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Modification of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
properties by reactive blending with a monoterpene derivative
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ABSTRACT: A one-step reactive blending approach is reported for modification of the thermal and mechanical properties of poly

(3-hydroxybutyrate-co-3-hydroxyvalerate). A free-radical initiated reaction of the monoterpene derivative, linalool, was carried out

with PHBV in the melt. This processing led to a reduction in the material melt temperature and increase in the tensile strength and

elongation at break. Reduced embrittlement over time was also evident in the reactive blended materials in an ambient temperature

ageing study, suggestive of reduced secondary crystallization. The nature of the structural changes within the materials could not

be fully elucidated, but evidence pointed to free radical cross-linking, mediated by the linalool, as a major component of the changes.

VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42588.
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INTRODUCTION

With increasing pressure on fossil-fuel-based raw materials and

limitations on space for/increases in cost of disposal of plastic

articles via landfill, biosourced and biodegradable polymers are

set to become progressively more important. A wide range of

applications and articles such as packaging, disposable cups and

cutlery, waste bags, and medical devices such as sutures, tissue

scaffolds, and controlled release implants can all derive advan-

tages from the use of biodegradable materials.1–4 Particularly of

interest for packaging are materials that can be composted along-

side food and garden waste in domestic or municipal processes

to create useful products for agriculture and horticulture. Of all

the biodegradable polymers, polyhydroxyalkanoates (PHAs) are

of particular interest due to their combination of sustainable

sourcing and biodegradability thereby addressing both resource

scarcity and waste issues. PHAs are also relatively stable to hydro-

lysis and have significantly improved barrier properties over PLA

and starch-based materials (suggesting potential applications in

modified atmosphere packaging).5,6 However, these materials are

at a relatively early stage of development and commercialization

due to some remaining challenges that need to be overcome.

PHAs are typically prepared using a microbial synthesis method

from a variety of renewable feedstocks such as sugars and fatty

acids.7 Poly(3-hydroxybutyrate) (P3HB) is the most widely

available variant, along with some products based on copoly-

mers with poly(3-hydroxyvalerate) (P3HV), poly(3-hydroxyhex-

anoate) (P3HH), and poly(4-hydroxybutyrate) (P4HB). The

preparation of copolymers allows modification of properties

such as crystallinity, flexibility, elongation, and melt flow rate

for various processing routes and applications. A number of

technical barriers to expansion of commercial applications of

PHAs exist however. First, the processing window of these

materials is narrow. The melting point of P3HB is around

1658C, but it starts to degrade above 1808C as evidenced by

molecular weight reduction of extruded materials.5 Second, the

processing of these materials is challenging due to low melt vis-

cosity and slow crystallization from the melt. These factors

cause difficulties in processes that require high melt strength

(such as blown film extrusion) and reduce processing rates rela-

tive to conventional polymers due to the extended crystalliza-

tion times that are required to reduce tackiness of extruded

strands prior to pelletization and of injection molded parts

prior to removal. Third, the high crystallinity of P3HB and

tendency to produce large, microcrack-containing spherulites

leads to brittleness of the material. Finally, the slow crystalliza-

tion continues at ambient temperature over prolonged periods

of time, causing further embrittlement of the material.

Additional Supporting Information may be found in the online version of this article.
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A number of approaches have been attempted for property

modification of PHAs,5 including preparation of copolymers,8

inclusion of nucleating agents during extrusion compounding,9

blending with other polymeric ingredients,9–13 and reactive

extrusion.14,15 Of particular interest in this instance was reactive

extrusion for incorporation of side groups and/or light cross-

linking. This approach was expected to improve flexibility

by reduction of crystallinity, and also limit chain mobility

to prevent long-term embrittlement caused by secondary

crystallization.

Reactive extrusion has long been used for property modification

of olefins and this subject was extensively reviewed by Moad in

1999.16 The review focused on free radical grafting reactions of

unsaturated monomers, particularly maleic anhydride, due to

the tendency of this monomer not to undergo homopolymeri-

zation. Hence, such monomers are typically attached to the

polymer backbone as discrete molecular units rather than as oli-

gomeric chains. Reactive extrusion has since been extended suc-

cessfully to biodegradable polyesters, also using the maleic

anhydride route. For example, Hassouna et al. reported the

two-step reactive extrusion of polylactide (PLA) with maleic

anhydride in the first step and with citrate,17 or poly(ethylene

glycol) in the second step.18 Inhibition of plasticizer grafting

and improved retention of mechanical properties were achieved.

Reports of PHB modification by similar routes include the free-

radical cross-linking of PHBV using dicumyl peroxide (DCP) as

the initiator15 and peroxy-initiated maleation of PHB in a reac-

tive extrusion process reported by Misra et al. in 2004.14 A key

disadvantage of the maleic anhydride route to reactive extrusion

is its two-step nature: with the low decomposition temperature

of PHAs, it is important to minimize the number of thermal

processing steps that are carried out on the materials.

Aims

This investigation aimed to improve the mechanical properties

of PHBV, particularly with regard to reducing long-term

embrittlement. A free radical modification approach was cho-

sen, but it was decided to avoid the two-step maleic anhydride-

based process discussed in the introduction to minimize the

known thermal decomposition of PHBV at the required process-

ing temperatures and also to avoid the use of respiratory sensi-

tizers (maleic anhydride). Unsaturated natural products were

the focus for our one-step process; linalool (a component of

lavender and other essential oils) was chosen as the modifica-

tion agent due to its low toxicity, process compatibility, and

wide availability. The disadvantage of using linalool as the

modifier in a single-step reaction is the presence of multiple

free-radical reactive sites and therefore the potential for the for-

mation of a complex series of products.

EXPERIMENTAL

Materials

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV, Tianan

Enmat Y1000P) was obtained from Helian Polymers and dried

under reduced pressure for 1 h at 808C prior to processing. Lin-

alool (97%) and dicumyl peroxide (DCP, 98%) were obtained

from Sigma-Aldrich and used as received. Solvents (chromatog-

raphy grade) were obtained from Sigma-Aldrich or Fisher Scien-

tific and used as received.

Processing

Linalool (4.5 wt %), DCP (0–4 wt %, 0–1 equivalents of radi-

cals with respect to linalool), and PHBV (91.5–95.5 wt %), with

a total batch size of 50 g were mixed in a Haake Polylab QC

twin-screw compounder with a set temperature of 1608C and a

screw speed of 100 rpm. Melt temperature (thermocouple posi-

tioned in the mixer wall) and torque profiles were recorded

over the 15 min residence time, before the mixed product was

collected and allowed to cool. Film samples were prepared by

pressing at 1808C and up to 5 tons pressure between a pair of

release films. Samples were stored at 2–88C prior to testing.

Aging

Pressed film samples were aged at ambient temperature

(18–208C) and normal atmosphere, with the exclusion of light.

Samples were withdrawn for tensile testing on a weekly basis for

the first month and monthly thereafter for a total of 3 months.

Characterization

Gas chromatography (GC) was carried out using a HP 5890

Series II GC equipped with an Rtx-5 (30 m 3 0.25 mm 3 0.25

mm) column and FID detector. The oven temperature was

ramped to 2008C (1. 508C for 5 min; 2. Ramp to 2008C at 158C

min21; 3. 2008C for 5 min) and the detector was held at 2508C.

A 0.5 mL injection was analyzed using a split injection mode

(split ratio 33 : 1) and a carrier gas (He) flow of 1.5 mL min21.

Samples were dissolved in chloroform using sonication, then

diluted with methanol to a known concentration (1 : 4 chloro-

form : methanol) and filtered to 0.45 mm prior to injection to

remove the precipitated polymer. Calibration standards of 100,

200, and 500 ppm linalool were prepared using the same solvent

mixture.

IR spectroscopy was carried out using a Shimadzu FTIR-8400S

equipped with an ATR accessory in the range 500–4000 cm21.

1H NMR spectroscopy was performed at University of Leicester,

Department of Chemistry using a 500 MHz Bruker spectrome-

ter, standard 1H experiment parameters, and CDCl3 as the

solvent.

Gel permeation chromatography (GPC) was carried out using

an Agilent PL220 GPC equipped with 23 PLGel mixed B col-

umns and a refractive index (RI) detector. Chloroform (stabi-

lized with amylene) was used as the eluent at a flow rate of

1.0 mL min21 and with a column oven temperature of 308C.

Calibration was performed using Agilent Easivial polystyrene

standards. Samples were prepared at approximately 2 mg mL21

in the eluent and filtered to 0.45 mm prior to injection.

Differential scanning calorimetry (DSC) was performed using a

Perkin Elmer DSC 8000, under nitrogen flow at 20 mL min21

and calibrated at the appropriate heating rates using Indium

and Zinc standards. All samples were conditioned to standardize

their thermal history by heating above the melt point. For glass

transition temperature (Tg) measurements, the sample was then

cooled to 2408C at a rate of 208C min21 and subsequently

heated to 608C at 1008C min21. Tg was calculated in the
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instrument software as the “half Cp” value. Crystallization and

melting temperatures (Tc and Tm) were recorded as the peak of

the exotherm/endotherm on 208C min21 cooling/heating cycles

respectively. Sample size was 2.5–3.5 mg.

Thermogravimetric analysis (TGA) was performed using a

Perkin Elmer Pyris 1 TGA under nitrogen atmosphere. Mass

loss was recorded between 40 and 3508C at a heating rate of

108C min21.

Dynamic mechanical analysis (DMA) was carried out at Univer-

sity of Birmingham using a Netzcsh DMA 242 cooled with liq-

uid nitrogen. Strips (50 3 11 3 0.9 mm) were cut from hot-

pressed sheets of (reactive) blended PHBV and analyzed using

the three-point bend geometry. Measurements were taken at a

frequency of 1 Hz as the temperature was increased from 250

to 1008C at a rate of 28C min21.

Time zero tensile testing was performed at Pera Technology

using a Testometric FS300CT equipped with a 50 kg load cell.

Small dog bone samples with a gauge length of 35 mm and a

width of 5 mm were cut from polymer film sheets using a

standard cutter and tested to failure at a cross-head speed of

2 mm min21. At least 5 replicates were tested for each sample.

Further tensile testing for aging studies was performed at Uni-

versity of Birmingham on 13 3 75 mm dog bone samples (3

replicates for each sample) using an Instron 5566 equipped with

a 1 N load cell at the same rate of 2 mm min21.

RESULTS AND DISCUSSION

Potential Reaction Routes

A range of potential modes of reaction for linalool were consid-

ered (Figure 1) and are listed as follows. Additional degradation

reactions such as chain scission and elimination of crotonic acid

are not listed. These reaction routes are referenced later in the

discussion, relating to particular evidence gathered during char-

acterization of the products.

1. Maleic anhydride grafting of polyolefins, PLA, and PHAs is

reported to proceed via hydrogen abstraction at tertiary car-

bon centers followed by free radical addition to the maleic

anhydride double bond.14–18 Therefore, the first reaction to

consider is that of only a single double bond of the linalool

(incorporation as a side group).

2. Concerted reaction of both double bonds in a cyclization

reaction (incorporation as a cyclic side group).19

3. Separate reaction of both double bonds (cross-linking,

branching, or large loop formation).

4. Proton abstraction from linalool hydroxyl and subsequent rear-

rangement. The resulting a,b-unsaturated ketone product still

retains both double bond functionalities and therefore could still

be attached to the polymer backbone by any of processes 1–3.

5. Direct polymerization of linalool.20

6. Direct cross-linking of PHBV chains by radical combination

(not shown in Figure 1).

Figure 1. A range of potential modes of reaction for linalool with PHBV under melt-phase conditions with free-radical initiation. Only the

3-hydroxybutyrate (not the 3-hydroxyvalerate) repeat units of PHBV are shown for clarity. Potential products arising from various grafting/cross-linking

reactions with linalool are highlighted in boxes.
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7. Transesterification of PHBV ester group with linalool

hydroxyl group (not shown in Figure 1). Could be catalyzed

by carboxylic acid end groups and/or crotonic acid degrada-

tion products.

Material Processing and Chemical Characterization

A summary of the samples prepared for this investigation is

shown in Table I. These materials included 2 control samples;

PHBV alone and PHBV blended with linalool in the absence of

the DCP initiator, in addition to the reactive blended materials

of interest. The residence time of the ingredients in the mixer

was chosen as 5 half lives (t1/2) for DCP at the set temperature

to ensure effectively complete initiator decomposition during

the timescale of the experiment.16 DSC analysis of DCP showed

a broad exotherm with onset around 1308C and peak at 1788C,

attributable to the decomposition. Figure 2 shows an overlay of

the temperature and torque profiles for selected mixes. The

temperature profiles for samples 4 and 5 show clear step

changes in melt temperature that were absent in the profiles of

mixes without DCP. These temperature increases were therefore

attributed to exothermic reactions taking place in the melt: the

lower temperature step coinciding approximately with the DSC

exotherm for DCP (subject to errors arising from differences in

heating rate). These temperature increases were also coincident

with increases in mixer torque resulting from increased melt

viscosity. Higher levels of DCP incorporation were not

attempted due to the likelihood of hazardous larger temperature

rises and significant PHBV decomposition.

After preparation, the quantity of “free” linalool remaining in

the materials was evaluated using GC analysis. Due to the vola-

tility of linalool (boiling point �2008C) at the processing tem-

perature of 160–1708C, less than 50% of the originally added

linalool was incorporated into the PHBV in the absence of

DCP. On increasing the quantity of DCP included in the mix-

ture, the amount of free (i.e., unreacted) linalool decreased fur-

ther, to as low as 0.1 wt % at the maximum level of DCP

inclusion. These results suggested first that the linalool was suf-

ficiently thermally stable at the processing temperature and sec-

ond that the reaction of the linalool had occurred in the

presence of the DCP.

The analysis of chemical changes in the samples was expected

to be challenging due to low grafting efficiencies typically

achieved in these types of processes: values of the order of 0.5–

1.0% are typically reported for maleic anhydride using an acid/

base titration method.21,22 The complicated combination of

expected chemical structures arising from the modification pro-

cess reported herein and therefore the lack of an obvious chemi-

cal analysis method for the attached linalool meant that grafting

efficiency could not be determined. Despite these issues, some

qualitative chemical analysis was carried out using 1H NMR

and FTIR spectroscopy to attempt to infer the type of reaction

product.

Analysis of the 1H NMR spectra (see Supporting Information,

Figures S1–S3) was complicated by incomplete dissolution of

the samples in CDCl3, even after warming, which led to peak

broadening, poor resolution, and variable integrals. Peaks for

the DCP decomposition by-product, acetophenone, could be

observed around 7–8 ppm for samples 3–5, consistent with the

expected homolytic fission of the peroxide bond and subsequent

rearrangement of the 2-phenylisopropoxy radical with the elimi-

nation of a methyl radical as the primary initiating species.

Peaks due to the linalool vinyl groups (and alkyl groups in their

vicinity) could clearly be seen in the region of 5–6 ppm and 2

ppm for sample 2 (PHBV/linalool blend), but not sample 5

(prepared with 4% DCP). In sample 5, new, broad peaks were

observed in the region of 1–2 ppm that could not be attributed

to PHBV peaks. The positioning of the larger of these peaks at

1.7 ppm was consistent with the position of a linalool CH2

group, although its higher intensity than expected would

Table I. Summary of Mix Composition and Mix Monitoring

Sample no
Target linalool
content (wt %)

DCP content
(wt %)

Maximum
temperature
reached (8C)

Maximum torque
reached (Nm)

Actual “free” linalool content
(wt % by GC)

1 0 0 178 22 N/A

2 4.5 0 178 13 1.8

3 4.5 1 170 10 0.7

4 4.5 2 178 10 0.3

5 4.5 4 187 16 0.1

The set temperature of the mixer was 1608C as described in the section titled “Experimental”.

Figure 2. Temperature (solid lines) and torque (dotted lines) overlays for

mixes 2 (pale grey), 4 (dark grey), and 5 (black), showing coincidence of

torque increases with temperature increases.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4258842588 (4 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


suggest overlap with additional groups from a saturated linalool

reaction product. Due to the broadening of the spectrum, it

could not be determined whether this product was most likely

to be cyclic or linear (or a mixture). The lack of additional vinyl

peaks suggests that the rearrangement of linalool to the a,b-

unsaturated ketone product of reaction route 4 (Figure 1) is

unlikely, but could not be completely ruled out. On the basis of

the chemical evidence presented, it is considered that reaction

routes 2 and 3 are the most likely of those proposed, but insuf-

ficient detail was evident in the 1H NMR spectrum to distin-

guish between them. Previous literature also only showed minor

changes to NMR spectra of PHBV on reactive processing.15

Few obvious differences could be observed in the FTIR spectra

of samples 1–5, in particular, peaks due to linalool were

expected to overlap PHBV peaks and would therefore not be

detected at the low levels expected. This result was expected on

the basis of literature reports for reactive extrusion of PLA with

maleic anhydride, which showed only limited changes to the

FTIR.17,18 However, closer inspection of the carbonyl peak (Fig-

ure 3) did show broadening and shoulder development at

1740 cm21 that increased with DCP concentration. This new

shoulder could not be attributed to the presence of the aceto-

phenone by-product of the reaction, whose carbonyl peak

appears at �1680 cm21 or to carboxylic acid carbonyls (such as

crotonic acid, a known degradation product of PHBV) arising

from chain scission processes since these also appear at lower

frequency than ester carbonyls.21 Fei et al. suggest that the

appearance of the shoulder may arise from an increase in the

amorphous content of the PHBV, which would be expected

from these products.22

GPC analysis was additionally carried out to determine if

changes in molecular weight could be detected that would assist

further elucidation of the mode of reaction and resulting chemi-

cal structures present. In common with the NMR analysis, diffi-

culties were experienced in achieving complete dissolution for

certain samples. Although poor solubility is common for PHBV

due to its high crystallinity, samples 1 and 2 dissolved readily in

chloroform with heating while samples 3 and 4 appeared to dis-

solve, but were difficult to filter and sample 5 had insoluble

fragments. Due to the poor solubility and necessary filtration of

samples, chromatograms do not show the entire molecular

weight distribution, but only the soluble fraction. Results of the

GPC analysis are shown in Table II (see Supporting Informa-

tion, Figure S4, for chromatograms). It was difficult to distin-

guish a clear trend in Mn, but Mp of the soluble fraction was

found to decrease as DCP concentration was increased. Addi-

tionally, all samples containing DCP had higher polydispersities

than the blends without DCP. The apparent decrease in Mp for

samples 4 and 5 is attributed to an artifact of discarding the

insoluble portion of the sample and is consistent with cross-

linking of the higher molecular weight portion of the sample as

exploited in the synthesis of highly branched acrylic poly-

mers.23,24 An additional explanation for the change in solubility

could be a change in chemical structure (addition of new side

groups via routes 1 and 2), but due to the expected low grafting

efficiency, this explanation is not thought to be likely. There

were no new peaks in the chromatograms that could be attrib-

uted to free poly/oligolinalool (i.e., not grafted to PHBV), but

this should not be treated as evidence of the absence of poly/

oligolinalool since such peaks could be coincident with the

PHBV peak. Transesterification of PHBV esters with linalool

hydroxyl groups (route 7) was eliminated as a potential reaction

since no molecular weight reduction or peak broadening was

noted between samples 1 and 2 (PHBV processed alone and

PHBV blended with linalool).

Thermal Characterization

Thermal analysis of the materials was carried out using TGA,

DSC, and DMA (Table III, Figures 4, 5, and Supporting Infor-

mation Figures S5, and S6). Linalool was found to have a slight

protective effect on PHBV with regard to its thermal decompo-

sition as measured by TGA: an enhancement in thermal stability

of approximately 208C was achieved by incorporation of linalool

in the blend. This enhancement of thermal stability appeared to

be limited to materials containing free linalool and might there-

fore be related to the linalool unsaturation acting as a “sink”

for thermally generated free radicals: Td sample 2 (no

DCP)>Td samples 3 and 4 (low DCP)>Td samples 1 and 5

(no linalool and high DCP respectively).

A summary of DSC and DMA data is shown in Table III and

DSC scans are shown in Figure 4 (melt/crystallization) and

Figure 3. Carbonyl region of the FTIR spectra of samples 1–5 showing a

shift in the peak position with simple linalool blending and broadening/

shoulder development as DCP concentration was increased in the reactive

blending experiments. 1, solid black (control); 2, solid grey (0% DCP); 3,

dotted black (1% DCP); 4, dashed black (1% DCP); 5, dot/dashed black

(4% DCP).

Table II. GPC Results as a Function of Initiator Concentration for the

Soluble Portions of Samples 1–5. Samples 3 and 4 Initially Appeared Solu-

ble, But were Difficult to Filter and Sample 5 Contained an Obvious

Insoluble Fraction

Sample [DCP] (wt %) Mp Mn Mw/Mn

1 0 148,700 78,900 2.40

2 0 151,800 80,700 2.43

3 1 103,100 61,700 2.50

4 2 80,800 80,800 3.49

5 4 51,700 27,300 2.82
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Supporting Information (Supporting Information Figure S5,

glass transition). DMA traces are shown in Figure 5 (tan d) and

Supporting Information (Figure S6, E0). Tm and Tc of sample 1

(control) by DSC were consistent with those reported for Enmat

Y1000P PHBV by Corre et al.6 No significant changes in Tm

were caused by simple blending of PHBV with linalool (2).

However, the Tg was observed to decrease by DMA, as would

be expected if linalool acts as a plasticizer. In addition, the Tc

for sample 2 by DSC increased relative to the control indicating

enhancement of crystallization. This effect would be expected

for a plasticized material since reduced melt viscosity would

allow polymer chains to achieve crystalline conformations more

rapidly.

Crystallization and melting seemed more affected than Tg by

reactive blending of PHBV with linalool. The incorporation of

increasing levels of DCP initiator to the mixture was found to

result in decreasing Tc (Figure 4), indicating inhibition of crys-

tallization by the reactive blending process. Values of Tm (and

their decrease with DCP content) were consistent with those

reported by Fei et al. for DCP-cross-linked PHBV, but our val-

ues of Tc were higher than previously reported for similar levels

of DCP, as was our relative decrease in Tc.
15 This difference in

Tc values is probably related to differences in the DSC protocols

used, but the difference in the relative decrease in Tc should not

be method-dependent and therefore could potentially be influ-

enced by the mediating effect of the linalool on the cross-link-

ing/grafting reaction. A PHBV modification protocol that

reduces Tm, but limits the effect on Tc has potential advantages

for industrial processing since slow crystallization rates for

PHBV increase the time in-mold (for example) so it would be

disadvantageous to reduce crystallization rates significantly.

However, further investigation is needed on the crystallization

kinetics of these materials to confirm whether this is indeed the

case.

A further change in the melt behavior of these materials was a

change from a single melt peak for the simple PHBV/linalool

blend to a dual melt peak for the reactive blended PHBV/linal-

ool. This dual melt peak was consistent with literature reports

of recrystallization processes occurring during the melt transi-

tion for maleated PHB.25 Chen et al. also showed a decrease in

Tm of the initial melting as the degree of grafting increased: in

this study, similarities and differences to this behavior were

Table III. Summary of Thermal Analysis Data for (Reactive) Blended PHBV Samples

Sample [DCP] (%)

Tg (8C) Tm (8C)

DHm (total) (J g21) Tc (8C) DHc (J g21)DSC DMA 1 2

1 0 2.1 19 168 None 83.0 113 275.8

2 0 4.4a 12 168 None 75.8 116 268.3

3 1 2.4 9 161 Shoulder 71.8 110 265.7

4 2 4.6 9 153 162 69.2 103 264.5

5 4 6.0 10 147 156 64.0 103 258.5

a Unclear transition, so large experimental error in this value assumed.

Figure 4. Melt endotherms (up) and crystallization exotherms (down) of (reactive) blended PHBV samples: 1—solid black (control); 2—solid grey (0% DCP);

3—dotted black (1% DCP); 4—dashed black (2% DCP); 5—dot/dashed black (4% DCP).
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noted. First (and in agreement with the literature), Tm of the first

melting peak was found to decrease as the concentration of DCP

was increased, which suggests a similar increase in backbone

modification (although this could not be quantified). Second

(and in contrast with the literature), the Tm of the second melt-

ing peak in this study was also found to decrease, which might

be interpreted to suggest a more permanent degree of chain

immobilization resulting from cross-linking. The enthalpies of

melting and crystallization were also found to decrease as DCP

concentration was increased, consistent with a decrease in overall

crystallinity of the materials. These data are considered to sup-

port successful modification of the PHBV backbone, most likely

by cross-linking, but perhaps with a contribution from grafting.

Tg was then measured using both DSC and DMA (Table III)

with the aim of distinguishing between types of reaction of the

linalool with the PHBV. It was hypothesized that cross-linking

would lead to an increase in Tg by constraining molecular

motions, while incorporation of linalool as side groups could

lead to either an increase or a decrease in Tg depending on the

balance of the potential hindrance to molecular rotation and

the increase in free volume. Measurement of the PHBV Tg using

DSC can be difficult due to the high crystallinity of the polymer

and its small change in heat capacity on going through Tg. In

this case, using a fast heating rate of 1008C min21 magnified

the Tg such that it could be observed, although the transition

was still not particularly clear for sample 2 (see Supporting

Information). The Tg became easier to distinguish as the con-

centration of DCP was increased due to a rise in the change in

heat capacity of the material across the glass transition, prob-

ably arising from the lower crystallinity/higher amorphous con-

tent of the reactive blended samples. Measurement of Tg by

DMA provided data where the DSC data were unclear, however,

direct read-across between the two techniques is not possible

due to the additional frequency dependence of DMA and the

different heating rates used.

DMA showed the Tg of 2 to be lower than the control, as would

be expected from the small linalool molecule acting as a plasti-

cizer. Little change was observed in the Tg by DSC as low levels

of DCP initiator were added (3), but an increase in Tg was evi-

dent for samples 4 and 5, which could indicate cross-linking in

these materials. This trend was not as clear in the DMA data,

however, the change in the tan d Tg peak shape may provide

additional insights (Figure 5). In particular, a low-temperature

shoulder to the peak was present for samples 2 and 3, which

disappeared in sample 4 and was replaced by a high-

temperature tail for sample 5. These data, taken in correlation

with other observations, may indicate a proportion of grafting/

plasticization occurring at low DCP concentration with a shift

to predominant cross-linking at high DCP concentration. Such

a conclusion would be consistent with that reported by Fei

et al.15

Physical Characterization and Aging

Tensile testing of the materials was carried out to determine the

effect of grafting/cross-linking on ultimate tensile strength

(UTS) and strain at break. PHBV is well known to be a brittle

material and it was hoped that grafting or cross-linking could

provide property improvements in these areas. The UTS showed

a small increase as the concentration of DCP was increased

(Figure 6). The trend in strain at break was unclear due to a

much higher than expected increase for sample 3 relative to the

other samples. The difference in sample 3 may be related to

other factors such as storage conditions or age at test, so firm

conclusions cannot be drawn. However, in general, reactive

blending resulted in an increase in strain at break.

In addition to the time zero properties measured above, a short

(3 month), ambient temperature aging study was initiated to

look at changes in mechanical properties over time (such as

embrittlement associated with secondary crystallization). The

results of that study were clearest in the tensile strain data and

are shown in Figure 7. Data were normalized to show the

change in strain with time and enable comparison of results in

the absence of differences in initial strain. In all samples, an ini-

tial decrease in strain at break was observed followed by a

period of equilibration at 30–60 days. The behavior of sample 1

was consistent with that reported by Corre et al. for Enmat

Y1000P in a similar experiment, showing an approximately 70%

reduction in strain at break within 30 days.6 The change in

strain at break was generally reduced for reactive blended

Figure 5. Glass transitions of PHBV by DMA (peak in tan d) with and

without reactive blending. 1—solid black (control); 2—solid grey (0%

DCP); 3—dotted black (1% DCP); 4—dashed black (2% DCP); 5—dot/

dashed black (4% DCP).

Figure 6. Initial tensile properties as a function of DCP content for sam-

ples 2–5 (solid line—break stress; dashed line—break strain).
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samples and especially for samples 4 and 5 with higher DCP con-

centrations as would be expected. These data indicate that reactive

blending using natural monoterpene derivatives is a promising

approach for the reduction of long-term embrittlement, but the

system needs further optimization to find the correct level and

combination of additives and further characterization to better

understand the mechanism of the property changes.

CONCLUSIONS

Thermal and mechanical properties of PHBV were successfully

modified with a one-step reactive blending approach using a

free-radical initiator and biosourceable unsaturated modifier.

The processing window of PHBV was broadened following this

process due to a reduction in the melting temperature. There-

fore, materials prepared in this way might be subsequently

extruded at lower temperatures such that reduced thermal deg-

radation would be expected to occur. The crystallization of the

material was also reduced, resulting in an increase in elongation

at break. The property modifications achieved extended to the

longer term, with reduced embrittlement of reactive blended

materials on ambient temperature aging. The chemical mecha-

nism for the property changes could not be fully elucidated due

to its complexity, but was thought to include a free-radical

cross-linking component, mediated by the unsaturated modifier.
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