
1. Introduction

Numerous studies have analysed the properties of

thermoplastic biopolymers, but most of those bio -

polymers have been processed on a laboratory scale.

The present study aims to give the status quo of com-

mercially available biopolymers that have been

processed in a continuous pilot plant (pre-industrial

scale). This overview describes several packaging re-

lated characteristics of the films such as molecular

weight, crystallinity and their mechanical (Young’s

modulus, tensile strength, elongation at break) and

permeation properties (water vapour and oxygen per-

meability). All the materials were processed in a con-

tinuous flat film extrusion line with a low temperature

profile to minimise heat induced degradation of the

biopolymers. Processing under the same conditions

enables a comparison of the different biopolymer

films. Biopolymers are defined in this study as poly-

mers that are biobased, biodegradable or both [1].

From each of these three groups, at least one material

was analysed: Biopolymers that are biobased and bio -

degradable include polylactic acid (PLA), polyhy-

droxyalkanoates (PHAs) and a thermoplastic starch

(TPS) based material. Since PHAs show interesting

permeation properties, several types of PHA were

studied: Poly(3-hydroxybutyrate) (PHB), three types

of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

(PHBV) with varying 3-hydroxyvalerate (3HV)
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content, three types of poly(3-hydroxybutyrate-co-

4-hydroxybutyrate) (PHBHB) with varying 3-hydrox-

ybutyrate (3HB) content and a blend of PHBHB with

PLA+filler. The group of biopolymers that are non-

biobased but biodegradable includes the following

materials: three polybutylene adipate terephthalate

(PBAT) based materials (amongst other things in

combination with PLA or PLA+filler), polybutylene

succinate (PBS) and polycaprolactone (PCL). The

group of biopolymers that are biobased and non-bio -

degradable is represented by biobased polyethylene

(BioPE). Additionally, a fossil based thermoplastic

polyurethane elastomer (TPU) was included in this

study because of its potential for biobased produc-

tion [2–4].

2. Materials and methods

2.1. Materials

Data about the biopolymer materials are summarised

in Table 1.

2.2. Methods

All granulates were treated by a convective pre-dry-

ing step at 60 °C for 24 hours to remove residual
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Table 1. Data about the biopolymers according to the material data sheets.

*As no information was provided on the data sheet, an external service provider (Novamont S.p.A., Italy, Novara) analysed the HV content

by Nuclear Magnetic Resonance (NMR) spectroscopy

Sample Producer/distributor Grade
Tm

[°C]

MFI

[g·10 min–1]

(applied conditions)

Density

ρ

[g·cm–3]

Remarks

PLA

NatureWorks LLC, MN,

USA via Resinex Germany

GmbH, Zwingenberg, Ger-

many

2002D 210
4–8

(190°C, 2.16 kg)
1.24

PHB Biomer, Krailling, Germany P209
10

(180°C, 2.16 kg)
1.2

PHBV3

Ningbo Tianan Biologic

Material Co., Ltd. in Ning-

bo, China

Enmat

Y1000P
~170–176 1.25

3HV content:

3 mol%*

PHBV7
PHB Industrial S/A, Serrana

SP, Brasil
Biocycle ~170

3HV content:

7 mol%*

PHBV11 Nature Plast, IFS, France PHI 002 145–155 1.25
3HV content:

1 mol%*

PHBHB18

Shandong Ecomann Tech-

nology Co., Ltd., Shandong,

China

EM 20010 140–160
8

(170°C, 2.16 kg)
1.33 3HB:4HB = 18:01

PHBHB13 EM 40000 140–160
3

(170°C, 2.16 kg)
1.24 3HB:4HB = 13:01

PHBHB10

+PLA+filler
EM 10070 150–160

4

(170°C, 2.16 kg)
1.25

3HB:4HB = 10:01,

PLA <40%,

mineral filler <10%

TPS
Novamont SPA, Novara,

Italy

Mater-Bi

P.T.CS
135 1.19

PBAT
BASF SE, Ludwigshafen

am Rhein, Germany

Ecoflex® F

Blend C1200
110–120 1.25–1.27

PBAT+PLA
BASF SE, Ludwigshafen

am Rhein, Germany

Ecovio® F

Blend C2224

110–120 for PBAT,

140–155 for PLA
1.24–1.26

PBAT+PLA

+filler

Metabolix GmbH, Cologne,

Germany (now BIO-FED,

AKRO-Plastic GmbH,

Cologne, Germany)

Mvera®

B5010
166 1.4 Mineral filler

PBS

Mitsubishi Chemical Corpo-

ration via Helian Polymers

BV, Venlo, Netherlands

GS Pla®

FD92WN
84 1.24

PCL
Perstorp Holding AB,

Malmö, Sweden
Capa 6500 58–60

TPU
BASF Polyurethanes GmbH,

Lemfoerde, Germany

Elastollan®

880A 13 N

15–25

(190°C, 3.8 kg)
1.2

BioPE
Braskem S.A., São Paulo,

Brazil

SLL218

LLDPE

2.3

(190°C, 2.16 kg)
0.918

minimum biobased

content: 87%



moisture before further processing. The pure mate-

rials were processed in a flat film extrusion plant

type E30 M (30 mm screw, 30D barrel length,

300 mm nozzle width) manufactured by Dr. Collin

GmbH, Ebersberg, Germany. The temperature pro-

file was set at 60–150–165–165–160–160 °C in order

to minimise heat-induced degradation and the rota-

tional speed was set at 30 rpm. The cast films had a

thickness of ~70–80 µm.

Crystallinity (χ) was analysed according to DIN EN

ISO 11357-1 by differential scanning calorimetry. A

DSC 821e instrument (Mettler-Toledo GmbH, Gießen,

Germany) was used. Each sample was analysed for

two heating cycles (10 K·min–1 from –10 to 200°C)

under a nitrogen atmosphere. The enthalpies of fu-

sion ∆Hc(∞) of the entirely crystalline materials are

shown in Table 2. Due to the unavailability of ∆Hc(∞)

for TPU, the crystallinity was calculated using the

∆Hc(∞) of PCL because PCL can potentially be used

as a base material for synthesising TPU from bio -

degradable sources [5].

Gel permeation chromatography (GPC) was per-

formed as a relative measurement with a PMMA

standard according to DIN 55672 in order to analyse

the weight and number average molecular weight

(Mw, Mn) and the polydispersity index (PDI = Mw/Mn).

Each sample was dissolved in a hexafluoroiso-

propanol (HFIP) solution (2500 µg·g–1) for 24 h under

ambient conditions. A two-fold determination was

performed and the standard deviation was calculated.

Before analysis, each sample was filtered through a

0.2 µm PTFE injection filter. Polymethyl methacry-

late (PMMA) was used as a calibration standard. The

equipment/materials used were as follows: an injec-

tor (Dionex ASI100), pump (Gynkotek M300), col-

umn (2×PSS PFG Linear XL, 7 µm, 300×8 mm, at

40°C), detector (ERMA ERC 7512, refractive index

detector) and the eluent (HFIP with 0.02 mol·L–1

potassium trifluoroacetic acid) with a flow rate of

1.0 mL·min–1. BioPE could not be analysed due to

its non-solubility in HFIP.

The mechanical properties of the films (Young’s

modulus (YM), tensile strength (σ) and elongation at

break (ε)) were measured according to DIN EN ISO

527-1. The equipment used was the Z005 Allround

Line manufactured by Zwick GmbH&Co. KG, Ulm,

Germany. Analysis was performed in the machine

direction with a 5 kN load cell. Ten strips of each sam-

ple with a width of 15 mm and an effective length of

100 mm were stressed by monoaxial tension at

100 mm·min–1. Only BioPE was tested with an ef-

fective length of 50 mm. To determine σ, the thick-

ness of each strip was measured five times.

The permeation properties water vapour permeabil-

ity (WVP) Q100 H2O and oxygen permeability (OP)

Q100 O2
were measured. The water vapour permeabil-

ity was measured by gravimetric analysis: As laid

down in DIN 53122-1, the water vapour transmis-

sion rate (WVTR) was analysed at 23°C for a gra-

dient of 85→0% relative humidity (r. h.). The results

(in g·m−2·d−1 at the set humidity gradient) were nor-

malised to a partial pressure difference of 1 mbar and

a film thickness of 100 µm (see Equations (1) and

(2)). The resulting values give the normalised water

vapour permeability (WVP) (similar to a permeation

coefficient) Q100 H2O (in g·100 µm·m−2·d−1·mbar−1).

The standard deviations of these four-fold determi-

nations are shown as error bars in the diagrams. The

oxygen transmission rate (OTR) was analysed using

Oxtran Twin devices manufactured by Mocon Inc.

according to DIN 53 380 Part 3. The permeation was

measured at 23°C, 50% r. h. and an oxygen pressure

difference of ~1 bar. The permeated oxygen was de-

tected by an electrochemical detector (N2+ 5% H2

was used as carrier gas). The results (in cm3·(STP)

m−2·d−1) were normalised to a partial pressure dif-

ference of 1 bar and a film thickness of 100 µm (see

Equations (1) and (2)) so giving the normalised oxy-

gen permeability (OP) Q100 O2
(in cm3 (STP)
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Table 2. Enthalpy of fusion of the biopolymers.

Sample
∆Hc(∞)

[J·g–1]
Reference

PLA 093.1 [6]

PHB 146.0 [7]

PHBV3 141.1 [8]

PHBV7 134.5 [8]

PHBV11 128.0 [8]

PHBHB18 146.0 [7]

PHBHB13 146.0 [7]

PHBHB10+PLA+filler 146.0 [7]

TPS
022.1

(for pure potato amylose)
[9, 10]

PBAT 114.0 [11]

PBAT+PLA 114.0 [11]

PBAT+PLA+filler 114.0 [11]

PBS 200.0 [12]

PCL 135.6 [13]

TPU –

BioPE 290.0 [14]



100 µm·m−2·d−1·bar−1). The standard deviations of

these two-fold determinations are shown as error

bars in the diagrams.

(1)

(2)

where d is actual film thickness (in µm); ∆p partial

pressure difference (in mbar for water vapour, in bar

for oxygen)

3. Results

The results of the crystallinity (χ) and molecular

weight (Mw, Mn, PDI) analyses are shown in Table 3.

Results of Mw are not absolute values but are based

on a PMMA standard. The PHBV films had the

highest χ and Mw. Mw decreases when the 3HV con-

tent is increased, while χ only decreases slightly.

TPS, followed by PBAT, PHB and PCL, were also

highly crystalline biopolymers. These materials have

comparatively low Mw (except PHB). The PLA and

PHBHB films showed medium to high Mw com-

pared to the other materials but had low χ. The com-

paratively high χ of PBAT is drastically reduced

upon combining this with PLA. However, the Mw of

PBAT is comparatively low and not drastically

changed upon combining this with PLA. Biopoly-

mers with comparatively low χ and Mw were found

to be PBS, PBAT+PLA+filler, PBAT+PLA and TPU.

In the following figures, those polymers with a sim-

ilar main component are grouped by the same sym-

bol. The mechanical properties (see Figures 1 and 2)

reveal the high strength of PLA and PHA films com-

pared to other biopolymer films. All other biopoly-

mers (except PLA and PHAs) show significantly

lower Young’s moduli (YM: <600 MPa) and tensile

strength (σ: 8–43 MPa). The stiff and partly brittle

PLA and PHA films have an extremely low elonga-

tion at break (ε), while ε of all other biopolymers is

significantly higher with a range from ~40–1260%.

The biopolymers TPU, PCL, TPS, PBAT and BioPE

WVTRQ
p
d
100H O100 2

$
$D

=

OTRQ
p
d
100O100 2

$
$D

=
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Table 3. Crystallinity, weight and number average molecular weight and polydispersity index of the biopolymers.

Sample

Crystallinity

χ

[–]

Weight average

molecular weight, Mw

[g·mol–1]

Number average

molecular weight, Mn

[g·mol–1]

Polydispersity index

PDI
[–]

PLA 0.23 177604±1732 95162±23345 1.9±0.45

PHB 0.50 211368±417 48709±426 4.3±0.03

PHBV3 0.67 248368±2212 79228±223 3.1±0.04

PHBV7 0.64 233370±2558 91934±6118 2.5±0.14

PHBV11 0.65 203018±351 63276±866 3.2±0.05

PHBHB18 0.15 158295±749 60881±3199 2.6±0.12

PHBHB13 0.16 166126±409 82051±4709 2.0±0.11

PHBHB10+PLA+filler 0.16 159336±1586 81623±295 2.0±0.01

TPS 0.68 40830±414 16409±31 2.5±0.03

PBAT 0.52 62991±100 25971±16 2.4±0.01

PBAT+PLA 0.02 78342±6469 16138±307 4.9±0.31

PBAT+PLA+filler 0.14 58523±696 18215±214 3.2±0.08

PBS 0.17 105342±378 34922±30 3.0±0.01

PCL 0.45 64264±663 25490±707 2.5±0.10

TPU 0.02 73384±156 33860±291 2.2±0.01

BioPE 0.31 – – –

Figure 1. Young’s modulus YM versus tensile strength σ for

biopolymers with PHBV (●), PHBHB (♦), PBAT-

based materials (▲) compared with conventional

polymers (●) according to the literature [17]: YM
[GPa]/σ [MPa] of PE-LD (0.23/25), PE-HD (1.0/

37.5), PET-BO (4.5/220), PP (1.1/40).



had a high σ and high ε (Figure 2), indicating their

status as versatile materials having possible applica-

tion as additives. Results for PBAT show that upon

blending with PLA the YM slightly increases, while

an additional filler significantly increases YM. The

addition of PLA to PBAT leads to a dramatic decrease

in σ and ε, while an additional filler lessens this de-

crease. This might be due to the low miscibility of

the two biopolymers [15, 16]. However, compared to

pure PLA, the YM and σ significantly decrease while

ε increases (in agreement with the literature [16]).

The addition of PLA+filler to PHBHB leads, howev-

er, to an increased YM and σ. This is probably due

to good stabilisation of the PHBHB-PLA system and

subsequent domination of these properties by PLA.

Additionally, the ε of this material is extremely high

probably due to the effect of the filler. Comparison

with the mechanical properties of conventional ma-

terials according to the literature highlights the cur-

rent opportunities for bio polymer films (see the com-

parison in Figures 1 and 2). Biopolymers show a

wide range of mechanical properties. However, a

single biopolymer usually does not possess all the

equivalent properties of a conventional material.

Among the PHAs, PHBHB films showed the highest

σ and ε probably due to a higher packaging density

of the polymer chains compared to PHBV (with a

longer side chain). By increasing the 3HB content in

PHBHB, meaning an increased amount of methyl side

chain, σ and ε are reduced. This is possibly due to

the reduced packaging density and thereby reduced

intermolecular interactions between the polymer

chains. The pure PHB (P3HB) film has a compara-

tively low YM and σ. The properties of the PHBV

films, with lower σ and ε than the PHBHB films,

show a dependency on the 3HV content: With in-

creasing 3HV content both YM and σ decrease sig-

nificantly while there is only a minor increase in ε.

These results agree with the literature [18] (single

sheets processed via compression moulding).

The permeation properties of the biopolymers are il-

lustrated in Figure 3. The biopolymers with a com-

paratively high water vapour permeability (WVP)

and oxygen permeability (OP) are TPS, PCL, TPU,

PBAT+PLA and PBAT. These are also the biopoly-

mers with comaratively low YM as well as high σ

and ε (except PBAT+PLA). The extremely low WVP
and high OP of BioPE is due to its apolar properties,

analagous to fossil based PE-LD (Figure 3). Blend-

ing PBAT with PLA only leads to a slight increase

in WVP and OP (compared to pure PBAT), probably

due to the low miscibility of the two biopolymers

[15, 16]. However, an additional filler (PBAT+

PLA+ filler) leads to a dramatic decrease in both

WVP and OP showing the effectiveness of this ad-

ditive for the material. For comparison, the WVP and

OP values of conventional polymers (taken from the

literature) are included in Figure 3, highlighting the

potential of biopolymers as packaging materials for

oxygen sensitive products. However, the significant-

ly higher WVP of biopolymers is evident.
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Figure 2. Tensile strength σ versus elongation at break ε for

biopolymers with PHBV (●), PHBHB (♦), PBAT-

based materials (▲) compared with conventional

polymers (●) according to the literature [17]:

σ [MPa]/ε [%] of PE-LD (25/500), PE-HD (37.5/

700), PET-BO (220 / 110), PP (40/500).

Figure 3. Oxygen permeability Q100 O2 versus water vapour

permeability Q100 H2O for biopolymers with PHBV

(●), PHBHB (♦), PBAT-based materials (▲) com-

pared with conventional polymers (●) according to

the literature [17]: 

Q100 O2 [cm3 (STP) 100 µm·m–2·d–1·bar–1]/

Q100 H2O [g·100 µm·m–2·d–1·mbar–1] of PE-LD

(1.400/0.04), PE-HD (500/0.01), PET-BO (13/0.09),

PP (850/0.02).



Biopolymers with low permeability are particularly

PHAs, followed by PLA. The permeabilities of the

PHBHB samples are not significantly dependent on

the 3HB content. A combination of PHBHB with

PLA+filler increases both the WVP and OP signifi-

cantly. This is probably due to several overlapping

effects, for example the effect of the filler and the

poorly miscible biopolymers [19, 20]. Unfortunately

this could not be studied in detail due to the lack of

availability of commercial grades. PHBV films have

lower permeabilities than PHBHB films and had the

lowest permeabilities measured in this study. The

permeabilities are dependent on the 3HV content: In-

creasing the 3HV content leads to increased WVP
and OP. This is in agreement with the literature [21]

which attributed this effect to the decreased crys-

tallinity. This could lead to a higher diffusion coef-

ficient because diffusion is restricted to the amor-

phous regions and the diffusion path length is

reduced. Additionally, an increasing number of side

chains reduces the packaging density of the polymer

chains and thereby increases the free volume. This

also leads to a higher diffusion coefficient. However,

the measurements showed an increased permeability

and reduced crystallinity of PHBV7 and PHBV11

compared to PHBV3 but there was no significant

difference in the permeability and crystallinity of

PHBV7 and PHBV11. The PHBV11 film had a high-

er crystallinity than expected and hence a lower per-

meability which could be explained by its higher Mw

and PDI compared to PHBV7.

4. Conclusions

An overview of the mechanical and permeation

properties of several commercially available bio -

polymers extruded as cast films was presented. Analy-

sis of the crystallinity showed that PHBV and TPS

films have the highest crystallinity, followed by

PBAT, PHB and PCL. Films of PBAT+PLA and TPU

have extremely low crystallinity. The crystallinity of

PHBV is reduced when the 3HV content is increased,

and the crystallinity of PBAT is reduced when com-

bined with PLA. The Mw analyses indicate that PHBV

films have the highest Mw, followed by PHB, PLA

and PHBHB. The lowest Mw was measured for TPS,

PBAT+PLA+filler, PBAT, PCL, TPU and PBAT+PLA.

The mechanical analyses highlighted the high

strength and extremely low elongation at break of

PLA and PHA films. Several other biopolymer films

showed a comparable strength but at the same time

had a significantly higher elongation at break such

as TPU, PCL, TPS, PBAT and BioPE. For both of

the two analysed biopolymers, an additional filler

leads to increased elasticity and elongation at break

(measured for PBAT+PLA and PHBHB). However,

the addition of PLA to PBAT leads to reduced

strength and elongation at break as well as slightly

increased elasticity. Among the PHAs, PHBHB films

have a higher strength and elongation at break than

PHBV films. The amount of copolymer is thereby

decisive for the film properties: Increasing the 3HB

content leads to reduced strength and elongation at

break, while increasing the 3HV content leads to re-

duced strength and elasticity. Most of the biopoly-

mers with comparatively low elasticity and high

strength and elongation at break show relatively high

water vapour and oxygen permeability. Examples of

this are TPS, PCL, TPU and PBAT. In contrast, PHA

films which have the highest elasticity (excluding

PLA) showed the lowest permeabilities in this study.

Although the addition of PLA to PBAT has only a

minor effect on the permeability, an additional filler

can decrease the permeability dramatically. For PHA

films, the copolymer affects the permeation proper-

ties: PHBV films have lower permeabilites than

PHBHB films. Moreover, the 3HV content affects

the permeability, while the 3HB content does not.

This study shows that biopolymers with a high Mw

generally have high strength, low elongation at break

and low permeability while biopolymers with a low

Mw are more flexible and have higher permeability,

particularly to oxygen. This overview provides a

basis for selecting biopolymers which are already

commercially available to replace conventional

packaging materials.
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