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Liège, Belgium

J. Karger-Kocsis
University of Technology
and Economics
Budapest, Hungary

Byung K. Kim
Pusan National University
Pusan, South Korea

J. M. Lagaron
Packaging Lab., IATA-CS1C
Valencia, Spain

Jean L. Leblanc
Universit�e Pierre et Marie Curie
Paris, France

Alan J. Lesser
University of Massachusetts
Amherst, MA, USA

Yongfang Li
Chinese Academy of Sciences
Beijing, China

Michael Malkoch
KTH Royal Institute of Technology
Stockholm, Sweden

Robert Matheson
DuPont Automotive Products
Troy, MI, USA

Kenneth Mauritz
University of Southern Mississippi
Hattiesburg, MS, USA

Jimmy W. Mays
University of Tennessee
Knoxville, TN, USA

Michael A. R. Meier
Karlsruhe Institute of Technology
Karlsruhe, Germany

Han E. H. Meijer
Eindhoven University of Technology
Eindhoven, Netherlands

Goerg H. Michler
Martin Luther University
Halle Wittenberg
Halle, Germany

Philip Molyneux
Macrophile Associates
Nottingham, UK

Koon-Gee Neoh
National University of Singapore
Singapore, Singapore

Cheolmin Park
Yonsei University
Seoul, South Korea

Donald R. Paul
University of Texas
Austin, TX, USA

Nicholas A. Peppas
University of Texas at Austin
Austin, TX, USA

Robert E. Prud’homme
Princeton University
Princeton, NJ, USA

D. K. Setua
Defense Materials and Stores
Research & Development
Establishment
Kanpur, India

Arthur W. Snow
Naval Research Laboratory
Washington, DC, USA

Bluma G. Soares
Universidade Federal do
Rio de Janeiro
Rio de Janeiro, Brazil

S. C. Tjong
City University of Hong Kong
Kowloon, Hong Kong

Ricardo Vera-Graziano
Instituto de Investigaciones en
Materiales, UNAM
Mexico DF, Mexico

Christoph Weder
University of Freiburg
Freiburg, Germany

Robert A. Weiss
University of Connecticut
Storrs, CT, USA

Andrew K. Whittaker
University of Queensland
Brisbane, Australia

Paula Wood-Adams
Concordia University
Montreal, QC, Canada

Kenneth J. Wynne
Virginia Commonwealth University
Richmond, VA, USA

Liqun Zhang
Beijing University of Chemical
Technology
Beijing, China

J_ID: Z8Q Customer A_ID: Cadmus Art: Ed. Ref. No.: Date: 30-January-12 Stage: Page: 1

ID: thambikkanue I Black Lining: [ON] I Time: 14:29 I Path: N:/3b2/APP#/Vol00000/090005/APPFile/APP_EDBD_1

VOL 1 | NO 1 | 1 JANUARY 2013

Special Issue: Manufacturing of Advanced 
Biodegradable Polymeric Components

Guest Editors:  Prof. Roberto Pantani (University of Salerno) and 
			                              Prof. Lih-Sheng Turng (University of Wisconsin–Madison)

SPECIAL ISSUE: MANUFACTURING OF ADVANCED 
BIODEGRADABLE POLYMERIC COMPONENTS

http://onlinelibrary.wiley.com/doi/10.1002/app.42889/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42889/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42305/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42305/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42597/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42597/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42597/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42458/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42458/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42511/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42511/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42476/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42476/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42480/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42480/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42283/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42283/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42592/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42592/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42564/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42564/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42564/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42890/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42890/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42890/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42551/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42551/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42704/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42704/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42664/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42664/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.42664/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.v132.48/issuetoc
http://onlinelibrary.wiley.com/doi/10.1002/app.v132.48/issuetoc


Rotational molding of biodegradable composites obtained with PLA reinforced by the wooden 
backbone of opuntia ficus indica cladodes
A. Greco and A. Maffezzoli, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.42447

Foam injection molding of poly(lactic) acid: Effect of back pressure on morphology and 
mechanical properties
V. Volpe and R. Pantani, J. Appl. Polym. Sci. 2015, DOI: 10.1002/app.42612

Modification and extrusion coating of polylactic acid films
H.-Y. Cheng, Y.-J. Yang, S.-C. Li, J.-Y. Hong and G.-W. Jang, J. Appl. Polym. Sci. 2015, 
DOI: 10.1002/app.42472

Processing and properties of biodegradable compounds based on aliphatic polyesters
M. R. Nobile, P. Cerruti, M. Malinconico and R. Pantani, J. Appl. Polym. Sci. 2015, 
DOI: 10.1002/app.42481

MANAGING EDITOR

Stefano Tonzani

ASSOCIATE EDITOR

Hilary J. Crichton

ASSISTANT

MANAGING EDITORS

Nesty Diaz
Maria Monte

PRODUCTION EDITORS

Cecilia Banzon
Glenn Beck

FOUNDING EDITOR

Herman F. Mark

CONSULTING EDITOR

Eric Baer

EXECUTIVE EDITORS

Subramanian Iyer
Eastman Chemical Company
Advanced Polymer Engineer
100 Lincoln Street
Kingsport, TN 37660, USA

Brian Knapp
PROMERUS LLC
9921 Brecksville Road
Brecksville, OH 44141, USA

Sergei Nazarenko
The University of Southern
Mississippi, School of Polymers and
High Performance Materials
118 College Drive
MB #10076
Hattiesburg, MS 39406-0001, USA

Mark A. Schubert
Energizer Battery Company
25225 Detroit Road
Westlake, OH 44145, USA

EDITORIAL BOARD

Rameshwar Adhikari
Tribhuvan University
Kirtipur, Kathmandu, Nepal

Rigoberto Advincula
University of Houston
Houston, TX, USA

Ann-Christine Albertsson
KTH Royal Institute of Technology
Stockholm, Sweden

T. M. Aminabhavi
Karnatak University
Dharwad, India

F. J. Balta-Calleja
Instituto de Estructura de la
Materia, CSIC
Madrid, Spain

Amar Nath Banerjee
University of Calcutta
Calcutta, India

David Benko
The Goodyear Tire & Rubber Co.
Akron, OH, USA

Anil Bhowmick
Indian Institute of Technology
Kharagpur, India

Bret J. Chisholm
GE Corporate Research
and Development
Niskayuna, NY, USA

Neal Chung
National University of Singapore
Singapore

Robert E. Cohen
Massachusetts Institute of
Technology
Cambridge, MA, USA

Antonio M. Cunha
Universidade do Minhoh-Azurem
Guimaraes, Portugal

Mohamed S. El-Aasser
Lehigh University
Bethlehem, PA, USA

Antonio Facchetti
Northwestern University
Evanston, IL, USA

Lionel Flandin
Universit�e de Savoie
Le Bourget-du-lac, France

Andrzej Galeski
Polish Academy of Sciences
Sienkiewicza, Poland

Sophie M. Guillaume
Universit�e de Rennes
Rennes, France

Atsushi Hotta
Keio University
Yokohama, Japan

Avraam I. Isayev
The University of Akron
Akron, OH, USA

Robert Jerome
University of Liège
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ABSTRACT: Two aliphatic biodegradable polyesters, Poly(butylene succinate) and Poly(lactic acid), are selected together with two inor-

ganic fillers, talc and TiO2, to obtain biodegradable compounds for replacing polystyrene in the production of disposable plastic cups

and plates. The rheological behavior of the pure polymers and the compounds is investigated, the mechanical properties of the com-

pounds are determined in terms of modulus and elongation at break, the heat distortion temperature of the compounds is measured

and compared to those of pure PBS and PS. Finally, the biodegradation of the compounds is also investigated. The processability and

the final properties, in terms of elastic modulus and heat distortion temperature, make these compounds interesting for the produc-

tion of disposable plates and cups for hot food and beverages, also considering that the elongation at break is significant. Further-

more, the results of biodegradation tests in composting conditions show that the presence of TiO2 induces a lag time and lower

values of biodegradation. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42481.
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INTRODUCTION

The use of biodegradable or bio-based polymers for replacing

their durable counterparts has become highly attracting for

industries involved in the production of disposable plates and

cups. It is indeed quite obvious that the environmental impact

of this class of products will be dramatically reduced if a suita-

ble biodegradable material would be selected. The required

properties for a good substitute of polystyrene (the most com-

monly adopted polymer for these applications) are: a good

processability in terms of viscosity; a high elastic modulus,

coupled with a low fragility; a high heat distortion temperature

(HDT); the lowest possible cost. This combination of properties

is beyond the possibilities of the most common commercial

polymers.

Poly(butylene succinate) (PBS),1–3 for instance, presents a high

flexibility, excellent impact strength, a good melt processability,

and a high thermal resistance. However, mechanical properties

like tensile modulus and strength are definitely too poor. Add-

ing a suitable filler, which can also have the advantage of

decreasing the cost of the compound, can attain some improve-

ments. For instance, it is quite well known that talc, due to its

platy nature, can effectively increase stiffness, heat distortion

temperature, creep resistance, tensile and flexural strength.

Besides the use of additives, other methods like blending poly-

mers with different properties, can produce the desired material

which could satisfy specific requirements.4–8 At this regard,

among biodegradable polymers,9–17 Poly(lactic acid) (PLA)9–11

is a biodegradable polyester which presents a much higher elas-

tic modulus and strength than PBS but its inherent brittleness

significantly impedes its wide applications in many fields and,

in particular, makes it inadequate for the chosen application.

Furthermore, the poor resistance of PLA to high temperature

does not allow its use for the contact with hot food or bever-

ages. Blending PBS and PLA can, then, represent the appropri-

ate method to obtain a biodegradable material that keeps the

excellent properties of PBS while increasing its tensile modulus

and strength.

Blends of PLA and PBS were, indeed, studied in the literature

in order to obtain a material with intermediate properties.18–24

It was reported that the PLA/PBS polymer blends are partially

miscible in the amorphous region18,20 and substantially immis-

cible in the crystalline phase19,21 and that PLA dispersed phases

in blends with PBS percentages above 50% act as an effective

reinforcement24 due to the their ellipsoidal shape with high

aspect ratio (length/diameter). Recently, composites and nano

composites,25–29 based on biodegradable polymers, were also

investigated in the literature.

VC 2015 Wiley Periodicals, Inc.
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The purpose of this study is to find biodegradable polymeric

compounds that can replace the use of polystyrene for the pro-

duction of disposable plates and cups for hot food or beverages.

At this regard, two aliphatic biodegradable polyesters, PBS and

PLA, were selected together with two inorganic fillers: talc,

which has a low cost and is effective in increasing the modulus

and the HDT of polymers, and TiO2, which is a commonly

adopted white pigment for the industry of plastic cups and

plates. The rheological behavior of the pure polymers and the

compounds was investigated, the mechanical properties of the

compounds were determined in terms of modulus and elonga-

tion at break, the heat distortion temperature of the compounds

was measured and compared to that of pure PBS and PS.

Finally, the biodegradation of the compounds was also

investigated.

EXPERIMENTAL

Materials

The Poly(butylene succinate), PBS, adopted in this study was

supplied by Fuwin New Material Co., Ltd (China) with the

commercial name of ECONORM 1201. The main characteristics

of PBS, of interest for this study, are reported in Table I. Two

PLA grades produced by Natureworks were adopted: an extru-

sion grade, 4032D, and an injection molding grade, 3251D.

These two grades will be referred to as “extrusion” and

“injection” grade PLA in the following. Also for PLA, the typi-

cal values of relevant properties are reported in Table I. The dif-

ferences in mechanical properties between the PLA and PBS

resins are evident from the table: PBS presents a much lower

tensile modulus and strength than PLA while it is characterized

by a much higher elongation at break and heat distortion

temperature.

A general-purpose talc, PREVER M10 IMERYS, with a median

diameter of about 3 micron was chosen for this study. Rutile

titanium dioxide pigment (TiO2) supplied by Dow Chemicals

with the name Ti-Pure R-103 was used as a whitening agent.

For comparison, also a polystyrene (PS 158K supplied by BASF)

commonly adopted for the production of disposable cups and

plates was characterized.

Sample Preparation

The compounds were produced by starve-feeding the compo-

nents directly into the hopper of a single screw extruder, model

TEACH-LINE E20T (COLLIN), L/D 25. The temperature profile

along the extruder was chosen to limit the thermal degradation

of the materials.30 In particular, an increasing temperature from

1508C (in the feed section) to 1908C (in the metering section),

was set. The screw speed was set at 38 rpm. The neat PBS and

PLA extrusion and injection grade polymers were also extruded.

The extruder was equipped with a flat die and chill rolls at a

temperature of 12.58C. The obtained films had a thickness of

0.30 6 0.04 mm.

Three compounds were produced and coded with letters A, B

and C, as summarized in Table II. Finally, the corresponding

compounds without the TiO2 whitening agent were also pre-

pared, named A*, B* and C*, whose compositions are reported

in Table II. Before testing the neat PBS and PLA polymers as

well as the compounds were dried under vacuum at T 5 608C

for 24 h.

Methods

Thermal analysis was conducted by a Differential Scanning Cal-

orimetry (DSC) Mettler Toledo DSC 820 apparatus. Tests were

carried out on the neat PBS and PLA polymers and on the

compounds. Samples of the films of about 10 mg were heated

up under dry nitrogen purge gas from 208C to 2008C at a heat-

ing rate of 108C/min and then cooled down from 2008C to

208C at a cooling rate of 108C/min.

Rheological measurements in the molten state have been per-

formed on the pure PBS and PLA samples, as well as on the

compounds summarized in Table II to investigate their process-

ability. The rheological behavior of polystyrene was also

analyzed.

The frequency dependence of the oscillatory shear complex vis-

cosity was evaluated by a strain-controlled ARES (TA) rotational

rheometer equipped with a parallel plate geometry (25 mm

diameter, 1 mm gap). Strain sweep tests, at the frequency of 10

rad/s and T 5 1908C, were previously performed to determine

the linear viscoelastic region. Small amplitude oscillatory shear

measurements, within the linear viscoelasticity regime, were

then performed in the frequency range comprised between 1022

and 102 rad/s, at the temperatures of 180, 190, and 2008C.

The transient shear stress (r) response at T 5 1908C for the two

PBS/PLA/Talc 55/25/20 compounds, B* and C*, at different

shear rates has been investigated in start-up shear flow experi-

ments using a strain-controlled ARES (TA) rotational rheometer

in cone-plate configuration (cone angle 0.1 rad, plate diameter

25 mm) in order to evaluate the steady-state viscosity values of

the compounds and to assess their stability at high

temperatures.

Table I. Typical Properties of the Polymers Adopted in this Study

PBS PLA PS

Melt flow rate (1908C) (g/10 min) 25 10–80 3

Tensile Modulus (MPa) 500 3700 2500

Tensile yield strength (MPa) 35 50 50

Tensile elongation at break 300% 2.5% 5%

Heat Distortion Temperature (8C) 94 60 94

Table II. Composition of the Compounds

A A* B B* C C*

PBS 67% 70% 50% 55% 50% 55%

PLA extrusion
grade

25% 25%

PLA injection
grade

25% 25%

Talc 27% 30% 20% 20% 20% 20%

TiO2 6% 5% 5%
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Both the rotational dynamic and steady shear viscosity measure-

ments were performed under a continuous nitrogen purge. Cap-

illary rheological measurements were aimed at verifying the

processability of the materials. Therefore, the range of shear

rates investigated was that of interest for processing, namely

above about 10/s. Capillary rheological measurements were car-

ried out by a RH7 Flowmaster Bohlin rheometer. The measure-

ments were carried out at the temperature of 1908C. The

capillary used had a diameter of 1 mm and a length of 30 mm.

The data were corrected for entry effects. The Rabinowitsch cor-

rection was also applied to the raw data and the steady shear

viscosity in the high shear rate range was evaluated.

Tensile tests were performed using a dynamometer INSTRON

5564 equipped with a load cell of 1.0 KN. The measurements

were conducted at a constant deformation rate of 10 mm/min.

For each studied sample 5 specimens (dog-bone shaped), with

the following standard sizes: Width 5 4.2 mm; Length 5 28 mm;

Thickness 5 0.3 mm, were analyzed. Before performing the meas-

urements, the samples were conditioned in a climate chamber

with a moisture content of 50% relative and T 5 258C.

The engineering stress, rE, was calculated as the ratio between

the force measured by the instrument and the initial section of

the specimen (width � thickness). The engineering strain, eE,

was calculated as the ratio between the increase of length and

the initial length of the specimen. Due to the high elongations

reached, it was chosen to calculate also the true strain, eT, and

stress, rT. In particular, the following equations were adopted:

rT 5lnðEE11Þ

rT 5rEðEE11Þ
(1)

The heat distortion temperature, HDT, was determined follow-

ing the procedure outlined in ASTM D648 standard. The test

samples were subjected to a bending load on three points. The

stress used for the test was 0.45 MPa, and the temperature was

increased at a rate of 1208C/h, until the samples reached a

deformation of 0.25 mm.

Biodegradation tests were carried out in a homemade respiro-

metric system, as assessed by ASTM D 5338 and ISO 14855

standards.31 A schematic representation of the system is shown

in Figure 1.

Yard waste compost was obtained from a municipal composting

plant located in Salerno. The compost was screened through a

1 cm sieve to separate large inert objects from the compost. To

determine the total dry solids, the compost was dried in an

oven at 1058C for 6 h and weighed before and after drying. The

amount of volatile solids, i.e. the amount of organic matter

present in the compost, was obtained by subtracting the residue

after incineration at about 5508C from the total dry solids of

the same sample. Cellulose was used as a positive control.

Each reactor was loaded with 100 g of specimen, 50 g of Ver-

miculite, and 600 g of compost. The CO2 produced by the com-

post alone was controlled by preparing a reactor without

polymer. During the entire duration of the test, moisture, mix-

ing and aeration of all the reactors were periodically controlled

as established by the norms.

The test was considered valid only if the reactor filled with

compost produced an amount of CO2 ranging between 50 and

150 mg per gram of volatile solid in the first 10 days of

incubation.

The molar concentration of CO2 determinated by the infrared

analyzer was elaborated according to the following equation:

gCO25F � t � c � Pmco2 (2)

where gCO2 is the mass of CO2 coming out from each reactor;

F is the gas Flow rate (mol/min); Pmco2 is the molecular weight

of CO2 (44 g/mol). The mineralization (Min) is then estimated

by the following equation:

Min5
gCO22gCO2b

gCO2mat
(3)

where gCO2b is the amount of CO2 produced by the compost

and gCO2mat is the theoretical amount of CO2 that can be

released by the sample upon total oxidation of incubated mate-

rials. In the latter term the amount of inorganic filler (Talc and

TiO2) was obviously not considered.

RESULTS AND DISCUSSION

Thermal Properties

The results of calorimetric tests are reported in Figure 2 for the

compounds A, B, and C. In particular, the first heating scan is

reported in Figure 2(a). It can be noticed that the compound A

presents only the melting peak of the PBS at about 1178C. The

compounds B and C present a glass transition temperature, Tg,

at about 608C (which can be ascribed to the PLA fraction), a

melting peak at about 1178C (similar to the one found for com-

pound A and due to the PBS fraction) and another, smaller

Figure 1. Schematic representation of the respirometric apparatus. (1) air

pumping system; (2) CO2 trap and dryers; (3) control of air supply at a

constant flow rate of 0.5 L/min to each bioreactor; (4) bioreactors, having

approximately three litres internal volume kept at constant temperature of

58 6 28C; (5) data acquisition system and control; (6) infrared analyzer.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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melting peak at 1538C (for compound B, containing the extru-

sion grade PLA) and 1688C (for compound C, containing the

injection molding grade PLA) due to the PLA fraction. The Tg

of the PBS fraction is not detected since it is at about 2338C,

out of the temperature window here investigated. The presence

of separated features due to each of the polymers in the com-

pound B confirms the immiscibility of the two resins. Similar

results are also found in the analysis of the cooling scan,

reported in Figure 2(b). The compound A presents a clear crys-

tallization peak at 888C, due to PBS. The compound C, contain-

ing the injection molding grade PLA also presents a

crystallization peak of PLA at 1118C. In this case, the crystalliza-

tion peak due to PBS moves toward lower temperatures (about

28C lower). This could indicate an inhibition effect of PLA on

the crystallization of PBS. The compound B, containing the

extrusion grade PLA, does not show any crystallization peak

due to PLA, but just a small shoulder soon before PBS crystalli-

zation peak at about 958C.

Rheological Properties

The complex viscosity (g*) for the PS, the PBS, and the two

PLA pure polymers was measured as a function of temperature

(T) and frequency (x). The g* values obtained at various tem-

peratures for the samples were shifted along the frequency axis

to obtain the master curves shown in Figure 3(a,b) at the refer-

ence temperature (T0) of 1908C. The time-temperature superpo-

sition principle (TTS)32 was applicable over the entire

temperature range. The temperature dependence of the shift

factors can be expressed in terms of an Arrhenius relationship

[eq. (4)]:

aT 5exp
Ea

R

1

T
2

1

T0

� �� �
(4)

where R is the universal gas constant, Ea is activation energy for

flow and T0 is the reference temperature. The calculated Ea for

flow at the reference temperature of 1908C for the pure poly-

mers are reported in Table III.

Figure 2. DSC results for compounds. (a) First heating and (b) cooling. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]

Figure 3. Complex viscosity and capillary steady shear viscosity of: (a) pure PS and PBS; (b) pure PLA extrusion and injection molding grade.

T0 5 1908C. Filled symbols represent dynamic data. Empty symbols represent steady capillary data. The continuous lines correspond to the Cross Model

model [eq. (6)] fit to the viscosity data.
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The PS, the PBS and the PLA extrusion grade polymers show

shear thinning behavior at higher frequencies and a Newtonian

behavior at the lower frequencies while the PLA injection mold-

ing grade polymer is characterized by a Newtonian behavior in

the whole frequency range tested, as evident in Figure 3(a,b).

In Figure 4 the complex viscosity versus frequency for both the

PBS/PLA/Talc/TiO2 55/20/20/5 (compound B) and the PBS/PLA/

Talc 55/25/20% w/w (compound B*) is reported. The strain

amplitude used was as low as 0.4% because the linear viscoelastic

limit of only � 0.5% was detected for these samples. The com-

plex viscosity results evidence a strong shear thinning trend also

at the lower frequencies investigated. The g* values for the B and

B* compounds run very close indicating that the small difference

in composition has no relevant effect on the dynamic shear

behavior of the two systems. In the following, therefore, the rheo-

logical results are shown only for the compounds without the

whitening TiO2, namely the compounds B* and C*.

The steady shear viscosity values of the pure materials obtained

by capillary measurements are also reported in Figure 3(a,b).

The Cox-Merz33 rule states that the steady shear viscosity is

numerically equal to the complex viscosity obtained from small-

amplitude measurements on polymer melts and polymeric solu-

tions. In our case the capillary viscosity data very well correlate

with the oscillatory shear viscosities indicating that the Cox-

Merz law holds for the pure polymers. On the other hand the

rule clearly fails in the case of the compounds for which the

capillary steady state viscosity measurements do not correlate

with the complex viscosity values, being one order of magnitude

lower than the corresponding complex viscosity, as presented in

Figure 4 for the compound B*.

The zero shear viscosity g0 at T 5 1908C of the investigated

pure samples was evaluated from the master curves as the limit-

ing value of the complex viscosity:

g05 lim
x!0

g� (5)

In the case of PS and PLA samples, there is a clear plateau in

the viscosity at the lowest frequencies, indicating that the New-

tonian region has been reached in the frequency window inves-

tigated. In contrast, the limiting region was not clearly observed

for the pure PBS. In all the cases, the estimate of g0 was

obtained using a fit of all the experimental viscosity data to the

Cross model [eq. (6)], as shown in Figure 3(a,b)

g5
g0

11ðs _cÞ12n (6)

where g0, s and n are the fitting parameters and _c is the shear

rate. The corresponding values for the pure polymers are

reported in Table III.

Table III. Fitting Parameters of the Cross Model and Activation Energy

for the Pure Polymers

PS PBS

PLA
extrusion
grade

PLA
injection
grade

g0 [Pa s] 38054 1213 4016 221

s [s] 1.25 0.34 0.020 0.0005

n 0.29 0.63 0.29 0.125

Ea [kcal/mol] 25.5 11.1 15.5 24.5

Figure 4. Viscosity measurements carried out on Compounds B and B*.

T 5 1908C.

Figure 5. Transient shear viscosity for the compounds: (a) B* and (b) C*. T 5 1908C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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To evaluate the steady shear viscosity at low shear rates for the

compounds B* and C* it was necessary to perform transient

shear experiments. The transient shear viscosity response at

T 5 1908C obtained in start-up shear flow experiments for the

compounds B* and C* at different shear rates is reported in

Figure 5(a,b). It is shown that at the lower shear rates the vis-

cosity gradually approached the steady state, while increasing

the shear rates an overshoot appeared before the viscosity

approached the steady value. This overshoot is a typical non-

linear response of the polymer related to the entanglement

resistance to the flow. The steady shear viscosity values were

evaluated for the compounds B* and C* at the different shear

rates and, then, used to obtain the flow curves of the com-

pounds presented in Figure 6(a,b).

Moreover, the transient experiments also allowed to ascertain

the thermal stability of the compounds at high temperatures for

times longer than 600 s. For processing the residence times at

high temperature inside the machines is of the order of 10 min.

Then, the investigated compounds can be considered suitable

for processing operations.

The steady shear viscosity from cone-plate and capillary measure-

ments are presented in Figure 6(a,b) for the B* and C* com-

pounds, respectively. A good correlation between the cone and

plate and capillary data is observed. In the same Figure the oscil-

latory shear viscosity data are also reported. For both the com-

pounds the steady-state viscosity is one order of magnitude lower

than the corresponding complex viscosity, showing that the

imposed shear flow significantly modifies the compound struc-

ture with the dispersed PLA phase orienting along the shear

direction. Again, as discussed above, it is clearly evidenced that

the Cox-Merz law fails in the case of compounds, analogously to

what reported for the case of carbon nanotube polymer compo-

sites,34 carbon nanofiber composites,35 as well as polymer-layered

silicate composite,36 above the percolation threshold.

Finally, the steady-state shear viscosity flow curve of the B* and

C* compounds is compared with flow curve of polystyrene in

Figure 7. Both the compounds present a lower viscosity than PS

at high shear rates, indicating a better processability in the

range of interest for extrusion and injection molding. At low

shear rates, the viscosity of the compounds, even if still lower

than that of PS, reaches considerable values, making these mate-

rials suitable for processes like thermoforming, in which a high

viscosity is needed at low shear rates to reduce the free flow of

the material.

Mechanical Properties

The mechanical tests carried out on the specimens of com-

pounds A and C are reported in Figures 8 and 9, respectively. It

can be immediately noticed that, in spite of the large amount of

filler, the compound A presents a considerable elongation at

break, due to the PBS phase. The measurements present a good

reproducibility, and the results of mechanical tests are summar-

ized in Table IV together with those for the compound B.

It can be noticed that the inorganic fillers cause an increase of

the modulus of a factor of more than 2 in Compound A with

respect to pure PBS. However, considering that the elastic mod-

ulus of PS, which is the reference material for the target appli-

cation, is about 2500 MPa, the modulus of Compound A is still

too low. The Compounds B and C present a larger modulus,

intermediate between those of pure PLA and PBS. The reached

value makes these compounds interesting for the production of

disposable plates and cups. The elongation at break is also

Figure 6. Complex viscosity, cone-plate and capillary steady shear viscosity of compounds: (a) B* and (b) C*. T 5 1908C.

Figure 7. Flow curves for Polystyrene, compounds B* and C*. T 5 1908C.
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considerable. Similar mechanical results were also obtained for

the B* and C* compounds.

Heat Distortion Temperature

The HDTs measured on the compounds is reported in Table V.

This is one of the most interesting results reached in this study.

The Compound A presents a higher HDT then the pure PBS

(which is about 948C) due to the addition of inorganic fillers.

The Compounds B* and C* present a HDT similar to that of

pure PBS, and much higher with respect to pure PLA whose

HDT is 608C, as reported in the literature. Both B* and C*

compounds are, then, characterized by HDTs high enough to be

used as plates and cups for hot food or beverages.

Biodegradation

The results of biodegradation tests in composting conditions are

reported in Figure 10. It can be noticed that Compounds A and

C, that include the TiO2 whitening agent, present a lag time of

Figure 8. Mechanical tests carried out on specimens of Compound A. (a) Engineering curves; (b) True curves. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 9. Mechanical tests carried out on specimens of Compound C. (a) Engineering curves; (b) True curves. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Table IV. Summary of Results of Mechanical Tests

Compound A Compound B Compound C

Elastic Modulus (E) [MPa] 1326 6 70 1960 6 40 1993 6 210

Yield stress [MPa] 23.6 62 26.3 6 1 28.6 6 3

Stress at break [GPa] engineering 33.4 6 2 26.8 6 2 27.9 6 3

Stress at break [GPa] true 160 6 11 87 6 10 87 6 11

Deformation at break [%] engineering 365 6 10 186 6 18 190 6 20

Deformation at break [%] true 156 6 1 110 6 5 114 6 4
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about 5 days before biodegradation starts. Afterwards, biodegra-

dation proceeds to reach a value of about 20% for Compound

A and 30% for Compound C. The faster biodegradation of

Compound C (that includes also PLA) with respect to Com-

pound A was expected, on the basis of the slower biodegrada-

tion rate of PBS with respect to PLA.31,37 The lag time, and the

relatively slow biodegradation rate, could be ascribed to the

presence of TiO2. Indeed, it is known from literature38 that the

enzymatic hydrolysis of PLA can be inhibited by rutile-type

TiO2 particles. The compound B, not reported, showed a behav-

ior very similar to the compound C.

In order to elucidate the effect of TiO2, compounds A* and C*

were also subjected to biodegradation tests (Figure 10). It can

be noticed that the lag time disappears: the biodegradation

starts immediately. Furthermore, the amount of mineralization

after 50 days is much larger with respect to the corresponding

compounds with TiO2. The biodegradation rate of Compound

C* is larger than that of Compound A*, reaching a mineraliza-

tion of about 40% in 50 days.

A visual observation of the samples is reported in Figure 11, in

which micrographs of the section of films which underwent

biodegradation in compost for 40 days are reported. The differ-

ence in color between compounds with (micrographs on the

left) and without TiO2 (micrographs on the right) is evident.

The samples without TiO2 are darker for the lack of the whiten-

ing pigment. It can be also noticed that all the Compounds

present a rather homogeneous structure, whereas Compound

C* presents a more degraded surface layer. This suggests the

presence of a considerable surface erosion mechanism, which is

not so relevant in the other compounds. In particular, by com-

parison with the Compound C, it can be concluded that this

mechanism is inhibited by the presence of TiO2.

This effect of TiO2 is interesting, considering that this filler can be

adopted for modulating the biodegradation rate of the Compounds.

CONCLUSIONS

In this study biodegradable polymeric compounds were proc-

essed and analyzed with the aim of finding biodegradable sub-

stitutes for polystyrene for the production of disposable plates

and cups for hot food and beverages. In particular, two biode-

gradable polymers were selected: PBS, which presents a high

flexibility, an excellent impact strength, a good melt processabil-

ity, good thermal resistance, but low tensile modulus and

strength; and PLA, which has a much higher modulus, but a

very low deformation at break and an inadequate HDT. Fur-

thermore, two inorganic fillers were selected: talc, which has a

Table V. Heat Distortion Temperatures

Materials HDT [8C] (1208C/h 20.45 MPa)

PBS 94

Compound A 98

Compound B* 96

Compound C* 94

PS 82

Figure 10. Results of biodegradation tests in compost at 588C. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 11. Micrographs of sections of the samples after 40 days of composting. The sections refer to the whole thickness of the samples. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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low cost and is effective in increasing the modulus and the

HDT of polymers, and TiO2 which is a commonly adopted

white pigment for the industry of plastic cups and plates.

The compounds were obtained by melt compounding in a sin-

gle screw extruder and their rheological and mechanical proper-

ties were carefully assessed. It was found that the Cox-Merz law

holds for the pure polymers while it fails in the case of the

compounds. Moreover, the processability of the compounds was

found to be better than the processability of the Polystyrene

commonly adopted for these applications.

The inorganic fillers cause an increase of the modulus of a fac-

tor of more than 2 in Compound A with respect to pure PBS.

The Compounds B and C, as well B* and C* (without the TiO2

whitening agent) present a larger modulus, intermediate

between those of pure PLA and PBS. The value of the modulus

makes these compounds interesting for the production of dis-

posable plates and cups, also considering that the elongation at

break is significant.

In terms of thermal resistance, the compound A presents a heat

distortion temperature a few degrees higher than that of pure

PBS, due to the addition of the inorganic fillers. The Com-

pounds B* and C*, that include the PLA, present a HDT similar

to that of pure PBS and much higher with respect to that of

the pure PLA. Both Compounds have, therefore, HDTs high

enough to contain hot food or beverages. Finally, the results of

biodegradation tests in composting conditions show that the

presence of TiO2 induces a lag time and lower values of biode-

gradation. Moreover, the compound C*, containing PLA,

presents a faster and larger biodegradation. The polymeric com-

pounds B* and C* can be, then, considered as biodegradable

substitutes for polystyrene for the production of disposable

plates and cups for hot food and beverages.
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