 

the PHBV retained the same appearance whatever the ageing temperatures or the kind of 

seawater, contrary to PLA which undergoes a core degradation [32,33]. 

Figure 4 

Temperature variations influence the kinetics of erosion degradation but it is not the only 

influent parameter. Microbial population also appears to be an important parameter [34]. The 

degradation mechanism is enzymatic rather than hydrolytic and enzymatic degradation occurs 

from the surface with an erosion mechanism [7,24]. The enzymatic degradation of PHA is a 

heterogeneous reaction, which takes place in the presence of PHA depolymerase, involving 

two steps: the first step involves the adsorption of the enzymes on the surface by the binding 

domain of enzyme and the second step concerns the enzymatic cleavage of polymer chains by 

the active site of the enzyme [35]. Currently, only one degradation mechanism is highlighted 

and the traditional methodology for predicting lifetime can be used. However, micro-
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organism species or concentrations are very water dependent. An accelerated factor will 

probably need to be taken into consideration otherwise microbial attack will be difficult to 

model. 

3.3 Weight loss 

Fig. 5 shows the evolution of weight loss as a function of time at different immersion 

temperatures. Weight loss of PHBV specimens was higher in natural conditions with a loss 

percentage of 8 wt.% after one year of immersion compared to 2 wt.% at 40°C in filtered 

seawater, 1 wt.% at 25°C and quasi negligible at 4°C. In the literature, on a sample aged in 

natural seawater with a similar thickness (2.5 mm), the percentage of loss of weight is quite 

similar: 12 wt.% [14]. 

Figure 5 

Little effect of temperature was observed on the loss of weight or the bacterial number (Table 

2), but the degradation seems to be rather dependent on the resident microbial populations 

[14]. For the baths at different temperatures, seawater was filtered and renewed and this could 

increase the time for microorganism to colonize surfaces. Nevertheless, if the number of 

bacteria is more important in the medium, statistically it is more likely that those specifically 

able to degrade PHBV will be present. In the literature, extracellular PHA depolymerases 

secreted from microorganisms have been already identified [15,36,37] and utilize the 

decomposed compounds as nutrients. A further analysis of bacteria must be considered in this 

case and biodegradation tests should be performed in order to confirm a microbial attack and 

a metabolized step. 

The evolution of the roughness as a function of the weight loss is plotted on Fig. 6 and reveals 

a proportional relationship between these two parameters whatever the medium. Therefore, 

the weight loss mechanism involves uppermost layer degradation and “layer by layer” 

degradation (illustrated on Fig. 7) for the natural ageing, as previously observed [35,38]. 
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Figure 6 – Figure 7 

These results indicate degradation initially occurring on the surface of samples and that the 

measurement of roughness coupled with weight loss may provide a useful technique to follow 

degradation of PHBV in seawater immersion. Moreover, this degradation mechanism should 

be taken into account in any methodology to predict lifetime. Usually, the approach, based on 

an Arrhenius law, requires macroscopic indicators such as strain at break or stress at break. 

Weight loss following is probably not a judicious indicator for this approach, but it can 

provide an estimation. 

3.3. Mechanical properties 

Tensile tests were carried out on the aged PHBV samples in the wet state and after drying 

providing information on reversible and irreversible degradation mechanisms. Fig. 8 shows 

the tensile behaviour of PHBV samples after 12 months of immersion in seawater, natural or 

renewed and filtered. After one year of immersion at 4°C, ductility increased slightly for wet 

PHBV. An increase was also noted even after drying. At 25°C and for the natural ageing, 

mechanical behaviour was more brittle than that of the unaged PHBV after 12 months in 

immersion. In the dry state, PHBV partially recovered its initial properties. At 40°C, samples 

became completely brittle with a large decrease of strain and stress at break. In this case, even 

after drying, there was no return to the initial state which showed a typical irreversible 

degradation. 

In this case, significant behaviour changes appeared only at 40°C and this was independent of 

the medium and the number/type of bacteria. 

Figure 8 
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The figures 9, 10 and 11 represent the evolution of global mechanical properties after 12 

months of immersion in seawater in different conditions, numerical values are presented in 

Table 5.  

Figure 9 - Figure 10 - Table 5  

Fig. 9 shows the evolution of the strain at break over the time and Fig. 10 exhibits the 

evolution of stress at break during all the ageing. Weight loss of PHBV specimens, previously 

discussed, led to a decreasing section over time. The global cross section evolution was taken 

into account for the calculation of stress at break, a comparison between the initial section and 

section after immersion, is presented in Table 5. Strain at break may be more reliable as it 

does not depend on PHBV cross section. 

After immersion at 4°C, strain and stress at break remained constant and showed a slight 

increase after drying. For samples aged in natural seawater or at 25°C, the changes observed 

were similar. After a slight increase, failure strain decreased very slowly in the wet state but 

remained constant after drying. Stress at break remained constant for these two ageing 

conditions. For wet tests after immersion at 40°C, an initial increase in the failure strain was 

observed after one month, presumably due to plasticization, followed by a constant decrease 

until the end of the study as hydrolysis occurred. On dried specimens, failure strain decreased 

continuously with immersion time. The percentage loss in properties was more than 50% after 

one year in immersion at 40°C. The decrease in stress at break, on the wet state, was more 

pronounced after 6 months of immersion, reaching 35% after one year. However, the 

reduction was less clear after one year in the dry state test with only 15% loss (considering the 

initial section, the loss is around 20%). 
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We can conclude that the differences in the mechanical properties obtained from calculations 

using the either the initial cross section or the section at a given moment are not significant 

even though weight loss is important.  

Figure 11 

Young’s modulus evolutions are shown on Fig. 11. At low temperature, stiffness was almost 

constant with ageing time whereas after immersion at 40°C, it increased during the ageing. In 

the dry state, Young’s modulus tended generally to increase. On samples aged in air, the same 

trend was observed: mechanical properties were not stable with time and tended to increase 

[25]. 

Despite the loss of weight previously observed for the samples, global mechanical properties 

remained constant until 25°C, as already found in previous studies [19]. Moreover, after one 

year at 4°C, mechanical properties of PHBV tended to evolve. The increase in temperature 

promoted a premature loss of properties, especially at 40°C with an irreversible degradation 

of PHBV specimens. 

3.4. Molecular weight analysis 

Changes in molecular mass of PHBV specimens after marine exposure are shown in Fig. 12, 

and values after one year of immersion are presented in Table 6.  

Figure 12 – Table 6  

For the lower temperature, there was no significant difference between the natural ageing and 

the ageing at 4 and 25°C in renewed and filtered seawater. ��w decreases over time to a final 

reduction of 30%. At 40°C, the weight average molecular weight decreased quite drastically 

through the first 6 months corresponding to a reduction of about 60%, and remained relatively 

constant during the last 6 months of immersion.  At high temperature, chain breakage was 
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more extensive and ester bond hydrolysis was the main degradation mechanism. A similar 

trend has been already observed for polyhydroxyalkanoates in a previous study of natural 

ageing [16], for which the number average molecular weight, ��n, decreased quite drastically 

through the first week of the study but remained almost constant for the following weeks.  

Despite the 30% molecular weight reduction, mechanical properties were relatively constant 

for the ageing at lower temperatures. These results showed that chain breakage appeared but 

that there was only a minor influence on mechanical properties, with a slightly decrease of 

strain at break. This could be attributed to the high molecular weight for residual PHBV 

samples even after one year. We assume that a molar mass threshold exists, above which 

mechanical properties were not altered. Indeed, Fig. 13 shows the relation between 

mechanical properties (σb and εb) and molecular weight (��w). Two trends were highlighted: 

the stress at break was relatively constant over time while the strain at break seemed to be 

more dependent on molecular weight, especially at 40°C. For the points corresponding to the 

ageing at this temperature, the molar mass threshold may be reached with a critical molecular 

weight, corresponding to an “end of use” criterion, close to ��w = 120 000 g.mol-1. 

Figure 13 

The relation between water uptake and molecular weight is presented on Fig 14 and there is a 

clear link between these parameters. More extensive chain breakage occurred when PHBV 

samples absorbed more water. In contrast, no relationship was established between loss of 

weight and molecular weight, as shown in Fig 15, similar findings were reported previously 

[16,39]. 

Figure 14 – Figure 15 
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Generally, the PHBV hydrolysis is slow because PHBV is highly crystalline and hydrolysis 

occurs preferentially in amorphous regions [40]. Molecular weight measurements highlighted 

a second degradation mechanism, the slow hydrolysis of esters bonding. This mechanism 

must be taken into account in lifetime prediction as it will add to the first mechanism 

identified previously, enzymatic degradation on the surface. The co-existence of two 

mechanisms makes the assumptions of an Arrhenius prediction methodology invalid. 

3.5. Thermal properties  

Modification to polymer morphology due to the degradation can be revealed by DSC analysis. 

Table 7 summarizes the thermal properties of PHBV after 12 months of immersion in natural 

seawater and at 4, 25, and 40°C in renewed and filtered seawater. 

Table 7 

During the first heating, no change was observed for the melting temperature for natural 

ageing and for lower temperatures, i.e. 4 and 25°C. A small decrease in melting temperature 

was observed at 40°C for both first and second scans which emphasized a higher degradation 

rate compared to other temperatures and medium, according to results obtained using SEC. 

The decrease in melting temperatures with increasing ageing temperature was attributed to the 

formation of PHBV chains with lower molecular weight. 

A slight increase of the crystalline index χc was noticed especially for samples aged naturally 

and in filtered seawater bath at 40°C. This recrystallization phenomenon may explain the 

evolution of Young’s modulus. A slight evolution of mechanical properties at lower 

temperature can be explained by a secondary crystallization through the amorphous 

spherulitic lamellae [30]. Another possible explanation is that microstructural changes 

occured when the immersion temperature in the bath was 4°C, which is close to the Tg of 
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PHBV. Lifetime prediction could be further complicated if PHBV morphology evolves over 

immersion time. 

4. Conclusions 

In this work, natural ageing at sea and accelerated laboratory ageing of PHBV have been 

performed. Ageing was accelerated by the temperature and the limits to lifetime prediction 

were discussed. Different characterization techniques have been used in order to follow the 

degradation and the different mechanisms have been identified. 

One of the first results obtained in this study is that PHBV specimens degraded more rapidly 

under natural conditions at sea with a higher loss of weight, without significantly losing their 

mechanical properties. The development of polymer materials which undergo degradation 

under natural seawater conditions could contribute to reducing pollution problems caused by 

marine plastic waste. 

The traditional laboratory method to accelerate polymer ageing, by increasing the 

temperature, in this case while increasing diffusion rate resulted in a much lower loss of 

weight. For laboratory samples immerged at different temperatures, the seawater was 

continuously filtered and renewed and this procedure probably limited the bacterial action 

which degrades the PHBV at sea. These results highlighted that degradation at lower 

temperature took place preferentially through an enzymatic process via a surface erosion 

mechanism, confirmed by the roughness evolution and the SEM images. 

However, the study of the temperature influence revealed another degradation mechanism. 

Despite the higher crystallinity of PHBV, chain cleavage activated by the temperature 

(especially at 40°C) occurred caused by hydrolysis of the ester bonds. Mechanical and 

thermal properties confirmed this behavior. 
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Finally, the goal of this work was to establish a baseline for lifetime prediction of PHBV in a 

marine environment. In the methodology usually employed with accelerated thermal ageing, 

some assumptions must be respected. This study revealed the presence of two degradation 

mechanisms occurring in parallel (enzymatic degradation and chain scission) but the kind of 

degradation is dependent on the temperature and medium. According to the marine ageing 

conditions, one or other of these mechanisms is predominant. Use of prediction tools such as 

Arrhenius relationships is questionable if the ageing conditions in terms of temperature and 

presence of bacteria are not precisely defined. However, the activation energy is constant over 

the temperature range studied validating one of the assumptions for the use of prediction 

tools. Accelerated tests in distilled water avoiding the microorganism attack and only studying 

the water effect on PHBV samples may help to clarify the degradation kinetics. Further work 

to explore this is in progress. 
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Table 1. Hydrochemical parameters of seawater. 

  Temperature of  pHa Salinityb Oxygenb 

  watera (°C)   (ppm) (mg.mL-1) 

March 2012 10.9 ± 0.6 8.2 34.8 6.5 

April 11.3 ± 0.3 7.9 34.6 7.4 

May 13.5 ± 0.1 8.1 35 6.2 

June 15 ± 0.1 8.0 34.9 6.7 

July 18.4 ± 1.0 8.0 34.2 6.2 

August 19.8 ± 0.8 8.0 34.7 6.3 

September 17.2 ± 0.2 8.0 34.7 5.3 

October 15.4 ± 1.0 8.5 35.3 5.6 

November 12.0 ± 0.6 7.9 35.5 5.7 

December 10.5 ± 0.8 8.1 34.7 6 

January 9.0 ± 1.0 7.9 33.5 6.3 

February 8.9 ± 0.9 8.1 33 6.6 

March 2013 8.6 ± 0.9 8.1 34.5 6.8 
a Personal data         
b IFREMER buoy data       

 

 

 

 

Table 2. Microbial enumeration contained in different seawater. 

  Microbial counting 

  (CFU.mL-1) 

 Natural seawater 17000 

Bath at 4°C 3400 
Bath at 25°C 1600 
Bath at 40°C 17000 
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Table 3. Experimental equilibrium water uptake for the different temperatures. 

T (°C) M∞ (%) 

    
4 0.22 

13.1* 0.33 

25 0.42 
40 0.78 

    
* Average value for natural ageing 

 

 

Table 4. Fickian diffusion coefficients for PHBV specimens obtained by DVS. 

T(°C) D.10-12 (m².s-1) 

 
 

20 1.9 

30 3.6 

40 8.0 
50 28.1 
 

 
 

 

Table 5. Evolution of PHBV mechanical properties before and after ageing in seawater at 
different temperatures. 

T (°C) 
Immersion Immersion Section 

E (MPa)   σb  (MPa)   εb (%)   
condition time (days) used 

  unaged   Si
* 4390 ± 102   35 ±  1.2   1.4 ± 0.1   

                          

  
natural 
ageing 

360 S = f(t) 4687 ± 168 + 7% 36.7 ±  0.6 + 5% 1.1 ± 0.1 - 21% 

      S = Si 4545 ± 152 + 4% 33.8 ±  0.9 - 3%       

                          

4 seawater 360 S = f(t) 4544 ± 160 + 4% 38.5 ± 0.2 + 10% 1.5 ± 0.1 + 7% 

      S = Si 4332 ± 175 - 2% 37.9 ± 0.3 + 8%       

                          

25 seawater 360 S = f(t) 4614 ± 102 + 5% 35.9 ± 1.0 + 3% 1.2 ± 0.1 - 14% 

      S = Si 4671 ± 128 + 6% 35.7 ± 0.6 + 2%       

                          

40 seawater 360 S = f(t) 5531 ± 81 + 26% 30.3 ± 1.0 - 14% 0.6 ± 0.1 - 58% 

      S = Si 5466 ± 75 + 24% 27.9 ± 1.2 - 20%       
* Si: initial section 
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Table 6. Evolution of number-average molecular weight (�n), weight-average molecular 

weight (�w) and polydispersity index �w/�n of PHBV samples aged 12 months in different 
seawater. 

        Mn (g.mol-1) Mw (g.mol-1) �w/�n 

unaged   0 172600 398800 2.3 
      

   
 

 natural ageing   360 145900 291000 2.0 
      

   
 

4°C seawater 360 172500 291800 1.7 
25°C seawater 360 164700 260300 1.6 
40°C seawater 360 82100 125300 1.5 

 

 

 

 

Table 7. Evolution of the thermal transitions of PHBV samples aged 12 months in seawater. 

    1st heating   Cooling   2nd heating 

    Tm (°C) ∆Hm (J.g-1) χc (%)   Tc (°C)  ∆Hc (J.g-1)   Tm (°C) ∆Hm (J.g-1) χc (%) 

                        
Unaged   177   73   50   111   73     174   83   57 
                        
Natural ageing   179 80   55   109   69     171   90   62 
                        
4°C   178   68   47   111   77     171   86   59 
25°C   176   70   48   109   75     171   86   59 
40°C   173   88   60   110   86     167   98   67 
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Fig. 1. Evolution of water uptake as function of the square root of immersion time at different 
temperatures in seawater. 

Fig. 2. Identification of the diffusion coefficient of seawater in the PHBV for different ageing 
temperatures. 

Fig. 3. Evolution of roughness of the PHBV for different ageing conditions. 

Fig. 4. SEM micrographs of the surface (a) and the fracture (b) for unaged PHBV (1), for PHBV 
aged in natural conditions (2) and for PHBV specimen aged in renewed and filtered seawater at 4°C 
(3), 25°C (4) and 40°C (5). 

Fig. 5. Evolution of weight of loss as function of immersion time at different temperatures: natural 
ageing, 4°C, 25°C and 40°C. 

Fig. 6. Evolution of weight loss as a function of roughness for the PHBV aged in immersion at 
different conditions. 

Fig. 7. Evolution of the surface of PHBV samples aged in natural seawater. 

Fig. 8. Evolution of tensile behavior of PHBV specimens aged in natural conditions and at 4, 25, 
and 40°C after 360 days: before (a) and after drying (b). 

Fig. 9. Evolution of the strain at break of PHBV specimens aged in natural conditions and at 4, 25 
and 40°C after 360 days: before (a) and after drying (b). 

Fig. 10. Evolution of the stress at break of PHBV specimens aged in natural conditions and at 4, 25 
and 40°C after 360 days: before (a) and after drying (b). 

Fig.11. Evolution of the Young modulus of PHBV specimens aged in natural conditions and at 4, 
25 and 40°C after 360 days: before (a) and after drying (b). 

Fig. 12. Evolution of the molecular weight (��w) aged in natural conditions and at 4, 25, and 40°C 
in seawater after 360 days. 

Fig. 13. Evolution of the stress at break (a) and strain at break (b) as a function of the molecular 
weight for PHBV specimen aged in seawater at different temperatures. 

Fig. 14. Evolution of molecular weight (��w) versus water uptake (Mt) in seawater at different 
temperatures. 

Fig. 15. Evolution of weight loss versus molecular weight in seawater at different temperatures. 




