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The thermal and mechanical behaviour of a biotechnological polyester
(poly(3-hydroxybutyrate-co-hydroxyvalerate) (PHBV) reinforced with wheat straw fibres
has been investigated. In order to improve chemico-physical interactions between the
components, the reinforcing agent has been previously submitted to a treatment with high
temperature steam leading to fibres richer in cellulose and more reactive. The addition of
straw fibres has been found to increase the rate of PHBV crystallisation, while it does not
affect the crystallinity content. Furthermore, the comparison of the mechanical properties
has shown that the composites exhibit higher Young moduli and lower values of both the
stress (o) and strain (eg) to break than the neat matrix of PHBV. The biodegradability in
different environments by means of short and long term tests has been studied. It has been
observed that the presence of straw does not affect biodegradation rate evaluated in liquid
environment and in long term soil burial tests. In the composting simulation test the rate of
biodegradation is reduced for composites with more than 10% of straw content. The
morphology of the composites has also been investigated and correlated to the
biodegradation process. © 2000 Kluwer Academic Publishers

1. Introduction In a previous work [4], PHB/wheat straw fibre com-
Poly(3-D-hydroxybutyrate) (PHB) is the foremost posites were prepared up to 50% by weight of straw
polymer of poly8-hydroxyalkanoates), a series of mi- and their thermal and impact behaviour investigated.
crobial polyesters behaving like synthetic thermoplas-This study has shown that 20% of straw is the optimum
tic materials. They are produced by bacterial fermen-content for toughening PHB, filling the gap of its poor
tation under restricted feeding conditions, promotingimpact resistance. Being a poly(hydroxyaldehyde), cel-
the accumulation of high amount of storage productdulose is very effective in forming intermolecular hy-
in microorganisms. Notwithstanding the high cost ofdrogenbonds with polyesters. However, before the mix-
poly(hydroxyalkanoates) respect to conventional thering with polyester matrices, the interacting hydroxyl
moplastics, their production is commercially attractivegroups of cellulose have to be exposed, by a steam ex-
because of theirimportant characteristics of biodegradplosion process (SEP) [5], removing the non fibrous
ability and biocompatibility [1, 2]. components (hemicellulose, lignin, pectin, wax) of the
Poly(3-hydroxybutyrate-co-hydroxyvalerate) (PHBV), vegetal product. In this process cellulosic material is
a statistical copolymer of 3-hydroxybutyrate and 3-heated with saturated water vapour and after few min-
hydroxyvalerate, presents over PHB homopolymer thaites submitted to a sudden release of pressure. The
advantages of improved thermostability and toughnessonsequent adiabatic expansion of the water within the
[3]. The high price of the copolymer still prevents its vegetal tissues produces cellulose almost free of amor-
large use, even in applications where biodegradabiliphous components. SEP also causes morphological and
is needed. However, if the cost of the material were restructural changes that enhance the ability of cellulose
duced by adding a cheaper product that simultaneousio form interfacial bonds with thermoplastics. Cellulose
would extend polymer performances, it could becomecan be readily hydrolysed by cellulases, which are ex-
competitive and converted in everyday articles. creted by a wide variety of bacteria and fungi (6). Thus,
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biodegradable matrices like poly(hydroxyalkanoatesP.3. Techniques
reinforced with wheat straw fibres are fully environ- Thermal analysis was performed by using a Mettler
mentally biodegradable composites. TA-3000 differential scanner calorimeter equipped
The aim of the present work was to study morpho-with a control and programming unit and a calorimetric
logical, thermal and tensile properties of PHBV/SEPcell operating under nitrogen atmosphere. In order to
wheat straw composites, as well as to determine théetermine the crystallinity content, the following proce-
biodegradation rate of the material in different benchdure was performed: first heating from°80to 210C,
scale environments. (RUN 1) then cooling down to-50°C (RUN II) and
finally re-heating to 210C (RUN Ill). The scan rate
was 10C/minthroughout. To obtain the glass transition
temperature, the samples were submitted to the follow-
ing thermal treatment: heating from<3Dto 210°C at

a scan rate of 20C/min, cooling down to-50°C with
Poly-8-hydroxybutyrates-hydroxyvalerate copolymer a scan rate of50°C/min, and re-heating from50°C

(PHBV) with molecular weight of 400,000 daltons t0 200°C at a scan rate of 2@/min.

was provided by Zeneca Bio Products (Cleveland, S . . .
: : o canning electron microscopy (SEM)was carried out
England). This copolymer contains 5% mol gt by using a Philips 501 SEM, after vacuum metalliza-

hydroxyvalerate units. . ;
The wheat straw (Italian and EC sources) was subygg:rgini \?V?’[?%E?P%yarl?:yans of a Polaron Sputtering

mitted to steam explosion treatment in a Deltalab o .
An Instron machine was used to perform room

300 apparatus. The biomass was heated at @14ith temperature tensile tests according to ASTM-D256

saturated water vapour for 120 seconds; after this per tandard method. The adopted cross head speed was
manence time, the pressure was suddenly released 10 : ; )

) ; . . mm/min. All the mechanical parameters were derived
obtain an adiabatic expansion of the water presen

in the wood tissues. The resulting exploded straw fi-g\éiirﬁgéng atleastsix experimental values for each com-

bres were dried at 8C until they reached constant

weight. This treatment removes a significant part of

the non-fibrous components (lignin and hemicellulose) 4. Evaluation of the biodegradability

from the cellulose also causing morphological change® 4. 1. Modified Sturm test

WhiCh' can favour interfacial adhesion with plastic A modification of the Sturm test was adopted [7]. The

materials. experiment was carried out in 5 litre flask containing
3 litre mineral medium with no carbon sources ex-
cept the powdered polymeric samples (200 KQ)/ifhe

2.2. Samples preparation samples were analysed in duplicate. The,@@pping

The straw fibres (2—3 mm length) were mixed with pow-system, for the absorption of the biologically produced

der PHBV and the heterogeneous materials kept undeas, consisted of a series of three gas-washing bottles,

stirring for 3 hours. Then it was compression mouldedeach filled with 164 m® of a 0.05 M Ba(OH) solu-

under the following conditions: tion. CO, evolution during microbial degradation was

monitored by titration of the residual Ba(OHyvith

0.2 M HCI. The amount of C®released was calcu-

lated as a percentage of the total £that the test

T =180°C, p =10’ Pa for 1 minute material can theoretically produce referred to its car-

bon content (%Th Cg&). The carbon percentage was

The moulded composite was then die water cooled taletermined taking into account the inorganic content

room temperature . The percentage by weight (10, 20f materials. Whatman cellulose, a well-known com-

and 30 wt%) of the straw fibres and the respective codegiercial available biodegradable product, was used as

of the composites are reported in Table I. Sheets haweference material.

ing thickness of 1 mm were cut to obtain dumb-bell The inoculum was prepared as follows: a sample of

specimens for tensile tests. activated sludge, derived from an aerobic waste-water

2. Experimental
2.1. Materials

T =180C, P = patmfor 3 minutes

TABLE | Thermal parameters of PHBV/SEP straw composites

RUN | RUN II RUN 1l

Weight Codes of

percentage of composite AHm Tm Xe AH Tc AH, T AHiot AHm Tm Xe

straw fibres materials J/9) °Q) (%) J/9) ¢C) J/9) ¢C) J/9) (J/9) {C) (%)

0 Neat PHBV 64 166 44 20 56 24 56 44 68 160 47

10 PHBV/SEP Straw 66 165 45 59 74 4 92 63 75 164 51
90/10

20 PHB/SEP Straw 64 164 44 57 73 — — 57 77 163 52
80/20

30 PHBV/SEP Straw 63 164 43 58 72 — — 58 81 164 55
70/30
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treatment plant not treating any industrial effluents,2.4.3. Soil burial test

was aerated overnight and allowed to settle for 2 hSpecimens of the investigated materials were buried

The supernatant contained 20 000 colony forming unit$n rectangular boxes (300400x 70 mm) filled with

per mn? as determined by conventional plate count-garden soil. The boxes were stored in the laboratory for

ing using plate count agar (Oxoid) as culture mediumsix months at a temperature of’Z3 The soil humidity

3x 10" mm? of supernatant was used to inoculatewas kept at 21%. The samples were withdrawn from the

3 x 10° mm? of mineral medium (1% inoculum). soil after three and six months of incubation, then they
were washed with distilled water and dried at6Gdo
constant weight and the percentage of weight loss was

determined.
2.4.2. Compost test

This test was a modification of the ASTM D5338 [8]

procedure of controlled composting 3 litre reactor 3. Results and discussion

was filled with 2x 10° mm® of mature compost and 3.1. Thermal properties

thermostated at 568 2°C. The system was continu- Changes in energetic and transition temperature of

ously aerated with previously water-saturated and therprocesses like glass transition, melting and crystalli-

mostated pressurised air. The test specimens, having tisation revealed by DSC analysis, lead to consider

same initial shape (i.e. the same surface of exposure tthemico-physical and structural variations caused by

the biodegradation treatment), were buried inside thehe presence of the straw fibres.The thermal analysis

reactors. The samples were withdrawn from the comef PHBV/SEP Straw composites was carried out on

post reactors at different times, washed with distilledspecimens according to the specifications reported in

water and dried at 6@ to constant weight. the experimental part. As an example, the DSC curves
The mature compost used in this test was kindly supfor PHBV and PHBV/SEP Straw 80/20 are shown in

plied by Centro Ricerche Produzioni Animali (CRPA) Fig. 1. From the DSC curves the temperatufgsand

of Reggio Emilia (Italy). Itwas produced at the Platform T, were obtained as the maxima of the first order tran-

of the Composting Plant of Limidi di Soliera, Modena sition peaks, while the apparent crystallisatidhl; or

(Italy), from a mixture of residual sludges (municipal fusion AHp, enthalpies were calculated from the area

sewage treatment plant), grass and wood chips (maintef the peaks. The crystallinity is defined as:

nance of civic parks). The compost was stored indoors

for several months. Prior to use, the compost humidity Xe = AHm %« 100

was adjusted to 60%. AH

Aexo
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Figure 1 DSC curves for (a) PHBV and (b) PHBV/SEP Straw 80/20 submitted to the following thermal programt3210 C at (RUN 1); 210C
to —50°C (RUN II); —=50°C to 200 C (RUN lIl); the scan rate was 2@/min throughout.
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whereAHy, is the apparent fusion entha|py and—h;ﬁ| TABLE Il Glass transition and fusion temperatures of PHBV/SEP
the theoretical fusion enthalpy of a 100% crystallineStraw composites

polymer. A vglue of 146 J/g [9], fonH of PHBV Composition T, °C) T left (°C) T right (C)
was used. This value, found for PHB homopolymer by:

Barhamet al, is considered as a good approximationNeat PHBV 1 — 166

of the AH for PHBV samples [10], provided that the P"é%)’llSEp Straw 1 157 165

copolymers have a low percentage of hydroxyvaler, v seo siraw 3 155 164
ate units. Indeed, statistical copolymers of PHBV have gg/59
been found to show the phenomenon of isodimorphismPHBV/SEP Straw 6 155 164
[11]: the crystal lattice of a component undergoes a de- 70/30
formation in order to allow the accommodation of the
other monomer units in the same cell. The entity of
such changes depends on the amount of comonoméent (Table Il). This finding, previously observed [4] and
and so the cell parameters should not significantly vangsupported by infrared spectroscopy investigations, may
at low percentage of hydroxyvalerate. Thus the use obe explained by an intermolecular interaction between
the value ofAH;, found for PHB homopolymer, even CO groups of the PHBV and OH groups of the straw
if causes a little systematic error, allows to obtain athat decreases the molecular flexibility of the polymer
relative crystallinity scale useful to compare the sam-chains involved in hydrogen bonding.
ples. The values of the apparent crystallisatior() Besides the different crystallisation behaviour, neat
and fusion AHp,) enthalpies together with the tran- PHBV and composite samples exhibit a further differ-
sition temperaturesl{ and T,), taken as the maxima ence concerning the melting behaviour. The thermo-
of the peaks, and the crystallinity conteXg are re- grams of fusion of PHBV (corresponding to RUN 1)
ported in Table | for non-biodegraded materials. Theshow a unique peak for neat PHBV, while a double
enthalpies are expressed as joule per grams of PHBVeak of fusion appears for PHBV/SEP Straw compos-
The total crystallisation enthalpyHiot = AHc. + AH. ites. The two temperatures corresponding to the relative
is also reported. maxima of the fusion peaks are reported in Table I for
By comparing the values of; andAHp, referringto  each composition. Both highéer4 right) and lower T,
RUN I, it comes out that the moulded samples reach théeft) temperatures are independent of the straw content.
same crystallinity content, independently of the compo- The presence of a double peak can be explained in
sition. However, the presence of steam exploded strawhe following two ways. 1) The presence of the straw
influences the crystallization behaviour of PHBV. As acauses the formation of crystals having different de-
matter of fact, comparing the data reported in RUNgree of perfection [12]. Less perfect crystals, being also
Il (crystallization) of Table |, a clear difference be- less stable from a thermodynamic point of view, melt
tween neat PHBV and PHBV/SEP Straw compositesat lower temperature than more perfect crystals. The
emerges. Indeed the crystallization from melt of neafusion of these crystallites is followed by recrystalliza-
PHBYV occurs only partly (45% of the total) in RUN tion on more stable crystals. The simultaneous occur-
Il (primary crystallization) and proceeds during RUN rence of two phenomena respectively endothermic and
Il (secondary crystallization), where a crystallization exothermic during the reorganisation of crystals, leads
peak after a well evident glass transition step is foundo a global endothermic double peak. 2) Presence of
(Fig. 1). This fact indicates that the sample remains stiltwo populations of crystals which melt at different tem-
largely amorphous after the non isothermal crystallizaperatures [13]. Deeper investigations are needed to dis-
tion occurring in RUN II. Thus it is able to recrystal- criminate between such hypotheses. Wide angle X-Ray
lize from the amorphous phase during the re-heating imiffraction analysis of the samples is still in course and
RUN III. On the contrary, the thermograms related towill be the object of a future paper.
RUN Il of PHBV/SEP Straw composites do not present
exothermic peaks, since the crystallization process is
almost complete at the end of RUN II. Furthermore,3.2. Investigation on biodegradability
owing to the low amount of non crystalline material, The neat PHBVY and PHBV/SEP Straw composites
the glass transition step is scarcely visible in RUN lIll. were submitted to laboratory biodegradation tests sim-
Moreover, the composites are found to crystallize atulating different environments. The results of the test
higher temperatures than the neat PHBV, demonstratonducted in liquid environment (modified Sturm test),
ing a nucleating effect of the straw exploded fibres.using milled samples are shown in Fig. 2. Although
Finally, the composite materials may reach, at least irbacterial PHBV is an easy degradable polymer it can
short times, a greater amount of crystallinity than thebe noted that its degradation proceeds slower than
neat matrix, as shown by the comparison between theellulose reference material. However, £@cov-
global crystallisation enthalpies of neat PHBYV (44 J/g)ery from neat PHBV and PHBV/SEP Straw compos-
and the crystallization enthalpies evolved from the comdites was very similar ranging from 55 to 65% within
posites in RUN I, being in this case neglectable the48 days. In contrast, the pure SEP Straw sample was
secondary crystallization in RUN 1. degraded to a lower rate (30% of @@ecovery) than
Concerning the influence of the straw on the glassieat PHBV and PHBV/SEP Straw composites. These
transition temperatur@q of PHBYV, it has been found results are not surprising since lignocellulosic materials
that T, slightly increases with increasing the straw con-(SEP Straw) are usually biodegraded quite slowly, due
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Figure 2 Respirometric mineralization of PHBV and PHBV/Straw composites in liquid environment (modified Sturm test). Biodegradation is reported
as percentage of carbon dioxide evolution with respect to the theoretical amount of carbon dioxide in the samples) % fle@i@oretical carbon
dioxide was calculated by elemental analysis.

TABLE Il Eercgntage qfweightloss of neat PHBV and PHB_V/SEP were degraded to a similar extent. The degraded sam-
Straw composites, in the simulating compqst test. The % of weight los les appeared heterogeneously eroded and presented
values are the average of at least ten specimens and the calculated st sveral holes of different sizes and deepness such that
dard deviations are also reported . .

specimens degraded to about 40% of weight loss could

Incubation time be hardly handled. Because of the greater disintegra-
(days) PHBV 90/10 80/20 70130 tion the weight loss determination after 42 and 67 days
15 1142 1142 1041 1142 o_f incubation was not performed. Therefore, we con-
22 2345 21+ 10 1441 1642 Sidered these latter samples not only degraded but also
36 35+5 36+8 20+2 21+2  disintegratedto asignificantlevelaccordingto CEN/TC
42 N.D. N.D. 38£2 37£1  261/SC4/WG2/N97-04 definition “the physical falling

67 N.D. N.D. 44£2 47£3  apartinto very small fragments of packaging or packag-

ing material”’. The composites with higher SEP Straw
content (80/20 and 70/30 PHBV/SEP Straw) were de-
graded to a lower rate and did not disintegrate to a
to the structural and chemical complexity of the mate-significant level even at 67 days of incubation. In this
rial. Particularly one component, lignin, is very recalci- case the specimens appeared degraded more homoge-
trantto microbial degradation and more easily degradedeously than 90/10 composite although they reached
in solid state fermentation rather than liquid culturerelatively high levels of weight loss, 44 and 47% re-
[14]. In the Sturm test, the neutral pH and the liquid en-spectively. The greater straw content in the composite
vironmentis more favorable to bacterial growth causingprobably causes a more regular erosion of the PHBV
the development of a mixed bacterial population ablematrix leading to a more pronounced resistence at disin-
to degrade cellulose and hemicellulose components dégration phenomena. It has to be underlined that also
the material but not lignin. Fungi, which are the mainthe composting environment, although it is a type of
lignin destroyers, are not favored in these conditionssolid state fermentation, does not overcome the prob-
Data obtained in this trial suggest that in this environ-lem of lignin degradation; being characterized by neu-
ment PHBYV in the composite is readily available to thetral to basic pH the lignin degrader white rot fungi are
enzymes produced by microorganisms. Probably, thaotfavoured as above mentioned for the Sturm test[16].
milling treatment of samples causes an easy accessibil- A long term disintegration test (soil burial test con-
ity to PHBV in the material increasing also the availableducted in garden soil) was also performed comparing
surface for degradation [15]. neat PHBV and 70/30 PHBV/SEP Straw composite.
Specimens of neat PHBV and PHBV/SEP StrawlIn contrast to the results obtained with the composting
composites were also submitted to a compost simusimulation test, no significative difference between the
lation test evaluating the % of weight loss (Table IIl). samples was revealed in this experiment with respect
In this environment neat PHBV and 90/10 compositedo degradation rate. After 3 months of incubation neat

N.D.: Not detectable due to the high level of disintegration.
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PHBYV and PHBV/SEP Straw 70/30 composite reached
1141 and 10+ 2% of weight loss, respectively. Even
following 6 months of incubation the degradation of the &
two materials was similar, showing losses of28%
and 23+ 5%. These data suggest that lignin degrada-
tion takes place in this environment allowing a similar ¢
degradation rate for both samples. However, the % off&s
weight loss reached by the specimens after 6 months
of incubation was significantly lower, compared to that
observed in the composting environment probably due
to the lower number of microorganisms and the lower
oxygenation of the soil burial test.

The polymeric specimens degraded at different ex-
tent during the compost test, were examined by scan
ning electron microscopy (SEM). Figs 3 and 4 show
the surface of neat PHBV and 70/30 composite, respec: (a)
tively, before (a) and following about 30% degradation
(b). Initially the surface of the neat PHBV and of the
composite specimens appear essentially smooth. As &
consequence of microbial erosion, in the case of neagg
PHBYV the spherulitic texture is clearly observed. As al-
ready reported in the literature [17, 18] the micrograph &=
reported in Fig. 3b confirms the preferential erosion of

(— =100 pm)
(b)

Figure 4 SEM micrographs of PHBV/SEP Straw 70/30 before (a) and
after 24% of weight loss (b) (scale barL00 m)

the interlamellar phase, in fact bundles of lamellar crys-
tals, denuded of the cementing amorphous phase, can
be seen over the eroded surface. The biodegraded com-
posite materials do not show a well evident spherulitic
morphology due to the presence of SEP straw fibers.
The presence of the SEP straw fibers on the specimen
surface indicates the preferential erosion of the PHBV
component by the microorganisms.

3.3. Mechanical behaviour

Biodegradation of polymers can be advantageously fol-
lowed by measuring the change in tensile properties.
A significant decrease in such properties could be ac-
counted for the removal of polymer molecules or chain
cleavage. In Table IV are reported the Young’'s Modu-
lus (or elasticity modulusig, the stress to breaks and

the strain to breakg of samples degraded to different
extents, up to 35% of weight loss, during the compost

( =100 pm) test. Highly degraded samples (45% of weight loss)
) were not subjected to mechanical test due to apparatus
limits.
Figure 3 SEM micrographs of neat PHBV before (a) and after 38% of ~ Concerning the non-degraded materials, the addition
weight loss in compost (b). (scale batl00m) of straw fibres causes an enhancement of the Young
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TABLE IV Mechanical parameters of PHBV/SEP Straw systems  show pronounced drops. A similar behaviour has been
observed forog andeg. This significant drop of the

Biodegradation

(%) E(GPa) o5 (MPa) = (%) mechanical parameters of highly degraded composites
is likely a consequence of the deterioration of the ma-
Neat PHBV 0 14:02 192 24+05 trix rather than the degradation of the lignocellulosic
1545 11402 13+4 1.5+0.5 component.
25+5 1.0402  10+4 1.3+05
3545 09+0.1 10+3 1.140.4
PHBV/SEP 0 14001  14+3 1.74+0.3
90/10 4. Conclusions
15+5 L1£01 12 1.3+03  The thermal characterization has evidenced that the
2545 09+02 10+1 1.6+0.5 F st fbres | the rate of PHBV
3LE 08+02 5+3 09403 presence of straw fibres increases the rate o
PHBV/SEP 0 1501 14+1 1.3+ 0.2 crystallization, duetoanucleatlng_eﬁect, V\_/hllethether—
80/20 mal parameters such as crystallinity remain unchanged.
15+5 12+03 942 11+03 This finding could advantageously affect the processing
2545 L1£0.1 6£2 09402  ofthe composites. Besides the cost reduction of expen-
3545 0.6£0.3  1+05 0.4+0.1 ve PHBV. the st A " tion
PHB/SEP 0 1201  14+1 14402 sive V, the straw component permits preparat
70/30 of more rigid materials as shown by the mechanical
15+5 13402  9+1 1.04£0.2 properties of composites.
25+£5 12+02  8+1 0.9+0.2 The presence of straw does not reduce the biodegra-
3545 05401 05£0.1 0.2+0.04

dation rate of PHBV/Straw composites in liquid en-
vironment and in a long term soil burial test as well.
However, 80/20 and 70/30 PHBV/Straw composites
modulus and a decrease @ andeg. Obviously, the showed, in a composting sim_ulationtest, a lower rate of
biodegradation lowers the values of all these parambiodegradation compared with neat PHBV and 90/10
eters. In Fig. 5 the relative parametdfs< 100/E?,  composite.

o x 100/08 andeg x 100/¢3 (the valuese®, o3, 3

refer to the non-degraded samples) are reported as a

function of the composition for PHBV/SEP Straw com- Acknowledgement

posites biodegradated to 35%. While the modiiiis  This work was partially developed in the frame of the
not very much affected by the initial composition of the CRAFT Project (BE-S2-5081) entitled: “New materials
material for biodegradation levels less than 35%, sameeriving from cellulosic fibres, agricultural commodi-
ples with 35% of weight loss and high straw contentties and wastes”.

Relative mechanical parameters of degraded PHBV/SEP Straw composites ( 35% of weight loss) as
a function of the composition
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Figure 5 Relative percentage values100/Y° of modulus (a), stress (b) and strain (c) versus the initial composition for biodegraded samples (35%
of weight loss).
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