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ABSTRACT: This study represents the first detailed analysis of the thermal, morphological, and crystallization properties of the blend

components within a range of mixed-culture polyhydroxyalkanoates (PHAs), with 3-hydroxyvalerate content in the as-produced

materials and in the fractions ranging from low (12 mol %) to high (91 mol %). Both coarse and fine fractionation of the as-

produced copolymers confirmed that they were blends of nominally blocky and/or random copolymers of poly(3-hydroxybutyrate-co-

3-hydroxyvalerate), with very broad compositional distributions as governed by the PHA accumulation strategy. The crystallization

kinetics and thermal properties of the fractions were found to be very significantly different from each other, consistent with the

hypothesis that the overall mechanical properties were primarily controlled by the more rapidly crystallizing components. Two materi-

als produced using an alternating feeding strategy demonstrated unique crystallization and thermal properties in their fractions, which

are considered to have contributed to distinctly more elastic mechanical properties in these particular samples. VC 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2014, 131, 40836.
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INTRODUCTION

Microbially produced polyhydroxyalkanoates (PHAs) are ther-

moplastic polyesters that act as a carbon/energy store for more

than 300 species of Gram-positive and Gram-negative bacteria

as well as archaea. Recently, these fully biodegradable biopo-

lyesters have attracted much attention as alternative polymeric

materials that can be produced from renewable resources. The

properties of these biopolymers are affected by the same funda-

mental principles as those of fossil-fuel–derived polyolefins: a

broad range of compositions is available based on the incorpo-

ration of different monomers into the PHA polymer structure,

with this broad range tailoring subsequent thermal and

mechanical properties. They possess mechanical properties that

are in some part comparable with those of conventional ther-

moplastics such as polypropylene and polyethylene. However,

brittleness (particularly for poly-3-hydroxybutyrate [PHB]),

embrittlement with aging due to secondary crystallization, a rel-

atively narrow processing window, and limited thermal stability

are reported as disadvantages.1 The addition of comonomers

such as hydroxyvalerate to the polymer composition is known

to reduce melting temperature, increase flexibility, and slightly

reduce crystallinity, making the poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) copolymers attractive alternative

materials.2 Through appropriate processing modifications and

the use of additives and/or blends, bioplastics based on com-

pounds with PHB and other PHA copolymers are being used in

commercial application today.

The use of mixed cultures for the production of PHA is emerging

as a technology to produce environmentally sustainable, lower-

cost PHA of varying composition,3 including PHBV copolymers

of high 3-hydroxyvalerate (3HV) content.4 This biotechnology has

a number of advantages, including (i) no sterilization require-

ments, (ii) an adaptive capacity owing to microbial diversity, (iii)

a possibility to use mixed substrates,5,6 and (iv) concurrent water

treatment services in environmental protection.4 Open mixed-

culture PHA production methods have been found that can

deliver high PHA contents (�90%) in an enriched microbial con-

sortium over a very short time period of around 8 h.6
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The mechanical properties of mixed-culture PHAs have in gen-

eral been inferred from their thermal, molecular weight, compo-

sitional, and other properties.7–9 Until recently, the mixed-

culture PHA research literature was lacking in direct studies of

the material mechanical properties and of the extent to which

the accumulation methods could influence the copolymer distri-

bution. In two recent studies,10,11 PHBV copolymers of high

mol % 3HV content (of 40 mol % in the first case10 and

between 34 and 72 mol % in the second11) had thermal and

mechanical properties that were consistent with random copoly-

mers of these compositions. However, in other recent work,2,12

in which a range of feeding strategies was adopted to manipu-

late the composition and microstructure of poly-3-hydroxybuty-

rate-co-3-hydroxyvalerate (PHBV) copolymers from mixed

cultures, it was found that the materials as produced were com-

plex blends. In these blends, one component was consistently

found to be a very low 3HV content copolymer, with the other

components having much higher 3HV contents. Preliminary

fractionation studies using solvent/nonsolvent mixtures of chlo-

roform/n-hexane provided further evidence that mixed cultures

could produce PHBV blends of broad compositional distribu-

tion.12 Even PHA copolymers from pure cultures have been

shown to be blends of broad compositional distribution13,14 by

fractionation. This raises the question of the intercellular and

intracellular nature of the blends we have observed for mixed cul-

tures. Metabolic flux analysis does suggest that populations of

species in mixed cultures will tend to accumulate different types

of copolymers due to differences in substrate preferences.15

It is known that the crystallization rate of PHB is orders of

magnitude faster than PHBV of �50 mol % 3HV content,16

indicating that the nature of these blends could strongly influ-

ence the microstructure in cooling from the melt. It is also well

known that the physical and mechanical properties of semicrys-

talline polymers are very dependent on their crystal structures

and thermal history. In this work, the interaction between

microstructures and material function is examined. More specif-

ically, this is the first detailed attempt to understand how the

behavior of components in a PHA blend determines the physi-

cal properties of the bulk material. It was demonstrated that the

presence of blend components of differing 3HV contents had a

very significant effect on overall polymer crystallization rates

and crystalline morphology. In addition, it was found that the

nominally block copolymeric materials had components in the

blend mix that could not be finely fractionated into high- and

low-melting components and that many of the fractions that

were produced crystallized more rapidly than the as-produced

material, despite the presence of both high- and low-melting

phases in the differential scanning calorimetry (DSC) thermo-

grams. Such new knowledge about the nature of the copolymer

fractions could be exploited in the future to manipulate the

final material properties of polymer blends.

EXPERIMENTAL

Recovered mixed-culture PHBV samples were fractionated into

fractions of differing composition and/or molecular weight

using solvent/nonsolvent fractionation in chloroform/n-hexane.

The properties and in particular the crystallization rates of the

disparate copolymers in the blend were then analyzed to deter-

mine the likely impact of compositional distribution on the

blend microstructure and hence ultimately on the material

mechanical properties.

Materials

Acetic and propionic acids were of >99% purity and were

obtained from Merck. Chloroform was of HPLC grade (99.9%

purity) and was obtained from Sigma Aldrich. Deuterochloro-

form (CDCl3) was of high purity and was 99.8 atom % D

(Sigma Aldrich). All other chemicals were of at least 98% purity

and were obtained from Sigma Aldrich.

Samples

The full details of polymer production and characterization are

reported in previous publications.2,12 In brief, PHBV was accu-

mulated in an activated-sludge Aerobic Dynamic Feeding (ADF)

pilot plant operated at AnoxKaldnes (Lund, Sweden) using 100-

L batches of mixed liquor with biomass harvested from an ADF

enrichment reactor. The accumulation process was controlled to

ensure an in-biomass PHBV of high molecular weight according

to methods described in WO2011/070544A2.17 The carbon sub-

strate for the biomass production in the enrichment reactor was

fermented whey permeate waste. PHBV was accumulated in the

harvested biomass using acetic and propionic acids (HAc and

HPr) as the carbon sources, with these acids being fed either as

a mixture or sequentially as described below. The fed substrate

concentration was always 50 g COD L21. The polymer was

extracted using butanol or acetone subsequent to conditioning

the polymer in the biomass to exhibit a high thermal stability.18

Some molecular weight loss occurs during the extraction pro-

cess. Purity was determined to be 95–98% for all samples by

thermogravimetric analysis using a Q500 thermogravimetric

analyzer from TA Instruments. This extracted PHBV was the

“as-produced” copolymer used for the material property

assessments.

Three different feeding strategies were used to vary the copoly-

mer sequence distribution. The first strategy was to feed the

biomass the same mixture of acetic and propionic acids in

pulses over the whole accumulation period, in theory producing

simple random copolymers with composition dependent on the

proportion of acids in the mix.19 In the second strategy, one

type of feed was fed in pulses for a period of 4 h and then a

different feed was used for the remainder of the time. This

approach was expected to produce some nominally diblock (A–

B) copolymer blended with random copolymer, where A–B are

segments of homopolymer blocks. The final approach used an

alternating feeding strategy, where pulses of acetic and then pro-

pionic acid were in turn fed to the biomass throughout the

accumulation, with different overall proportions of acetic and

propionic acids and different volumes of feed per pulse. This

approach was designed to produce nominally repeating multi-

block (A–B)n copolymers. These approaches are grouped into

the A, B, and C series, respectively, in Table I, which gives a

summary of the properties for the selected recovered biopoly-

mers to be investigated. Sample C6 (Table I) is a previously

unreported material that was produced in the same fashion as

Sample C1 using alternating feeding of acetic and propionic
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acids with 20.5 g COD acetic or propionic acid per pulse, which

equated to �30 min total time for consumption of acid per

pulse.

Analytical Methods

PHA monomeric composition (3HB and 3HV) was determined

using the gas chromatography method described in the study of

Arcos-Hernandez et al.19 using a Perkin-Elmer gas chromato-

graph. Calibration was based on reference standards of a biolog-

ically sourced PHBV copolymer (30 mol % 3HV; Sigma

Chemicals). The calibration standards were prepared using the

same method.

SEC analyses were performed using a Waters 1515 HPLC sol-

vent delivery system combined with a Wisp 717 autoinjector, a

column set consisting of a Waters Styragel guard column (20

mm, 4.6 mm 3 30 mm), and a set of linear columns in series

(Waters Styragel HR5: 5.5 mm, 7.8 mm 3 300 mm; Waters Styr-

agel HR1: 5 mm, 7.8 mm 3 300 mm; and Waters Styragel HR4:

4.5 mm, 4.6 mm 3 300 mm) and kept at 35�C with a refrac-

tometer/UV–vis detector set at 37�C on elution with chloroform

(1 mL/min). The polymer molar mass was calibrated with refer-

ence to polystyrene standards. Weight– and number–average

molar masses (Mw and Mn) and polydispersity were calculated

using the software Breeze 3.30 from Waters.

Quantitative 1H-NMR and 13C-NMR spectra were acquired at

298 K in CDCl3 (10 mg/mL for 1H-NMR and 40 mg/mL for
13C-NMR) on a Bruker Avance 500 spectrometer. The relative

peak intensities of 1H-NMR and 13C-NMR spectra were deter-

mined using PeakFit Software. T1 relaxation times were deter-

mined using the inversion-recovery method reported

previously,20 and pulses of 45� were used. Chemical shifts were

referenced to the residual proton peak of CDCl3 at 7.26 ppm

and to the carbon peak of CDCl3 at 77 ppm.

The D and R values were calculated, where the D value repre-

sents the extent of the deviation of the copolymer composi-

tion from the statistically random composition distribution,

and the parameter R is the ratio of the number–average

lengths of 3HV blocks, LR
V , to the experimental number–aver-

age sequence lengths of 3HV units (LE
V ).21 These calculations

are based on the relative peak intensities of the 3HV-centered

diads (in the carbonyl region) and the 3HV-centered triads

(for the main-chain and side-chain methylene groups [eqs.

(1–5)]:

D5
FVV FBB

FVBFBV

; (1)

R5LR
B=LE

B5LR
V=LE

V ; (2)

LR
V 5ðk11Þ=k; (3)

LE
V 5ðFVVV 1FVVB1FBVV 1FBVBÞ=ðFBVB1FVVBÞ; (4)

k5 3HB½ �= 3HV½ �; (5)

where V and B represent 3-hydroxybutyrate and 3-hydroxyvalerate

groups, respectively, FXY represents the mole fraction of the XY

sequence, FXVY represents the mole fraction of the XVY sequence,

and [3HB] and [3HV] represent the mole fraction of the

3-hydroxybutyrate and 3-hydroxyvalerate groups, respectively.

Attenuated total reflection (ATR)–FTIR spectra were recorded

on a Thermo Electron Nicolet 6700 spectrometer equipped

with a single-bounce diamond ATR cell. For each sample,

three different portions were tested, taking three replicates for

each portion. An automatic baseline correction algorithm was

used in all spectra to avoid errors due to baseline shifts. Nor-

malization to the sum of the absolute value of all variables

included between the bands amide band I (1650 cm21) and

amide band II (1540 cm21) was performed using 1-Norm

algorithm from the software PLS ToolboxVR V.5.2.2 (Eigenvec-

tor Research). These bands have been assumed to be inde-

pendent of PHA, and this method has also been shown to

account for some of the variation due to changes in sample

thickness.22

Thermal properties of the polymers were investigated using

DSC (TA DSC-Q2000). All runs were performed on 2.0–4.0 mg

Table I. Properties of Polymers as Obtained

Experiment
Feeding sequence
(relative percent as g COD) PHA type anticipated HV (mol %) D R

A1 HAc : HPr combined 50 : 50 (11.95 h) Random copolymer 62% 2.3 0.95

A2 HAc : HPr combined 50 : 50 (8 h) 72% 2.6 0.96

A3 HAc : HPr combined 70 : 30 (8 h) 46% 3.0 0.80

A4 HAc : HPr combined 70 : 30 (8 h) 52% 2.6 0.90

A5 HAc : HPr combined 50 : 50 (8 h) 69% 2.9 0.54

B1 HAc : HPr 70 : 30 (4 h)
then HAc : HPr 30 : 70 (4 h)

A–B diblocks blended
with random copolymer

65% 2.9 0.80

B2 HAc : HPr 30 : 70 (4 h)
then HAc : HPr 70 : 30 (4 h)

64% 5.6 0.59

B3 HAc (4 h) then HPr (4 h) 12% 63.1 0.40

C1 HAc (1.0 h) alternating
HPr (0.5 h)—8 h total

(A–B)n repeating multiblocks
(including diblocks and triblocks)

43% 19.3 0.44

C6 HAc (0.5 h) alternating
HPr (0.5 h)—8 h total

49% 4.5 0.63
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samples in a nitrogen atmosphere. The data obtained were used

to calculate the glass transition temperature (Tg), crystallization

temperature (Tc), cold crystallization temperature (Tcc), melting

point (Tm), and fusion enthalpies (DHf).

Standard DSC heating and cooling scans were performed at

10�C min21. No thermal pretreatment was applied in this case.

Samples were heated at 10�C min21 to 185�C and kept isother-

mal for 0.1 min, and then cooled at 10�C min21 to 270�C and

kept isothermal for 5 min. After this, the sample was once again

heated at 10�C min21 to 185�C, followed by rapid cooling at

100�C min21 to 270�C before being kept isothermal for 3 min.

In a final heating ramp, the sample was heated at 10�C min21

to 200�C. The Tm and enthalpy of fusion, DHm, were deter-

mined from the first heating ramp. The Tc and DHc were deter-

mined from the cooling cycle following the first heating ramp.

The Tg and Tcc were determined from the final heating cycle.

Selected samples were also tested using two other heating rates

of 5�C min21 and 20�C min21 to 185�C in a single heating

cycle to further examine the origin of multiple melting peaks.

Isothermal crystallization kinetics were evaluated by equilibra-

tion of sample at 25�C and then heating at 10�C min21 to

190�C, holding at this temperature for 2 min to remove residual

crystals, and then rapid cooling at a rate of �50�C min21 (the

maximum possible) to the predetermined crystallization tem-

perature. After crystallization was complete (as judged by the

evolution of the crystallization endotherm), the sample was

heated at 10�C min21 to 185�C. For Avrami analysis, samples

were only analyzed if the crystallization exotherm commenced

after reaching isothermal crystallization temperature, which

meant that some samples were excluded due to being partially

crystallized at time 0.

The mechanical properties of Sample C6 were determined for

solvent cast films using the same method as described previ-

ously (n 5 10).2

Isothermal Spherulite Growth Behavior

The spherulitic morphology and crystal growth of the as-

produced PHBV copolymers were investigated using two differ-

ent sets of equipment. One set comprised a polarized optical

microscope (Olympus BX50) equipped with a Linkam hot-melt

stage (TMS93) and Infinity2 Digital camera. The other com-

prised an OXJP304 Polarizing microscope equipped with a 3.2

Mpixel ODCM310 Digital camera with an OZ9-TCS tempera-

ture-controlled microscope stage and separate hot plate.

In both cases, samples were cast as 5 wt % solutions in chloro-

form onto a glass coverslip, filtered using a 0.45 mm filter, and

then sealed after film formation under another glass coverslips.

The samples were then heated to 190�C and then held for 2

min to ensure complete melting, followed by rapid quenching

to the crystallization temperature. The spherulitic growth rate

(G) was calculated from the change of radius (R) with time (t).

Copolymer Blend Fractionation

The as-produced bacterial PHBV samples were comonomer-unit

compositionally fractionated with a chloroform/n-hexane mixed

solvent at ambient temperature (Table II). Crude, coarse fractio-

nation was carried out to identify the major blend components

as a function of feeding strategy. Fine fractionation of selected

materials was carried out in attempt to identify and study spe-

cific copolymers within the bulk material.

The fractionation procedure for the coarse fractionation was as

follows: 2.0 g of original sample was dissolved in 200 mL chlo-

roform, and 1 mL aliquots of n-hexane were added slowly to

the solution with gentle agitation. On the first sign of cloudi-

ness or any form of sample deposition, the mixture was allowed

to stand for 24 h at ambient temperature. The precipitate was

then separated from solution by centrifugation (at 3500 rpm for

5 min). The supernatant was decanted and the gradual n-hex-

ane addition followed by centrifugation procedure was repeated

until further addition did not yield any more precipitate. The

hexane content in the solvent/nonsolvent mixture at the precipi-

tation point for each material fraction is given in Table I. All of

the recovered polymers were dried in a vacuum oven at 60�C
for 24 h and stored at 25�C and 50% relative humidity for 2

weeks before use.

The fine fractionation technique was essentially the same, with the

exception that a larger additional mass of polymer was dissolved in

chloroform (with 20.9 g polymer A2 in 780 mL chloroform, 22.1 g

polymer C1 in 900 mL chloroform, and 4.1 g polymer C6 in 300

mL chloroform as starting solutions), and much more time (at

least 10 min) was allowed after the addition of each 10 mL aliquot

of n-hexane before further aliquots were added.

RESULTS

Coarse Fractionation of As-Produced Copolymer Blends

The objective of these studies was to examine the extent to

which feeding strategies could be used for manipulating micro-

structures of mixed-culture PHBV. It was found2 that it was

possible to produce polymers that were apparently more ran-

dom or blocky in nature. However, given that it is well known

that as-produced PHBVs from both pure and mixed cultures

have a broad comonomer unit compositional distribution,13,23–25

this conclusion was complicated by the presence of blends in the

as-produced materials. It was necessary to isolate fractions of

these blended materials to properly characterize the properties of

random or blocky PHBVs.

There are a number of methods for characterizing the blend

composition of a bulk polymer sample, such as gradient

Table II. Summary of Fractionations Undertaken in This Study

Bulk material Fractions

Coarse fractionation

A1 to A4 A11–3; A21–3; A31–3; A41–3

B1 to B3 B11–3; B21–3; B31–2

C1 C11–4

Fine fractionation

A1 A1f1–F8

A5 A5f1–F7

C1 C1f1–F7

C6 C6f1–F11
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polymer elution chromatography.26 However, solvent/nonsolvent

fractionation is a well-established technique that has been used

successfully to characterize the compositional distributions in

both pure and mixed cultures.13 The results of the solvent/non-

solvent fractionation for selected mixed-culture PHBV samples

extracted from PHA-rich biomass, contrasting the properties of

the initial polymer blend with the recovered blend fractions, are

summarized in Table III. These initial solvent/nonsolvent frac-

tionation results, even though quite coarse and leading to

between two and four fractions at most (Table III), show quite

clearly that the compositional distributions for the as-produced

copolymeric materials is very broad, in line with previous

results.12 The differences in 3HV content between fractions of a

single material were as high as 57 mol % (for Sample A1), with

the smallest difference being 33 mol % (for Sample A4).

Molar masses (Mw and Mn) for the fractions derived from the

samples were in general lower than for the as-produced materi-

als and also for some samples showed some decrease with each

successive fraction.

This is in contrast to expectation13,14,27,28 and, particularly given

the fact that the first fraction shows a drop in comparison with

the starting material, may reflect either some degradation and/

or influence of chain length on separation. However, the respec-

tive 3HV contents for the fractions did correlate roughly with

percent hexane, suggesting that fractionation was primarily

caused by the type and morphology of the respective polymers

in the blend. There was in general little change in the

polydispersity.

NMR Analysis of Blends and Blend Fractions

Having successfully isolated fractions of very different composi-

tions, we considered in further detail the comonomer sequence

distributions in the fractions using the methods proposed by

Kamiya et al.29 and �Zagar et al.21 The D and R values were cal-

culated, where the D value represents the extent of the deviation

of the copolymer composition from the statistically random

composition distribution, and the parameter R is the ratio of

the number–average lengths of 3HV blocks, LR
V , to the experi-

mental number–average sequence lengths of 3HV units (LE
V )21

(see “Experimental Section” for details of calculations). A sam-

ple with D> 1.5 is regarded as being either a mixture of two or

more random copolymers or a blocky copolymer,29 and if D> 5

or so, the sample is either a biphasic or multiphasic blend or a

blocky copolymer. D is not sensitive to the broad chemical

compositional distribution of PHAs.30 The parameter R gives

more sensitive information on chemical composition distribu-

tion21 and has a value of 1 for a completely random distribu-

tion of 3HB and 3HV units in the copolymer chain and 0 for a

diblock copolymer.

The relative intensities of the experimentally determined diad

and triad sequences were also compared experimentally with

three models, these predicting outcomes for a completely ran-

dom distribution of 3HB and 3HV monomer units (Model 1,

estimated using Bernoullian statistics), for block copolymeric

distribution estimated using a first-order Markovian model

(Model 2), and for a mixture model predicting the outcome for

a mixture of two random copolymers, again using Bernoullian

statistics (Model 3). The methodology adopted here is detailed

in the studies by Kamiya et al.29 and Wei et al.11 The diad and

triad sequence data, the D and R values, and the data theoreti-

cally estimated using the random, blend, and block statistical

models are given for selected blend fractions in Supporting

Information Table S1. In this table, A, B, and X represent the

best fit for a mixture model, where A is the mol % 3HV con-

tent of the first copolymer in the blend, B is the mol % 3HV

content of the second copolymer, and X represents the propor-

tion of A in the blend. FV and FB represent the mole fraction of

the 3HV or 3HB groups, respectively, and SSE is the sum of

squared errors of prediction between the model fit and the

experimental data.

For the samples with D and R values near 1, the observed

sequence distributions were in general compatible with model 1

(a simple random copolymeric structure). This includes samples

A2 Fractions 1, 2, and 3, and A4 Fractions 2 and 3. This is con-

sistent with the results obtained by Wei et al.11 who also studied

mixed-culture PHBVs of high HV content and found that a

good fit to a Benoullian model of random monomer unit distri-

bution was obtained for their materials. In that study, electro-

spray ionization-mass spectrometry of the oligomers obtained

after partial alkaline hydrolysis also demonstrated random

monomer unit distribution in the copolymers obtained.

The remaining samples exhibit D and R values well away from

1 and are a very poor fit to the random copolymer model 1.

However, the distinction between Models 2 and 3 (block

copolymers or mixtures) is not easy, as the fit is not ideal for

either. For A4 Fraction 1, for example, Model 2 (block copoly-

mer) has the lowest SSE; this model, however, is also not an

optimal fit based on the fact that the SSE is still high, indicating

that the material is more complex than any of these simple

models would indicate. B2 Fraction 2 also does not fit well to

any model, although a blend gives the best fit of the three in

this case. Likewise, B2 Fraction 1 and B3 Fraction 1 could be

blends of PHB and a random copolymer but could also be

more complex structures/mixtures, whereas C1 Fractions 1 and

2 and B3 Fraction 2 appear to be a blend of polyhydroxyvalerate

and a random copolymer.

Overall, the D and R values and the model fits are good for dis-

tinguishing true random copolymers of relatively narrow com-

positional distribution from blends or block copolymers, but

are not adequate for distinguishing between block copolymers

and blends, particularly where, in this case, we probably still

have blends and/or blocks present in mixtures even in the

fractions.

Thermal Properties of Fractions

We have been working toward establishing structure–function

relationships by seeing how manipulation of accumulation strat-

egies could influence copolymer morphologies, which in turn

would govern microstructure and resulting mechanical proper-

ties. Given that microstructures are influenced by the material

crystallization during melt processing, the presence of blends is

likely to have a significant impact. It was therefore important to

consider how the crystallization behavior of the respective frac-

tions could influence the formation of microstructures for the
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as-produced materials. The thermal and crystallization proper-

ties of the as-produced and fractionated samples were investi-

gated using DSC.

The first DSC heating scans are given in Figure 1. It should be

noted that if the second heating scan was selected, the peaks of

lower Tm values would not be present as these require a long

time (days) to crystallize. Most of the coarse fractions exhibited

simpler melting behaviors than the original as-produced mate-

rial, as characterized by fewer and sharper melting peaks.

It is well known that blends of PHBV copolymers of differing

3HV content vary from complete miscibility through to com-

plete phase separation depending on the relative 3HV content

of the different components, with phase separation typically

occurring if the difference in 3HV content is at least 15 mol %.14

It is also known that apart from the presence of different copoly-

mers in a blend, multiple melting peaks can be attributed to (i)

melting, recrystallization, and remelting during heating, (ii) the

presence of more than one crystal modification, (iii) different

morphologies, (iv) physical aging, (v) different molar mass spe-

cies, (vi) orientation effects, and so forth.14 In this case, the multi-

ple melting peaks and Tgs were attributed to both melt-

recrystallization and microphase separation in the blends. The

microscopy results (see “Crystallization Behavior: Polarized Opti-

cal Microscopy” section) also show evidence of microphase sepa-

ration for some samples. Some of the remaining multiple melting

peaks could be attributed to occurrence of melt-recrystallization

based on multiple heating scan rates (data not shown). As it was

difficult to ascertain in all cases which peaks were due to melt-

recrystallization, all melting peaks are therefore reported in

Table III and Figure 1.

For those fractions that only had a single Tg, and hence could

be presumed to be either a single copolymer or a homogeneous

miscible polymer blend, a linear relationship to comonomer

content was generally observed as has been previously reported

(Figure 2).28 When multiple Tgs were present, there was no rela-

tionship with overall composition, indicating the presence even

in the coarse fractions of microphase-separated blends or block

copolymers.

For the as-produced materials,12 the melting temperatures could

be clustered into low-melting (<100�C) and high-melting

(>130�C) temperature components (Figure 2). On fractiona-

tion, the nominally random copolymeric materials (A1–A4)

were generally observed to divide into fractions that discrimi-

nated between the low- and high-melting temperature compo-

nents. The first fraction was usually rich in a very low 3HV

content copolymer (with melting points close to pure PHB),

whereas the other fractions all had higher 3HV contents and

low melting temperatures. Sample A2 (at a high 72 mol % 3HV

content overall) was the only polymer that did not have a low

3HV content (high melting) component present in its fractions.

The NMR results given in the “NMR Analysis of Blends and

Blend Fractions” section suggest that the fractions of these

Group A (random copolymeric) samples were all random

copolymers or copolymer blends. Therefore, the biomass used

for the current study tended to produce a blend of PHBV ran-

dom copolymers over a range of 3HV contents when fed aT
ab
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substrate mixture of acetic and propionic acids. This biomass

was originally enriched on a fermented whey permeate, which

was dominated by butyric and acetic acids and low in propionic

acid (with the acid mix comprising 43% acetic, 1.6% propionic,

0.2% isobutyric, 50.3% butyric, 1.7% valeric, and 2.6% caproic

acids). Such a mixture when used for PHA accumulation tends

to produce a PHBV copolymer with only a few mol % 3HV

content. It has been demonstrated by Lemos et al.31 that the

response of biomass to different feedstocks varies depending on

the substrates to which that biomass is adapted. In this case, it

is probable that within the enriched biomass population, there

are some organisms that are able to use acetic acid only, pro-

ducing PHB, or to use only some propionate to produce a low

3HV content copolymer, and other organisms that are capable

of utilizing the propionic acid to produce higher 3HV content

copolymers.

The B group samples were nominally A–B diblocks blended

with random copolymers. However, the results (Figure 1) were

very similar to those for Samples A3 and A4 (which were most

likely blends of random copolymers). Again there was a range

of 3HV contents, with the first coarse fraction typically having

high to very high D values (higher than those for the A group

samples). For this first coarse fraction, both high- and low-

melting peaks were present, with two Tgs typical of high and

low 3HV content copolymer, indicative of a phase-separated

blend or a block copolymer or a mix of both. The second and

third fractions of the B group samples were characteristic of

random copolymers and very similar to the random copoly-

meric fractions from the A group, with very little high-melting

temperature component present. The D and R values for these

fractions reflect this, with likely still some blends present but

unlikely to be block copolymers. These samples were prepared

by running the accumulation for 4 h using one reagent type

(either pure acetic acid or mixed acetic and propionic acids)

and then switching to another. It would only be the proportion

of chains that were growing at the time of the transition and

that were in organisms that were capable of incorporating both

reagent types into the growing polymer chain and that also had

the enzymes capable of doing so that would be able to produce

block materials. Based on the results presented here, the propor-

tion of block copolymers is likely to be at most a very small

fraction of the polymer present.

By contrast, Sample C1 (the nominally blocky material) retained

both high- and low-melting components in both fractions. To

Figure 1. DSC thermograms showing melt transitions during the first heating scan for as-produced PHBV copolymers and their fractions.
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test if these two distinct Tm components could be separated

under more careful fractionation conditions, four samples (two

random copolymer blend materials A2 and A5 and the two

nominal block copolymers C1 and C6) were finely fractionated.

Fine Fractionation

The results of the fine fractionations are given in Table IV and

Figures 3–5. The number of fractions produced ranged between

7 and 11, which is far more detailed than for the coarse

fractionations.

For the random copolymer A2, there was very little material

present of less than 51 mol % 3HV content, with the first three

fractions (ranging from 24.8 to 36.8 mol % 3HV) representing

only 2.7% of the mass. These were the only fractions that had

any high-melting components and were probably still blends. The

remaining fractions ranged from 50.7 to 82.4 mol % 3HV and

were all clearly random copolymers with single Tgs (pure copoly-

mers or miscible blends). In contrast to the coarser fractions, fine

fractionation of this material was based initially on differences in

3HV contents with molar mass (both Mw and Mn) decreasing

only slightly as 3HV content increased. There was a significant

decrease in molar mass for the last two fractions (10% of the

mass), and for the final fraction, there was a decrease in 3HV

content as well. This is probably due to the lower molar mass

fraction being more soluble despite the lower 3HV content,

although Wang et al.28 have suggested that the increase in crystal-

lizability as 3HV content increases above 50 mol % may be

responsible for a reversal of the solubility effect. Thus, the blend

separation in the solvent was interpreted to be due to factors

other than the respective fraction polymer chain length. For

PHBVs, the fractionation is presumed to be due to the distinctive

polarities of the different pendant chains at the b-site.21

The other random copolymer A5 gave similar results to A2, in

that only 12% of the material contained any significant high-

melting (low 3HV) content copolymer and the rest was cleanly

fractionated into copolymers with single glass transition temper-

ature. There was a regular decrease in Tg, and Tm was in line

with expectations based on 3HV content and molar mass. Over-

all, therefore, the random copolymeric materials made with 50 :

50 acetic and propionic acids on a gCOD basis as a combined

feed produced blend copolymers of a broad compositional dis-

tribution that could be repeatably fractionated into clean ran-

dom copolymers of differing 3HV content.

By contrast, both the materials made using alternating feeding

of acetic and propionic acids (again at 50 : 50 g COD equiva-

lent) produced materials that in the main could not be fractio-

nated cleanly into high- and low-melting copolymers.

For the nominally block copolymer C1, the first five fractions

(which represented 82% of the as-produced material) had high D

and low R values, with both high- and low-Tm portions and two

Tgs present. The 3HV contents also varied little between fractions,

actually decreasing for Fraction 2. It was only for the last two

fractions that the 3HV content changed significantly, with little

or no high-melting components present. Tms decreased slightly

for the high-melting component for Fractions 4 and 5.

A very similar pattern was observed for the nominally block

copolymer C6, with in this case 52% of the material (the first

five fractions) having both the high- and low-melting compo-

nents and two glass transitions indicative of high and low 3HV

content domains. These results of fractionation are compatible

with the interpretation that a blend of block copolymers of sim-

ilar 3HV content was generated by the C-accumulation feed

strategy and that the blocky nature of the blend components

results in distinct differences in solvent solubility as does

changes in 3HV content.

Isothermal Crystallization Kinetics: DSC

The kinetics of crystallization play a central role in determining

the final mechanical properties of the polymer, and hence a

detailed analysis of the isothermal crystallization kinetics for

each of the fractions was undertaken to compare with the data

reported for the as-produced material.12 As determination of

the absolute degree of crystallinity is not necessary during data

treatment in crystallization kinetics, the relative crystallinity as a

function of temperature was defined as follows32:

Xt 5

ðt

0

ðdHc=dtÞdt=

ð1
0

ðdHc=dtÞdt ;
(6)

where the first integral is the heat generated after time t, and

the second integral is the total heat of crystallization for t 51.

Figure 2. Graph of melting temperatures (top) for all PHBV samples (as-

produced and fractionated) and glass transition temperatures (bottom)

for samples with a single Tg, as a function of HV content.
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The crystallization exotherms of the rapidly crystallizing fraction

for those samples that have a component that crystallizes rap-

idly enough at 70�C to be measured (i.e., the fraction melting

above 110�C) are given in Figure 6 (where for C1, the coarse

fractions are analyzed in this case). It is clear that, for all sam-

ples, the first fraction crystallized much faster than the initial

as-produced material. For the low 3HV content material B3, the

first fraction crystallized too fast at this temperature for an exo-

therm to be recorded, and for sample B1 (a high 3HV content

material), the as-produced blend was too slow to crystallize to

be included in this set of results.

The Avrami equation was used to quantify the isothermal crys-

tallization kinetics. It assumes the development of relative crys-

tallinity (Xt) with time (t) and can be described by the

following equations:

12Xt 5e2ktn

; (7)

ln ½2ln ð12Xt Þ� 52ln k1nln t ; (8)

where n is the Avrami exponent, which depends on the nature

of nucleation and growth geometry of the crystals, and k is a

rate constant that incorporates both nucleation and growth rate

parameters.

The Avrami parameters (n and k) were obtained from the

plots of ln[2ln(1 2 Xt)] versus ln t, for values of Xt from 10

to 90%. Only samples where the correlation coefficient r2 for

this plot was >0.99 were included in the final dataset. The val-

ues for n and k at the temperature at which the crystallization

was fastest for each sample are given in Table V, as is the

experimentally determined half-life crystallization time (t1/2),

defined as the time required to achieve 50% of the final crys-

tallinity, and the calculated t1/2, derived from the following

equation:

t1=25
ln 2

k

� �1=n

: (9)

In this Table V, the fractions of C1 tested were from the original

coarse fractionation. It should be noted that when there were

two phases of crystallization (one that was fastest at �70–80�C
and that was due to the high melting portion and another that

was much slower and fastest at �20–40�C), the kinetics for the

fastest crystallizing phase was reported. The average value for

the Avrami constant n is 2.1 6 0.4, in line with previous results

and the literature.1,12,33 Although fairly variable, particularly for

the samples that took a very long time to crystallize, these n val-

ues indicate that the as-produced polymers and fractions had a

similar mechanism of crystallization, despite the blend nature of

many of these materials, and are indicative of a two-

dimensional, circular, athermal, and diffusion-controlled crystal-

lization process with heterogeneous nucleation. There was a

good match between experimental and calculated t1/2.

The equilibrium melting point (T 0
m) is one of the important

parameters for the analysis of crystallization kinetics, as the dif-

ference between this value and the crystallization temperature

(the degree of undercooling) strongly influences the crystalliza-

tion rate and morphology. It is obtained from the Hoffman-

Weeks equation as follows:T
ab
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Tm5T 0
mð12

1

c
Þ1 Tiso

c
; (10)

where c is the ratio of final to initial lamellar thickness. T 0
m is

obtained by plotting Tm against the isothermal crystallization

temperature (Tiso) and extrapolating the best line of fit to inter-

sect with the line for Tm 5 Tiso. The equilibrium melting tem-

peratures for the high-melting components (and for the low-

melting component for B1 Fraction 3) and the nucleation con-

stant of crystal growth kinetics are also given in Table V for

those samples where the crystallization was rapid enough to be

able to determine these values. The T 0
m values for the as-

produced materials are in general slightly lower than for the

first fraction, indicating some depression due to blending, a

common phenomenon. The values of T 0
m for the first fraction

range from 171.6 to 180.9�C. In the literature, the T 0
m for PHB

of molar mass >300,000 is around 194 to 197�C,34,35 with 6

mol % 3HV having a value of 186�C, 12 mol % 3HV being

173�C, and 16 mol % 3HV being 167�C.34

The value of 1
c lies between 0 (for the most stable crystals where

Tm 5 T 0
m at all crystallization temperatures) and 1 (in the case

of inherently unstable crystals). There did not appear to be a

consistent trend for the stability of the crystals of the fractions

in comparison with the as-produced materials. Some of the

materials (such as B1 and B2) had less stable crystals than the

others, whereas the low 3HV content B3 and the nominally

block copolymer C1 had 1
c values comparable with that reported

for pure PHB (of 0.1413).36

The k values for Sample B1 and its fractions at different tempera-

tures are given in Figure 7. Because there is such a large differ-

ence between them, the values have also been plotted on a log

scale (Figure 7). The k values for other samples and their respec-

tive fractions are also given in Figure 8. A number of consistent

trends were observed. Overall, in line with expectations from the

literature,16,37 the different fractions were orders of magnitudes

different in crystallization rates. The fractions with 3HV contents

around the pseudo-eutectic (which is at around 50 mol % 3HV

content38) were found to be slowest to crystallize (by orders of

magnitude) in comparison with those of lower or higher 3HV

content, taking days to complete. The rate of crystallization of

the as-produced material was also, in general, considerably slower

Figure 3. DSC thermograms showing melt transitions during the first heating scan for finely fractionated polymers A2 (top) and C1 (bottom).
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than that of the lowest 3HV content fraction, indicating that the

presence of the other copolymers in the blend acts to hinder the

crystallization process. The higher 3HV content fractions (>40

mol % 3HV) also clearly crystallize fastest at a much lower tem-

perature than the low 3HV content components, which were

found to reach maximum crystallization rates in the range

between 70 and 90�C. In addition, when there were two phases

present in the same material (i.e., two Tgs and both high and low

melting components present), as observed for the original as-

produced material,12 the lower melting portion crystallized at a

much slower rate than the higher melting one. This was the case

for the blocky material C1 and its fractions as well (both coarse

and finely fractionated).

Crystallization Behavior: Polarized Optical Microscopy

The crystallization of some of the as-produced materials and

fractions from the melt state was examined under isothermal

conditions at various crystallization temperatures (Tisos) using

polarized optical microscopy. Many of the materials that were

known to be random copolymers or that were from the B

group (B1 and B3) displayed typical spherulites, with Maltese

cross corresponding to an optical birefringence when viewed

through the polarized filter,12 although not all were banded

(Figure 9). Banding is generally accepted as being due to lamel-

lar twisting39,40 or to rhythmic crystal growth (discontinuity

growth) of spherulites due to depletion of the polymer ahead of

the growing crystal front in very thin films.41 It is known that

banding in PHB spherulites is affected by film thickness.42

For the samples in this study, volume-filling spherulites were

observed when the polymers were allowed to crystallize at an

Figure 4. Mass and molar mass distributions relative to 3HV content for

the fine fractions of A2 (top) and C1 (bottom). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. DSC thermograms showing first derivatives of Tgs of PHBV during the second heating scan for C1 and its fractions (left). Right-hand side:

More detail of the first derivative of the Tg for C1 Fraction 1.

Figure 6. Crystallization exotherms for PHBV copolymers crystallized

from the melt at 70�C. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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appropriate temperature over a long enough time. The spheru-

lite radius, R, increased linearly with time, consistent with Hoff-

man’s theory, until the spherulites impinged on each other. For

some of the as-produced random copolymeric materials that

have been shown to be blends, we frequently observed distinct

aprons where the crystalline morphology shifted with growth

(Figure 9), presumably as different components within the sys-

tem were being incorporated into the crystal in the later stages

of crystallization that were not crystallizing in initially. At lower

temperatures, there may also be some microphase separation in

the crystals of these samples or simultaneous crystallization of

two phases (Figure 9), but not for their fractions.

By contrast, the materials (including many of the respective frac-

tions) that were designed to have blocky characteristics displayed

very obvious phase separation within the spherulite (Figure 9).

The effect of fractionation on the nominally block copolymeric

material C1 was examined in more detail, comparing the as-

produced material to the fractions from both the coarse and fine

fractionations. The morphology of the fractions was distinctly

different to that of the starting material (Figure 9). For the coarse

fractionation, macrophase as opposed to microphase separation

was observed in C1 Fraction 2. By contrast, for the fine fractions,

there was still microphase separation within the spherulite for C1

Fine Fractions 1 and 4 but not for the other fine fractions.

The phase separation that was observed for the as-produced

sample of C1 and the coarse Fraction 2 was likely due to blend

incompatibilities rather than block copolymeric composition.

The microphase separation seen in the fine Fractions 1 and 4

may also still be due to blends rather than the blocky nature of

the material, and there may also be microcrystals (perhaps of

PHB) forming in the early stages causing the inclusions evident

in Figure 9. It is of interest although to note that the remaining

fractions that showed no microphase separation still contained

both high- and low-melting peaks in roughly equal proportions

(�50–70% high melting as judged by the enthalpy of melting;

Table IV). Therefore, the morphology observed is either due to

the presence of blends, with the high-melting temperature com-

ponents crystallizing independently first and the low-melting

temperature components remaining in the interlamellar and

interspherulitic spaces to crystallize slowly over time, or due to

the block copolymers, which are able to pack effectively into a

spherulite without phase separation evident on a microscopic

scale. In semicrystalline block copolymers, it is known that

higher order superstructure, such as spherulites, can coexist

with a microphase-separated structure.40 When the crystallizable

block is the major component in a block copolymer, spherulites

are usually formed as in the homopolymer.43,44

The mechanical properties of both C1 and C6 were distinctly

different to the other as-produced samples. In particular, both

had a much higher elongation to break, at 58% 6 19% and

49% 6 16% (mean 6 95% confidence interval), respectively,

when compared with 5.0% 6 1.0% for all the other tested

Table V. Avrami Parameters for PHBV Copolymers at Temperature of Fastest Crystallization, for As-Produced Materials, and Fractions

Sample Fraction Tmax n k t1/2(expt’l) t1/2(calc’d) T0
m

1
c

�C min2n min min �C

A2 Bulk 40 2.63 0.000 82.3 81.1

1 40 1.68 0.132 2.6 2.7

2 40

3 40 2.62 0.000 82.3 85.2

A4 Bulk 80 2.06 0.002 17.5 17.6

1 60 2.11 0.091 2.7 2.6 171.6 0.31

2 Too slow

3 40 2.56 0.000 80.7 80.7

B1 Bulk 70 1.95 0.003 17.4 16.9 �172 0.27

1 60 2.09 0.047 3.7 3.6 179.1 0.32

2 Too slow

3 20 1.70 0.003 24.7 24.6 118.7 0.47

B2 Bulk 90 1.79 0.005 15.8 16.5 175.6 0.33

1 90 2.24 0.312 1.4 1.4 180.9 0.37

2 40 1.73 0.002 32.2 31.1

3 40 1.70 0.002 29.6 28.7

B3 Bulk 70 2.02 0.373 1.4 1.4 176.7 0.14

1 80 1.92 5.448 0.4 0.3 175.2 0.23

2 40 3.05 0.000 67.9 68.2

C1 Bulk 70 2.07 0.087 3.0 2.7 176.2 0.17

1 70 2.32 0.787 0.9 0.9 178.2 0.14

2 70 1.86 1.112 0.8 0.8 171.1 0.17
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samples. It is hypothesized that the distinctly different morphol-

ogy evident for Sample C1 is associated with this difference in

material properties.

Spherulitic Growth Kinetics

Spherulitic growth kinetics were analyzed in a similar fashion to

our previous study,12 with the crystalline growth rate (G) being

Figure 7. k values as determined from the Avrami plots for PHBV copolymer B1 (left) and the same data plotted as log k values against time (right).

Figure 8. Log k values as determined from the Avrami plots for PHBV copolymer samples: (a) A4; (b) B2; (c) B3; and (d) C1.
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calculated from the radial crystal growth in micrometers per

second. Crystal growth curves for selected samples are given in

Figure 10. As we observed from DSC assessment, the first frac-

tion generally crystallized much faster than the as-produced

material. By contrast, for Sample C1 (blocky copolymer, finely

fractionated), Fractions 1 and 3 were fastest, with little differ-

ence between the other fractions.

Although the Avrami equation describes the overall isothermal

crystallization behavior of polymers, the Lauritzen–Hoffmann

model describing the growth of chain-folded polymer crystals

[eq. (11)]45 is used to analyze the crystal growth behavior of

linear flexible homopolymers and some semicrystalline/amor-

phous polymer blends that are crystallized from the melt4646:

G5G0 exp 2
U �

RðTiso2T1Þ

� �
exp

Kg

TcðDTÞf

� �
; (11)

where G0 is the preexponential factor, U* is the activation

energy for the transportation of crystallizable segments to the

Figure 9. Polarized optical micrographs of PHBV copolymers: (a) C1 (as produced), isothermally crystallized at 70�C; (b) C1 Fraction 2 (coarse fractio-

nation) at 90�C; (c) C1 Fraction 1 (fine fractionation) at 70�C; (d) C1 Fraction 2 (fine fractionation) at 70�C; (e) B2 Fraction 2 at 80�C; and (f) B2 (as

produced) at 60�C.
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crystallization front, R is the gas constant (8.3145 J mol21

K21), and T1 is a hypothetical temperature where all molecular

motion-associated viscous flow ceases and is related to the Tg

by T15 Tg 2 51.6 (K).47 DT is the degree of supercooling given

as (T 0
m 2 Tiso), where T 0

m is the equilibrium melting point. f is a

factor that accounts for the variation in the enthalpy of fusion

DHf with temperature and is given by f � 2Tc/(T 0
m 1 Tiso). Kg is

the nucleation constant, which can be expressed as follows:

Kg 5jb0rreT 0
m0DHf k; (12)

where j may have the value 2 or 4 depending on the growth

mechanism, b0 is the layer thickness, r and re are the lateral

and fold surface free energies of the growing crystal, respec-

tively, and k is the Boltzmann’s constant. The regime of crystal-

lization for PHBV and its blends is assigned to be Regime III

(j 5 4) when Tiso is below 130�C (403 K),48 and the growth rate

data are plotted in the form of lnG 1 U*/R(Tiso 2 T1) against

1/(fTisoDT), where the slope is 2Kg. The Williams–Landel–Ferry

value for U* of 17221.6 J mol21 was used.47

In this case, there was a reasonable fit to the equation for most

of the fractions (Figure 11), although this was not the case for

Samples B2 and C1 Fine Fractions 1 and 4. This could possibly

be because of microphase-related issues, where at the lower

temperatures, competing crystallizations between low and high

3HV content crystalline phases may exist. The fit for the as-

produced material C1 was also relatively poor (Figure 11),

which is perhaps not surprising given the complex blend nature

of this material. The values for Kg and G0 determined from the

curve fitting are given in Table VI.

These values are comparable with those in the literature, with

Kg 5 4.79 3 105 for PHBV (2.6 mol % 3HV content),49 6.90 3

105 for PHB, and 7.67 3 105 for PHBV (14 mol % 3HV con-

tent).36 The variation observed between fractions with similar

3HV contents could potentially be attributed to variations in

the chain-folding regularities, as well as potential changes in

block lengths contributing to variations in chain-packing ability.

There was also some difference in molar mass, which could

result in different degrees of interchain links and chain entan-

glements. All of these, in turn, could affect molecular motion in

the melt and hence affect the degree of disorder in the inter-

crystalline region. Liu et al.41 also observed that there was some

variation in crystallization rate with variation in film thickness,

which may partially account for the more minor variations

observed between the fine fractions of C1.

It is not possible to convert these kinetic parameters to give an

estimation of the lateral surface free energy in this study as we

know from SAXS/WAXS analysis (not shown here) that both

the 3HB and 3HV crystal units are commonly present in these

materials and that the heat of fusion of an infinite crystal is

also strongly dependent on 3HV content, with the values not

yet being characterized for higher 3HV content PHBV.

CONCLUSIONS

In this work, we evaluated the compositional distribution of a

broad range of as-produced bacterial PHBV’s with widely differ-

ing 3HV contents and monomer unit distributions (from ran-

dom to nominally blocky in character). All the materials were

found to be composed of a very broad compositional distribu-

tion, with many containing a bimodal or multimodal copolymer

composition, likely due to the fact that the biomass was

enriched on a fermented whey waste that was low in propionic

acid, in contrast to the feedstocks that were used for polymer

production. The crystallization kinetics and morphology of the

as-produced materials were found to be controlled by the most

rapidly crystallizing fractions of lower 3HV content. In turn, the

crystallization rate of the most rapidly crystallizing components

Figure 10. Radial growth rate (G) of PHBV spherulites at various crystal-

lization temperatures (Tisos) for copolymeric PHBV. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Lauritzen-Hoffman plot for selected PHBV copolymers (C1 as-

produced, C1 F1, F3 and F5, and B2 F1). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Table VI. Spherulitic Growth Kinetic Parameters for PHBV Copolymers

Sample Kg (105 K2) G0 (mm s21) HV (mol %)

B2 Fraction 1 5.46 8.35E113 64

C1 7.13 9.38E115 43

C1 Fine
Fraction 2

3.93 8.56E111 30

C1 Fine
Fraction 3

4.56 1.29E113 34
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was significantly slower when present in a blend. However, the

mechanism of crystallization, as judged by the Avrami constant

(which averaged around 2.1 for all samples), was not signifi-

cantly affected.

The two samples that had unique mechanical properties and

that were produced using alternating feeding had thermal and

crystallization properties that were consistent with a block

copolymer and could not be fractionated into clearly separate

random copolymers. Even with fine fractionation, most of the

material retained both high- and low-melting components. The

fractions were also among the fastest materials to crystallize,

despite having 3HV contents of around 30–40 mol %. However,

it is still not possible to be definitive with respect to the compo-

sitional distribution of these materials as morphological and

NMR evidence is inconclusive.

Further work is also required to characterize the mechanical

properties of the fractions, and thus the relationship of compo-

sitional, thermal, molar mass, and other properties to these

properties. In addition, the effect of thermal rather than solvent

processing of these materials needs to be evaluated.
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