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Background and Aim of this Study 
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1.1 Definition and Classification of Biodegradable Polymers 

 Biodegradable polymers undergo decomposition into water and carbon dioxide 

by various environmental microorganisms, such as bacteria and fungi.
1,2  

Figure 1.1 

shows their biodegradation mechanism.
1 

 The decomposition starts on the polymer 

surface by the action of extracellular enzymes of microorganisms, generating oligomers.  

These oligomers enter the microorganism cell, in which they act as carbon sources and 

are completely metabolized into water and carbon dioxide.
1
  Biodegradable polymers 

have attracted a great deal of attention as “green” polymeric materials because of their 

low environmental load upon disposal. 

Table 1.1 shows the classification of typical commercially available 

biodegradable polymers based on their origins, with their trade names and 

manufacturers.
3
  These polymers generally consist of polyesters and polysaccharides 

bearing hydrolyzable ester or ether bonds in their backbones, respectively.  They can 

be categorized according to their origins, namely bacteria, natural products, and 

chemical synthesis.
3
  In our present study, we briefly describe some polymers in these 

three groups by focusing on their properties and applications.
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Table 1.1 : Classification of typical commercially available biodegradable polymers 

based on their origins and with their manufacturers.
3
  

Origin : I. Biodegradable polymers produced by bacteria

Polymer name and chemical structure Trade name,  Manufacture

Polyhydroxybutyrate (PHB)
BiopolTM, Monsanto Company

Imperial Chemical Industries

Polyhydroxybutyrate-co-hydroxyvalerate

(PHB-co-HV)

Gellan gum

KelcogelR, Kelco Biopolymers

Curdlan

PureglucanR, Takeda Chemical Industries     

(Japan)

Nurture, Inc. (USA)

Origin : II. Biodegradable polymers produced from natural products and their derivatives

Amylose

Amylopectine

Starch

Mater-BiR, Novamont (Europe)

VegematR, Vivadur (French)

Chitin 

Eastman Chemical Company (USA)

Primester (USA)

Celanese Ltd. (USA)

Cellulose acetate (CA)

ChitoPureR, USA Biopolymer 
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Origin : III.  Biodegradable polymers produced via chemical synthesis

Polymer name andchemical structure Trade name,  Manufacture

Polyglycolic Acid (PGA)

BiomaxR, Dupont

Polylactic acid (PLA)

Mitsui Toatsu Chemical (Japan)

NatureWorksTM, Cargill Dow (USA)

Polycaprolactone (PCL)

CapaR, Solvay Group 

Poly(butylene succinate) (PBS) Bionolle, Showa Highpolymer 

(Japan)

Poly(butylene succinate-co-butylene adipate)

P(BS-co-BA)
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I. Biodegradable polymers produced by bacteria 

Some polyesters and polysaccharides accumulate in bacteria as intracellular 

carbon and energy compounds.
3,4 

 Polyhydroxyalkanoates (PHAs) are biodegradable 

aliphatic polyesters formed entirely by bacterial fermentation.  PHAs exist in over 90 

bacteria genera.
5
  Alcaligenes eutrophus has been extensively studied because of its 

ability to produce large amounts of poly(3-hydroxybutyrate) (PHB).
4
  PHB 

accumulation in A. eutrophus can be controlled by changing the types or concentrations 

of carbon and nitrogen sources.
4,6

  For example, A. eutrophus produced PHB up to 

80% of the dry weight when grown in a medium containing an excess of carbon sources, 

such as glucose, compared to nitrogen sources.
4-7

  PHB is synthesized in bacterial cells 

from acetyl coenzyme (CoA) by the sequential action of three enzymes (Figure 1.2).  

The first enzyme, 3-ketothiolase, catalyzes the reversible condensation of two 

acetyl-CoA moieties into acetoacetyl-CoA.  Acetoacetyl-CoA is subsequently reduced 

by Acetoacetyl-CoA reductase into R-(-)-3hydroxybutyryl-CoA, which is polymerized 

into PHB by the action of PHA synthase.
5
 

In general, the brittleness of PHB, caused by its high crystallinity, has limited 

its use as a material.
8-9

  To improve its toughness and flexibility, various comonomers, 

such as 3-hydroxyvalerate (3HV) units, are often introduced into the polymer chains by 

bacterial fermentation.  The resulting copolymer 

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)) is currently used in 

internal sutures in the biomedical industry because of its high biocompatibility and 

nontoxicity.
10,11 

Gellan gum and curdlan are biodegradable polysaccharides produced by 

bacteria.
3,12-14 

 They have mainly been utilized as food additives, especially gelling and 
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thickening agents, because of their high water absorbency and nontoxicity.
3,12-14

  

Edible films using gellan gum and curdlan have recently been developed and are 

expected to find application as food wrapping because of their high water vapor 

permeability.
15
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Figure 1.2 : PHB synthetic pathway in A.eutrophus.
5 
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II. Biodegradable polymers produced from natural products and their 

 derivatives 

The biodegradability of commodity synthetic polymers can be increased by 

blending them with several types of natural products, such as starch and chitin. Ratto et 

al. prepared films from a poly(butylene succinate/adipate) (PBSA)/starch composite and 

investigated the processability and biodegradability of the resulting films, along with 

their mechanical and thermal properties.
16

  The biodegradable PBSA/starch film 

exhibited enough mechanical properties for plastic extrusion applications. 

Although chitin is one of the most abundant natural products next to cellulose, 

its poor solubility and reactivity have limited its industrial use.  To solve this problem, 

chitin has been chemically modified by grafting with synthetic polymers to improve its 

miscibility with various commodity polymers.
3
  Aoi et al. have synthesized chitin 

derivatives containing polyoxazoline side chains and prepared miscible blends 

containing synthetic polymers, such as polyvinyl chloride and polyvinyl alcohol.
17,18

  

These blends are expected to be widely used as new polymeric materials not only for 

their biodegradability but also for the moulding and mechanical properties similar to 

that of commodity polymers.
17,18

 

In addition, PHB (Section I) has also been produced in the leaf of transgenic 

plants such as Arabidopsis thaliana.
19

  This plant-mediated synthesis was justified by 

its potential for a larger scale and a lower cost production than bacterial fermentation.
5
  

As reported by Proirer et al.,
5,20

 out of the three enzymes required for PHB synthesis 

from acetyl-CoA, only the first enzyme 3-khetotiolase was endogenously present in 

plants. To achieve the PHB synthetic pathway in plants, the A. eutrophus genes 

encoding acetoacetyl-CoA reductase and PHA synthase were expressed in transgenic A. 
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thaliana.
  

 

III.
 

Biodegradable polymers produced via chemical synthesis 

This group mainly consists of aliphatic polyesters, such as polyglycolic acid 

(PGA), polylactic acid (PLA), polycaprolactone (PCL), and PBSA.  These polymers 

are synthesized commonly through metal-catalyzed ring-opening polymerization (ROP) 

or polycondensation of their corresponding petroleum-derived monomers.
2,3

  Among 

these polymers, PLA, which can be prepared from natural products, such as cereal- or 

sugarcane-based saccharides, as well as petroleum precursors, has attracted tremendous 

attention as a biopolymer.
21,22

  Lactic acid that is obtained from glucose or sucrose via 

lactobacillus fermentation is polymerized by ROP after dimerization or direct 

polycondensation.  PLA typically shows high rigidity, making it a suitable replacement 

for polystyrene and polyethylene terephthalate (PET) in several applications, such as 

packaging and textiles.
21,23

 

Similarly, synthesized by polycondensation of 1,4-butandiol and succinic acid, 

poly(butylene succinate) (PBS) has found use in a wide variety of applications, because 

the physical properties of PBS resemble those of commodity polymers, such as 

polyethylene (PE) and polypropylene (PP).  Furthermore, comonomers, such as 

butylene adipate units, are often introduced into PBS polymer chains to improve its 

toughness and flexibility.  The resulting copolyester, PBSA, also finds several uses, 

such as agricultural and construction materials.
1
 

As mentioned above, various types of biodegradable polymers are utilized in 

numerous fields ranging from agricultural to biomedical applications.  With the 

growing awareness of waste management and environmental preservation, 
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biodegradable polymers are expected to reduce and eventually replace current 

commodity polymeric materials in practical use.  The synthesis and/or modification of 

biodegradable polymers with improved physical and mechanical properties has also 

attracted significant interest.  In the foreseeable future, the effective production of 

polymers exhibiting improved properties at reduced costs may become all the more 

crucial for realizing a sustainable society. 
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1.2 Importance of the compositional analysis of biodegradable copolyesters  

Physical properties of biodegradable polymers, such as melting point, glass 

transition temperature, crystallinity, and transparency, depend on their molecular 

structural features.
1
  In the case of copolymers, they also rest on the chemical 

composition.
2-4

  Many reports have detailed the relationship between the copolymer 

composition and physical properties for various biodegradable PBS-based copolyesters, 

such as poly(butylene succinate-co-butylene adipate) [P(BS-co-BA)],
5-9

 poly(butylene 

succinate-co-ethylene succinate) [P(BS-co-ES)],
10

 and 

poly(butylenesuccinate-co-butylenesebacate) [P(BSu-co-BSe)].
11

  Copolyesters 

involving poly(3-hydroxybutyrate) (P3HB) moieties, such as 

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)],
12-14

 

poly(3-hydroxybutyrate-co-4-hydroxyvalerate) [P(3HB-co-4HB)],
15-17

 and 

poly(3-hydroxybutyrate-co-2-hydroxypropionate) [P(3HB-co-2HP)],
18

 have also been 

extensively studied.  Ahn et al.
7
 have related the copolymer composition of 

P(BS-co-BA) with several physical properties and found that the melting point (Tm) and 

glass-transition temperature (Tg) decreased gradually when the BA content in the 

polymer chains increased.  In addition, their crystallinity (Xc), which is determined by 

differential scanning calorimetry (DSC), decreased to 25% when the BA composition 

reached to approximately 50 mol%.  Tabata et al.
18

 studied the effects of the structural 

features and chemical composition on the thermal properties of P(3HB-co-2HP).  The 

Tg values of the copolyesters were mainly governed by the copolymer composition and 

increased linearly with the composition of 2HP units.  Also, Xc values were affected 

by the composition and sequential length of the crystallizable monomeric unit. 

Moreover, the copolymer composition of biodegradable copolyesters strongly 
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affects their biodegradability.
5-18

  Ishioka et al.
8
 have reported that the rate of 

biodegradation of PBS increased significantly upon introduction of BA comonomer into 

the polymer chains because of the reduced crystallinity.  This approach has produced 

the biodegradable copolyesters Bionolle #3001 and #3020, which exhibit enhanced 

biodegradability compared to the PBS homopolymer.
8
  Many researchers have studied 

the correlation between copolymer composition and biodegradability for PBS-based 

copolyesters.
5-9  

Nikolic et al.
9
 have evaluated the effect of P(BS-co-BA) film 

composition on their enzymatic degradation.  The enzymatic degradation was 

performed using Candida cylindracea lipase in a buffer solution at 30°C for 90 h.  The 

biodegradability of the copolyesters was determined by monitoring the weight loss of 

the P(BS-co-BA) films over time.  Copolyesters with lower BS content (up to 50 

mol%) degraded significantly because of their reduced crystallinity, while those 

presenting a higher BS content (75 mol%) showed little enzymatic weight loss under the 

employed experimental conditions. 

Tserki et al.
5
 also evaluated the biodegradability of P(BS-co-BA) for various 

BA compositions (20–80 mol%).  Copolyester films were subjected to either a soil 

burial test for approximately 5 months or an enzymatic hydrolysis test for 15 days at 

30-37°C in the presence of Candida cylindracea lipase, Rhizopus delemar lipase, and 

Pseudomonas fluorescens cholesterol esterase.  Regardless of the degradation method 

and the type of enzyme, PBSA films displaying a quasi-equimolar composition (BS/BA 

= 50/50 and 40/60) showed higher biodegradation rates because of their reduced degree 

of crystallinity. 

As for polyhydroxyalkanoate-based copolyesters, Kasuya et al.
12

 discovered 

that the introduction of comonomers, such as 3HV units, enhanced the biodegradability 
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of P3HB.  Biosynthetic P(3HB-co-14% 3-HV) films degraded rapidly in all natural 

waters, such as river, lake, and sea water, with a quantitative weight loss in 28 days at 

25°C, indicating that they were completely hydrolyzed into watersoluble products by 

microorganisms. 

 
As described above, the compositional data of biodegradable copolyesters often 

provides useful clues for biodegradability prediction.  Furthermore, it gives a good 

measure of the degree of biodegradation as long as the composition changes gradually 

during the biodegradation.  These benefits have led to a growing demand for accurate 

and precise determination of biodegradable copolyester composition.  Various 

analytical approaches, such as spectroscopic methods and conventional 

chromatographic techniques, have been used to achieve this goal.  Nuclear magnetic 

resonance (NMR) spectroscopy and post-transmethylation gas chromatography (GC) 

are the most utilized characterization techniques.  Their applications and limitations 

are briefly discussed below. 

 

I. Nuclear magnetic resonance
 
(NMR) spectroscopy  

1
H-NMR spectroscopy is extensively used by chemists and biochemists to 

investigate the chemical structure of numerous polymeric materials.  Furthermore, it 

has proven a method of choice to analyze the chemical composition of biodegradable 

copolyesters.
5-7,9-11,15,17,18

  Nikolic et al.
9
 characterized the structure and average 

molecular weight of P(BS-co-BA) by 
1
H-NMR (200 MHz).  The copolyester 

composition was also determined from the relative intensities of the proton peaks 

arising from the succinate and adipate repeating units. 

Moreover, Montaudo et al.
11

 synthesized and characterized a series of aliphatic 
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copolyesters with number-average molecular weights ranging from 33,000 up to 85,000.  

The copolyesters consisted of 1,4-butanediol units paired with succinic, adipic and 

sebacic acid units.  Their compositions were calculated by integrating the 
1
H-NMR 

signals attributed to butylene succinate (2.628 ppm), butylene sebacate (2.294 ppm), 

and butylene adipate (2.332 ppm).  The obtained composition values were in good 

agreement with the feed ratio used in the synthesis. 

Although NMR provides accurate and precise compositional data for 

biodegradable copolyesters, NMR is unsuitable for routine analyses, because it requires 

a relatively large sample size (a few tens of milligrams).  Moreover, the NMR 

characterization of highly crystalline polymers, such as P(3HB), PBS and 

chitin/chitosan, is cumbersome because of their low solubilities in solvents. 

 

II. Post-transmethylation Gas Chromatography (GC) 

 The chemical composition of copolymers has been also analyzed by gas 

chromatography after preliminary sample pretreatments, such as transmethylation and 

solvent extraction.  So far, this technique has been widely applied to determine the 

composition of various biodegradable copolyesters, such as PHB
16

 and 

P(HB-co-HV).
15-17

 

Furthermore, it has proven to be a powerful tool to analyze the amount and 

chemical composition of biodegradable polyesters accumulated in bacteria.
15-17,19-22

  

The sample pretreatment procedure developed by Braunegg et al.
23

 in the 1970s remains 

useful for polyester characterization in bacteria.  In this method, centrifuged bacterial 

cells were suspended in a mixture of acidic methanol (ca. 10% H2SO4) and chloroform.  

Next the mixture was heated to about 100°C for a few hours to depolymerize the 
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polyesters present in the cells into its constituent monomers by transmethylation.  

After cooling to room temperature, transmethylated monomers were isolated by 

liquid–liquid extraction using water as a medium and subsequently analyzed by GC. 

This GC technique, however, required a fairly large amount of sample (at least 20 

mg) and relatively long sample pretreatment time (approximately half a day) prior to a 

final GC measurement. 

Existing analytical techniques used for the compositional analysis of biodegradable 

copolyesters present advantages and drawbacks regarding convenience and sensitivity.  

Therefore, a practical and highly sensitive method is needed to meet this challenge.  
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1.3 Compositional Analysis of Copolymers by Reactive Pyrolysis-Gas   

 Chromatography (Reactive Py-GC)  

 

1.3.1  Pyrolysis-Gas Chromatography (Py-GC)  

 Among analytical techniques, pyrolysis-gas chromatography (Py-GC) has been 

increasingly utilized as a practical tool for the structural characterization of synthetic 

polymers and natural organic compounds in a variety of fields including polymer 

chemistry, biochemistry, and environmental sciences.
1-11

  This technique enables rapid 

and highly-sensitive characterization without using any tedious and time-consuming 

sample pretreatment, even for insoluble samples.  In Py-GC measurements, a given 

polymer or organic compound sample weighing about 10–100 μg is instantaneously 

pyrolyzed at high temperature around 500 or 600°C under a flow of helium or nitrogen 

carrier gas.  The resulting degradation products are transferred directly into the 

separation column of a GC system where they are separated to yield a chromatogram 

called a “pyrogram.” The detailed structural characterization and/or precise 

compositional analysis of the original sample can often be carried out on the basis of the 

obtained pyrogram.  

 However, conventional Py-GC does not necessarily provide any useful 

information for condensation polymers due to their lower decomposition efficiencies, 

which result in the formation of large amounts of solid residues and chars after pyrolysis.   

Furthermore, even if these polymer samples are pyrolyzed to some extent, the major 

thermal decomposition products are a series of polar compounds containing carboxylic 

and/or hydroxyl groups, which are not amenable to GC separation.  As a consequence, 

the precise compositional analyses of condensation polymers such as polyesters based 
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on pyrograms are usually difficult as only broad peaks of the polar components with 

weak intensities are observed.
8
    

 

1.3.2  Reactive Pyrolysis-Gas Chromatography (Reactive Py-GC)  

 In 1989, Challinor reported that the Py-GC method in the presence of organic 

alkali such as tetramethylammonium hydroxide (TMAH) is effective for the analysis of 

synthetic polymers and natural organic compounds containing ester bonds and/or polar 

groups.
12

  During pyrolysis in the presence of TMAH, only ester bonds or ether bonds 

in the sample components are hydrolyzed and subsequently methylated to yield their 

corresponding methyl derivatives, while carbon-carbon bonds are maintained.  Based 

on the extremely simplified pyrograms consisting mainly of the methyl derivatives of 

the sample constituents, the qualitative and quantitative analysis of the sample can be 

performed without any cumbersome sample pretreatment.  This report by Challinor 

greatly progressed the field of analytical pyrolysis, and this technique has since been 

applied to the successful characterization of condensation polymers
6,12-16

 and natural 

polar organic compounds such as lipids,
17-21

 natural resins,
22,23

 natural waxes,
24,25 

humic 

substances,
26,27

 and lignin.
 28,29  

 

 TMAH, which is the most widely used organic alkali in reactive Py-GC, has 

several advantages:
30

  

(1) TMAH can react with samples not only as hydrolysis reagent but also as a 

methylating reagent with high reaction efficiency; 

(2) TMAH itself is decomposed into tetramethylamine and methanol at 

temperatures above 130°C, which does not damage the separation column.   

Figure 1.3 shows a possible mechanism of the reactive pyrolysis of an ester compound 
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in the presence of TMAH suggested by de Leeuw et al.
31

  As shown in this figure, the 

proposed reaction mechanism consists of three steps: first, an ester bond is hydrolyzed 

by the action of TMAH as a base, producing carboxylate anion and alcohol; second, 

these hydrolysis products (carboxylate anion and alcohol) react with 

tetramethylammonium ion and TMAH, respectively, to form their 

tetramethylammonium salts; and finally, these salts are thermally decomposed into their 

corresponding methyl ester and methyl ether with the release of trimethylamine.
31

  

Various terms have been employed to describe the reactive pyrolysis of ester 

compounds in the presence of TMAH via the above-described mechanism, including 

thermochemolysis, on-line methylation, and thermally-assisted hydrolysis and 

methylation (THM) .
32

   

 To date, reactive Py-GC in the presence of TMAH has been adapted to the 

compositional analysis of various condensation polymers including multi-component 

liquid crystalline aromatic polyesters (LCPs)
33,34

, cationic polyacrylamide resins,
35

 

copolymer type polycarbonates (PCs),
36

 poly(aryl ether sulfone),
37

 and 

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)].
27,38

  Among these 

papers, Sato et al.
38

 applied the reactive Py-GC method to the compositional analysis of 

a biodegradable copolyester, P(3HB-co-3HV), with a wide range of 3HV contents (ca. 

4–23 mol%).  The report by Sato et al. revealed that P(3HB-co-3HV) subjected to 

pyrolysis in the presence of TMAH at around 350
°
C underwent not only the typical 

reactive pyrolysis, but also the cis-elimination of the ester linkages followed by the 

hydrolysis and methylation of the adjacent ester bond.  Based on the peak intensities of 

the product formed from these reactions, the copolymer composition was precisely 

analyzed without the use of any cumbersome pretreatment procedure.  Furthermore, 
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the obtained copolymer compositions were consistent with those determined by 

1
H-NMR.     

 

 



24 

 

R1 R2C O

O

(CH3)4N＋ OH－

R1 R2C O

R1 C
OH

O
R2

－O

(CH3)4N＋

+

+

①Hydrolysis

② Formation of tetramethyl-
ammonium salt

+

R1 C
O－

O

Carboxylate anion

R1 C
O

N＋(CH3)4O－

Salt of carboxylic acid component

R2HO

Alcohol

R2(CH3)4N＋O－

Salt of alcohol component

R2CH3O
Methyl etherCH3

Methyl ester

R1 C
O

O

TMAH

OH

O－

H2O

(CH3)3N (CH3)3N

Thermal decomposition to 
methyl derivatives

③

+ (CH3)4N＋OH－

 

Figure 1.3: Proposed mechanism for the reactive pyrolysis of an ester compound in the 

presence of TMAH.
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1.4  Objectives of the Present Research 

 As described in the previous section, reactive Py-GC in the presence of TMAH 

has proven to be a rapid and highly sensitive method to determine the copolymer 

compositions of condensation polymers without any cumbersome pretreatment.  

However, for biodegradable copolyesters, there have been few reports on their precise 

compositional analysis by reactive Py-GC.  This is due to the lack of fundamental 

studies on the optimization of operating conditions such as temperature and amount of 

reagent required to obtain the highly-efficient reactive pyrolysis of biodegradable 

copolyesters.   

 This dissertation describes studies focused on the highly sensitive 

compositional analysis of biodegradable copolyesters by reactive Py-GC.  First, a 

method for the precise and sensitive compositional analysis of biodegradable 

copolyesters was developed by optimizing the operating conditions of reactive Py-GC.  

The resulting copolymer compositional data were validated by comparing them with the 

data obtained by conventional methods such as NMR and GC after transmethylation.  

Furthermore, the compositional data were interpreted in terms of the evaluation of (1) 

the degree of biodegradability for poly(butylene succinate-co-butylene adipate) 

[P(BS-co-BA)] and (2) the direct characterization of poly(3-hydroxybutyrate-co- 

3-hydroxyvalerate) [P(3HB-co-3HV)] accumulated in whole bacterial cells.   

 In Chapter 1, the current methods used for the compositional analysis of 

biodegradable copolyesters are briefly described.  The specific features of reactive 

Py-GC are then discussed.  

 In Chapter 2, the compositional analysis and evaluation of the biodegradability 

of P(BS-co-BA) are described in detail.  The compositional analysis of P(BS-co-BA) 
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was carried out precisely using reactive Py-GC under the optimized operating 

conditions.  The biodegradability of P(BS-co-BA) was then evaluated based on its 

copolymer composition determined by reactive Py-GC using trace amounts (20 µg) of 

film samples.  The obtained data were correlated with the biodegradability of the 

P(BS-co-BA) film samples during a soil burial biodegradation test.  As a result, the 

copolymer compositions of butylene adipate (BA) units gradually decreased with soil 

burial.  Furthermore, the local differences in the biodegradability of a given 

P(BS-co-BA) film sample after soil burial were successfully evaluated based on the 

copolymer compositions.   

 In Chapter 3, the cause of the decrease in BA content of the P(BS-co-BA) films 

with soil burial degradation time observed in Chapter 2 is clarified in detail.  

P(BS-co-BA) film samples with lower degrees of crystallinity were prepared by heating 

and quickly cooling the original commercially available films and then subjected to a 

soil burial degradation test under conditions similar to those utilized in the previous 

chapter.  The reactive Py-GC measurements of the degraded film samples revealed that 

the changes in copolymer compositions of the heated P(BS-co-BA) films during soil 

burial were relatively small compared to the original films.  This suggests that 

biodegradation rates for the heated films with both BA- and BS-rich moities were 

comparable due to lowered crystallinity. Based on these results, the reason for the 

change in copolymer composition observed in the original P(BS-co-BA) films was 

clarified.   

 In Chapter 4, reactive Py-GC in the presence of TMAH was applied to the 

direct compositional analysis of P(3HB-co-3HV) accumulated in whole bacterial cells. 

Trace amounts (30 μg) of dried Cupriavidus necator cells were directly subjected to 
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reactive Py-GC in the presence of TMAH at 400°C.  The obtained chromatograms 

clearly showed a series of characteristic peaks attributed to the reactive pyrolysis 

products from the 3HB and 3HV units in the polymer chains without any appreciable 

interference from the bacterial matrix components.  Based on the peak intensities, the 

copolymer compositions were determined rapidly without the use of any cumbersome 

sample pretreatment.  Moreover, the obtained compositions were in good agreement 

with those obtained by the conventional technique. 

 In Chapter 5, the reactive Py-GC technique utilized for the compositional 

analysis of biodegradable copolyesters is summarized. 
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Chapter 2 

 

Evaluation of Biodegradability of  

Poly(butylene succinate-co-butylene adipate) on the Basis of Copolymer 

Composition Determined by Reactive Pyrolysis-Gas Chromatography 
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2.1 Introduction 

 Poly(butylene succinate) (PBS) is a biodegradable semicrystalline polyester 

which is widely used as a packaging material owing to physical properties similar to 

those of commodity polymers such as polyethylene and polypropylene.
1,2

  Furthermore, 

in order to improve its toughness and flexibility, various comonomers such as butylene 

adipate (BA) units are often introduced into the polymer chains of PBS.
1,3,4

 
 
Figure 2.1 

shows the possible chemical structure of poly(butylene succinate-co-butylene adipate) 

[P(BS-co-BA)].  It is well known that the copolymer composition of P(BS-co-BA) 

controls its various properties, including biodegradability.  In addition, the data for the 

composition might provide useful clues to elucidate the degradation mechanism of 

P(BS-co-BA). 

 

 

 

 

Figure 2.1 : Chemical structure of P(BS-co-BA). 

 

 

 As mentioned in Chapter 1.2, the compositional analysis of P(BS-co-BA)  

has been analyzed by nuclear magnetic resonace (NMR),
5,6 

Fourier transform-infrared 

absorption spectroscopy (FT-IR),
7
 and gas chromatographic (GC) measurement of the 

methanolysis products.
8
  However, these techniques are not always applied for routine 

analysis because of the relatively large amount of sample and fairly long measuring 
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time, including that required for sample preparation.  Pyrolysis-gas chromatography 

(Py-GC) was also applied to the structural analysis of P(BS-co-BA).9  The resulting 

pyrogram mainly showed a series of peaks mainly attributed to ester compounds 

composed of the monomeric units of the polymer chains.  The changes in the chemical 

structure of P(BS-co-BA) during soil burial degradation were analyzed in detail based 

on variations in the yields of these pyrolysis products observed on the pyrograms.  

However, data for the copolymer composition were not obtained, mainly because of the 

complexity of pyrograms 

 In this study, we tried a highly-sensitive and precise compositional analysis of 

P(BS-co-BA) by means of reactive Py-GC in the presence of TMAH.  First, the data 

for copolymer composition of P(BS-co-BA) films, which was obtained by reactive 

Py-GC under the optimized conditions such as temperature, were compared with those 

by NMR for the sake of the validation.  Then, reactive Py-GC was applied to the 

compositional analysis of the P(BS-co-BA) film samples after a soil burial 

biodegradation test to evaluate their biodegradability.  Finally, the local variation of 

biodegradation in a given P(BS-co-BA) film subjected to soil burial was elucidated on 

the basis of changes in the copolymer compositions measured by reactive Py-GC. 
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2.2 Experimental 

2.2.1 Materials 

 The industrially available biodegradable copolyester P(BS-co-BA) with the 

trade name Bionolle 3001 (Showa Highpolymer Co. Ltd., Japan) was used in this work.  

A small amount (approximately 0.5%) of hexamethylene diisocyanate units was also 

introduced into the P(BS-co-BA) in order to elongate the polymer chains.  A methanol 

solution of tetramethylammonium hydroxide (TMAH) (2.2 M) purchased from Aldrich 

was used as an organic alkali reagent. 

 

2.2.2 Soil Burial Biodegradation Test 

 Circular pieces (approximately 15 mg) of thin P(BS-co-BA) films (30 mm 

diameter, 35 µm thickness, Figure 2.2) were subjected to a soil burial biodegradation 

test for 1–4 weeks.  The soil (pH 5.3) used in this study had been composted in the 

farm at Chubu University (Kasugai, Aichi Prefecture, Japan) and was contained in a 

small plastic container (schematically shown in Figure 2.3 and 2.4) in an incubator, in 

which the relative humidity was adjusted to approximately 90% and the temperature 

was kept constant at 30
°
C.  After designated periods, each degraded P(BS-co-BA) 

film was washed with water, dried, and weighed.  Here, the recovery (weight %) of 

each degraded film was calculated from its dry weight normalized by that of the original 

film before the burial test.  Small discs (1 mm i.d.) weighing approximately 20 µg 

were cut from the degraded films using a Harris micropuncher (Frontier Laboratories) 

then subjected to reactive Py-GC measurements for evaluation of local biodegradation 

in the P(BS-co-BA) film samples.  In addition, 2 ml of the chloroform solutions (10 

mg/ml) of each residual film after the sampling of the local biodegradation test was used 
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in order to obtain the average chemical compositions of the P(BS-co-BA) film samples. 

 

 

 

 

30 mm
（approx. 15 mg）

 

 

Figure 2.2 : Circular pieces of P(BS-co-BA) film sample before soil burial 

biodegradation test. 
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Figure 2.3 : Plastic containers used for soil burial biodegradation tests. 
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Figure 2.4 : Schematic diagram of plastic container used for soil burial biodegradation 

test. 
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2.2.3 Reactive Py-GC Measurement 

 Figure 2.5 shows a schematic diagram of the reactive Py-GC measurement 

system used in this study.  A microfurnance pyrolyzer (Frontier Laboratories, 

PY-2010D), shown in Figure 2.6, was attached to a GC (Agilent, HP 4890) equipped 

with a flame ionization detector (FID).  About 20 µg of the P(BS-co-BA) film sample 

was put into a small platinum cup (2 mm i.d. × 4 mm height), and then 2 µl of the 

TMAH solution was added to the same sample cup as a methylating reagent.  The 

sample cup was first mounted on the waiting position of the pyrolyzer near room 

temperature, and then dropped into the heated center of the pyrolyzer maintained at 

350
°
C under the flow of helium carrier gas (50 ml/min).  A part of the flow (1 ml/min) 

reduced by a splitter was introduced into a metal capillary separation column (Frontier 

Laboratories, Ultra ALLOY-5 (MS/HT); 30 m long × 0.25 mm i.d.) coated with 

immobilized 5% diphenyl-95% dimethylpolysiloxane (1.0 µm film thickness).  The 

column temperature was programmed from 50 to 300
°
C at a rate of 5

°
C/min.  For peak 

identification, a GC-mass spectrometry (GC-MS) system (Shimadzu, QP-5050) with an 

electron ionization (EI) source was used. 

 

2.2.4 
1
H-NMR measurement 

 1
H-NMR spectra were obtained on a JEOL AL400 (400 MHz) spectrometer 

under the following conditions; spectral width of 8000 Hz, acquisition time of 4 s, 

relaxation time of 3 s and pulse width of 8.5 µs.  About 5 mg of a sample dissolved in 

CDCl3 (0.7 ml) was measured at room temperature.  Chemical shifts were recorded in 

parts per million relative to the standard tetramethylsilane.  The accumulation of 32 

scans was used to obtain 
1
H-NMR spectra having sufficient S/N values for the sample. 
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Figure 2.5 : Schematic diagram of reactive Py-GC measurement system. 
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Figure 2.6 : Schematic diagram of a microfurnance pyrolyzer. 
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2.3 Results and Discussion 

2.3.1 Compositional Analysis of the P(BS-co-BA) Samples 

 Figure 2.7 illustrates typical pyrograms of decomposition products from the 

original P(BS-co-BA) film sample obtained (a) by conventional pyrolysis without 

TMAH at 500
°
C and (b) through the reactive pyrolysis in the presence of TMAH at 

350
°
C.  As reported previously,

9 
the major products observed on the pyrograms in 

Figure 2.7 (a) were a series of ester compounds containing a succinate unit (Sx) and 

adipate unit (Ax), succinate dimers (SS), and hybrid dimers (SA).  In addition, various 

low-molecular-weight products such as butene (B) and tetrahydrofuran (THF), 

originating from the 1,4-butandiol unit, and cyclopentanone (CP), from the adipate unit, 

were also detected.
9
  However, precise compositional analysis was not possible based 

on their peak intensities because of (1) the complexity of the pyrograms consisting of 

many pyrolysis products, and (2) the possible formation of some other larger and/or 

polar products that cannot be detected in the pyrograms. 

 In contrast, on the pyrogram of Figure 2.7 (b), only four main peaks were 

clearly observed after the elution of TMAH-related products, including methanol and 

trimethylamine.  Table 2.1 summarizes the assignments of these four peaks together 

with their molecular weights (MW) and effective carbon numbers (ECN) corresponding 

to the relative molar sensitivities for FID.
10

  The identified products were butanediol 

dimethyl ether (BD), butanediol monomethyl ether (BM), dimethyl succinate (SD), and 

dimethyl adipate (AD) formed through selective hydrolysis of ester linkages in the 

polymer chains followed by simultaneous methylation.  In addition, some of the other 

small peaks appearing in this pyrograms might be derived from the hexamethylene 

diisocynate units introduced into the P(BS-co-BA) chains.   
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 Next, the effect of the reaction temperature on the reactive pyrolysis of the 

P(BS-co-BA) film samples was examined in detail.  Figure 2.8 shows typical 

pyrograms of the P(BS-co-BA) film samples obtained by reactive Py-GC in the 

presence of TMAH at (a) 300
°
C, (b) 350

°
C, and (c) 500

°
C.  On the pyrogram of (a), 

only small peaks were observed because of insufficient thermal energy to promote the 

reactive pyrolysis quantitatively.  Moreover, the pyrogram of (c) showed some 

additional peaks generated by ordinary pyrolysis at an elevated temperature.  On the 

contrary, on the pyrogram of (b), the four characteristics peaks derived from the 

backbones of P(BS-co-BA) were clearly observed with considerably high intensities.  

Furthermore, the observation that no other peak is detected in this pyrogram indicates 

that unwanted ordinary pyrolysis of P(BS-co-BA) does not occur during the reactive 

pyrolysis under this condition.   

 From the intensities of the SD and AD peaks obtained at 350
°
C, the copolymer 

compositions of BS and BA moieties in the P(BS-co-BA) samples, CBS and CBA 

(mol%), were calculated as follows: 

 

CBS  (mol %) = [ (PSD / 3.5) / {PSD / 3.5) + (PAD / 5.5)} ] ×100 (1)
 

 

CBA  (mol %) = [ (PAD / 5.5) / {PSD / 3.5) + (PAD / 5.5)} ] ×100 (2)
 

 

where PSD and PAD are observed peak intensities of SD and AD, respectively.  The 

values of 3.5 and 5.5 are the calculated ECNs of SD and AD shown in Table 2.1, 

respectively.  According to Eqs. (1) and (2), the copolymer compositions of BA and 
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BS units for the original P(BS-co-BA) sample were estimated as 82.2 and 17.8 mol%.  

Moreover, the relative standard deviations for the observed copolymer compositions 

were less than 1% for five repeated runs of the reactive Py-GC measurements.  

Furthermore, the observed value for the copolymer composition of the P(BS-co-BA) 

film was compared with that obtained by 
1
H-NMR.  Figure 2.9 shows the 

1
H-NMR 

spectrum of the P(BS-co-BA) film sample.  On this spectrum, the peaks derived from 

methylene protons of adipate (3 and 5) and succinate (2) units were clearly appeared 

together with those of 1,4-butanediols units (1 and 4).  The copolymer composition 

(BS/BA) calculated from the relative intensities of peaks 2 and 3 was 80/20, which was 

in fairly good agreement with that obtained by reactive Py-GC (82.2/17.8).  These 

results indicate that the reactive Py-GC technique enables analyzing the copolymer 

compositions using very minute sample size, in the order of 20 µg of the P(BS-co-BA) 

sample, with sufficient accuracy and precision.   
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Figure 2.7 : Pyrograms of reactive Py-GC products from original P(BS-co-BA) film 

sample obtained (a) without TMAH at 500
°
C

 
and (b) in the presence of TMAH at 350

°
C.  

Peak assignment of pyrogram (a) : B = butane, THF = tetrahydrofuran, CP = 

cyclopentanone, Sx = ester compound with a succinate unit, Ax = ester compound with 

an adipate unit, SS = succinate dimers, SA = hybrid dimmers of succinate and adipate 

units.  The abbreviations are shown in Table 2.1.        
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Table 2.1 : Identification of the characteristic peaks on the pyrograms obtained by 

reactive Py-GC of P(BS-co-BA) in the presence of TMAH. 

 

Peak Structure MW ECNa

Butanediol dimethyl ether (BD) 118 4.4

Butanediol monomethyl ether (BM) 120 6.4

Succinic acid dimethyl (SD) 146 3.5

Adipic acid dimethyl (AD) 174 5.5

H3C O CH2 O CH3
4

O C

O

CH2H3C C

O

O CH3
2

O CH3C

O

CH2 C

O

O CH3
4

HO CH2 O CH34

a The effective carbon number
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Figure 2.8 : Typical pyrograms of P(BS-co-BA) film samples (50 µg) obtained by 

reactive Py-GC in the presence of TMAH at : (a) 300
°
C, (b) 350

°
C, and (c) 500

°
C. 
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Figure 2.9 : 
1
H-NMR spectrum of original P(BS-co-BA) film sample without 

biodegradation.  Peak assignment: 1 and 4 derived from methylene protons of 

1,4-butanediol unit, 2 from methylene protons of succinate unit, 3 and 5 from methylene 

protons of adipate unit.   
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2.3.2 Reactive Py-GC of P(BS-co-BA) Samples after Soil Burial 

 Degradation Test 

 Figure 2.10 shows the pyrograms of the P(BS-co-BA) samples prepared by 

homogenized in chloroform solutions of (a) control P(BS-co-BA) and (b) the film 

recovered after soil burial for 28 days.  Although the relative peak intensities of BD 

and BM differed between these two pyrograms, the ratios of the two peaks were not 

repeatable for each measurement because of the lower reactivity of butanediol moieties 

in P(BS-co-BA) with TMAH owing to their lower polarity.  Meanwhile, it is 

interesting to note that the relative peak intensities of SD slightly increase while those of 

AD decrease after soil burial.  Because this tendency is reproducibly observed, it is 

suggested that the BA moieties preferentially decompose during the burial degradation 

test.  Subsequently, the changes in the copolymer compositions between BS and BA in 

P(BS-co-BA) with the elapsed time of the soil burial test were examined in detail in 

order to investigate the biodegradation behaviors of the P(BS-co-BA) samples.   

 Table 2.2 shows the changes in the average copolymer composition of BS and 

BA moieties during the soil burial test, calculated from the peak intensities of SD and 

AD on the pyrograms of the P(BS-co-BA) solution samples according to Eqs. (1) and 

(2), together with the recovery (wt.%).  As shown in this table, the copolymer 

compositions of BS gradually increased, while that of BA decreased with soil burial 

time, almost correlating with the decrease in recovery.  Here, the changes in copolymer 

compositions can be explained by considering the effect of crystallinity of the 

P(BS-co-BA) sample on its biodegradation.  It is known that the BA moieties in the 

polymer chains preferentially biodegrade due to their relatively lower crystallinity,
4,11

 

which in turn results in decreased compositions of BA for the recovered film samples.  
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This observation suggests that the copolymer compositions determined by reactive 

Py-GC can be used as a good measure to evaluate the degree of biodegradation of 

P(BS-co-BA). 
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Figure 2.10 : Pyrograms of P (BS-co-BA) solution sample by reactive Py-GC at 350
°
C; 

(a) before and (b) after 4 weeks of soil burial degradation test.  The abbreviations are 

shown in Table 2.1.     
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Table 2.2 :  Changes in average copolymer composition of P(BS-co-BA) film during 

soil burial degradation test determined by reactive Py-GC.  

 

Degradation Time

(days)

Copolymer composition  (%)

BS : BA
Recovery ( wt % )

Original 82.2 : 17.8  a 100

( 80.0 : 20.0 ) b

7 82.8 : 17.2 97.2

14 83.0 : 17.0 92.4

21 84.1 : 15.9 78.0

28 85.5 : 14.5 68.1

a RSD = Less than 1 % (n = 5).
b  Reference value obtained by ¹ H-NMR.
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2.3.3 Local Biodegradation in P(BS-co-BA) Film Samples Evaluated By 

 Reactive Py-GC 

 Finally, local biodegradation in a degraded P(BS-co-BA) film sample was 

studied.  In this case, the degree of biodegradation at a local point in a given film 

sample was evaluated based on the copolymer compositions determined by reactive 

Py-GC using only trace amounts (approximately 20 µg) of the sample.  Table 2.3 

shows the copolymer compositions estimated for various sampling spots by reactive 

Py-GC in a biodegraded P(BS-co-BA) film sample recovered after three weeks of soil 

burial, together with a photograph of the recovered film designating the sampling points.  

The photograph demonstrates that the degraded film became fairly opaque, with many 

holes formed through erosion by microorganisms, although transparent parts can be still 

observed, mainly at the edge of the film.  Here, the average copolymer compositions 

shown in this table were in disagreement with the value after three weeks of soil burial 

in Table 2.2 since these two burial tests were carried out at different seasons, which led 

to a change in the concentration of microorganisms in the soil. As shown in this table, 

the copolymer compositions of BA moiety remained almost the same as that for the 

original film sample at transparent spots, while the corresponding values at opaque 

spots were slightly lower than those at transparent spots.  This observation reflects that 

biodegradation of the BA moieties preferentially occurred at opaque spots.  These 

results demonstrate that reactive Py-GC can be a promising technique to elucidate the 

local variation of biodegradation in a given biodegraded film sample. 
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Table 2.3 : Local copolymer compositions estimated by reactive Py-GC for biodegraded 

P(BS-co-BA) film sample recovered after soil burial for three weeks. 

   

Sampling spot BS % BA %

Transparent  spots  (● )

# 1 82.2 17.8

# 2 82.3 17.7

# 3 82.2 17.8

Mean 82.2 17.8

Opaque spots ( ■ )

# 1 83.7 16.3

# 2 83.6 16.4

# 3 83.5
16.5

Mean 83.6 16.4

Average value of whole film sample 82.9 17.1
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2. 4 Conclusions 

 Reactive Py-GC proved to be a rapid and highly sensitive method to determine 

copolymer composition of biodegradable P(BS-co-BA) without using any tedious 

sample pretreatment.  Taking advantage of the fact that this technique requires only 

trace amounts (approximately 20 μg) of the sample, evaluation of local degradation for 

a given degraded P(BS-co-BA) film was successfully carried out on the basis of 

variations in the observed copolymer compositions.  This method can be applied to 

elucidate the degree of local biodegradation for P(BS-co-BA) products widely used as 

casting films and sheet extrusions. 
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Chapter 3 

 

Evaluation of Biodegradation Behavior of  

Poly(butylene succinate-co-butylene adipate) with Lowered Crystallinity by 

Reactive Pyrolysis-Gas Chromatography 
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3.1 Introduction 

In Chapter 2, reactive Py-GC was successfully applied to the compositional 

analysis of poly(butylene succinate-co-butylene adipate) [P(BS-co-BA)] before and 

after the biodegradation only using trace amounts (ca. 20 µg) of the film samples.
1  

The 

copolymer compositions of the P(BS-co-BA) samples were rapidly and precisely 

determined from the peak intensities of dimethyl succinate and dimethyl adipate derived 

from the butylene succinate (BS) and butylene adipate (BA) units, respectively, in the 

polymer chains through the reactive pyrolysis.  Furthermore, it was revealed that the 

BA content in the film samples gradually decreased with soil burial degradation time, 

reflecting preferential biodegradation of the BA-rich moieties with the elapsed time of 

soil burial.  Although the reason for this change in copolymer composition during soil 

burial was not experimentally unraveled, local differences in biodegradability of a given 

P(BS-co-BA) film after soil burial were analyzed in detail based on the observed 

compositions.
 1
   

Here, we presumed that the preferential degradation of the BA rich moieties 

during soil burial might be explained by considering the effect of crystallinity of the 

P(BS-co-BA) sample on its biodegradation.  So far, some researchers have attempted 

to evaluate the influence of crystallinity upon the biodegradation behavior of 

P(BS-co-BA), focusing on the chemical structure and copolymer composition.
2–6

  

Tserki et al.
4, 5

 reported that the degree of crystallinity was lowered by introducing BA 

units into a BS homopolymer, and became the lowest when the composition between 

the butylene succinate (BS) and the butylene adipate (BA) units was 40/60.  Moreover, 

it was revealed that the highest enzymatic degradation rates was also observed at the 

copolymer composition of BS/BA = 40/60, reflecting the lowest degree of crystallinity.  
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Ahn et al. examined the biodegradability for BS and BA homopolymers and a series of 

P(BS-co-BA) copolymers with the BA content from 10 to 90% in the composting soils.  

As a result, biodegradability of the P(BS-co-BA) samples in the soils increased as the 

BA content in the copolymers increased from 10 to 60% because of the lowering of 

crystallinity.
3
   

These studies mentioned above suggest that the difference in crystallinity 

between the BS- and BA-rich moieties in the copolymer chains played an important role 

for the change in copolymer composition during biodegradation observed in Chapter 2.  

The copolymer chains containing large amount of the BA units could show relatively 

lower crystallinity than the BS-rich chains.  This feature in turn should lead to 

preferential biodegradation of the BA-rich moieties although the BS-rich chains must be 

hardly degraded because of their highly crystalline nature.  One of the approaches to 

prove this assumption is to subject a P(BS-co-BA) film with lowered crystallinity even 

for the BS-rich moieties to the soil burial test, and trace the change in the copolymer 

composition during biodegradation.  If the hypothesis is correct, the change in the 

copolymer composition is to be relatively small compared to the original P(BS-co-BA) 

film.   

In this study, we tried to evaluate the biodegradation behaviour of P(BS-co-BA) 

samples with lowered degree of crystallinity by means of reactive Py-GC in order to 

clarify the reason for preferential degradation of the BA-rich moieties in original 

P(BS-co-BA) films during soil burial.  Commercially available P(BS-co-BA) film 

samples and those with lower degree of crystallinity, prepared by heating and cooling 

quickly the original P(BS-co-BA) films, were subjected to a soil burial biodegradation 

test.  Various stages of the degraded film samples were then analyzed by reactive 
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Py-GC in order to trace the change in the copolymer composition during the soil burial 

test.  The observed difference in the change of the composition between the original 

and heated films was interpreted in terms of the biodegradation behavior of these 

P(BS-co-BA) films with the observed weight loss during biodegradation. 
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3.2 Experimental 

3.2.1 Materials 

 The film samples of commercially available P(BS-co-BA) (Bionolle 3001, 

Showa Denko Co. Ltd., Japan) were used in this work.  A small amount 

(approximately 0.5%) of hexamethyl diisocynate units was introduced into the 

P(BS-co-BA) sample in order to elongate the polymer chains.  The film samples with 

lower degree of crystallinity were prepared by heating the original ones at 80
°
C for 20 

min and subsequently cooling them quickly in ice water. 

 

3.2.2 Soil Burial Biodegradation Test 

 A soil burial degradation test of the original and heated P(BS-co-BA) films was 

carried out according to the procedure described in Chapter 2.  Circular pieces 

(approximately 15 mg) of thin P(BS-co-BA) films (30 mm diameter, 35 µm thickness) 

were subjected to a soil burial biodegradation test for 1-4 weeks.  The soil (pH 5.3) 

used in this study had been composted in the farm at Chubu University (Kasugai, Aichi 

Prefecture, Japan) and was contained in a small box in an incubator, in which the 

relative humidity was adjusted to approximately 90% and the temperature was kept 

constant at 30
°
C.  After designated periods, each degraded P(BS-co-BA) film was 

washed with water, dried, and weighed.  The weight loss (weight %) of each degraded 

film was calculated from its dry weight normalized by that of the film sample before the 

burial test. 
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3.2.3. Differential Scanning Calorimetry (DSC) measurement 

 The DSC scans were recorded using a Bruker AXS DSC 3100 analyzer.  

About 10 mg of P(BS-co-BA) film samples was heated under a nitrogen flow of 20 

ml/min. The temperature was programmed from 35
°
C to 150

°
C at a heating rate of 

10
°
C/min. 

 

3.2.4 Reactive Py-GC Measurement 

 The reactive Py-GC system used in this study was basically the same as that 

described in Chapter 2.  A microfurnace pyrolyzer (Frontier laboratories, PY-2010D) 

was attached to a GC (Agilent, HP 4890) equipped with a flame ionization detector 

(FID).  The small platinum cup (2 mm i.d. × 4 mm height) containing 2 µl of the 

chloroform solution (10 mg/ml) of each film sample together with 2 µl TMAH solution 

(2.2 M in methanol, Aldrich) was dropped in the center of a pyrolyzer heated at 350
°
C 

under a helium carrier gas flow (50 ml/min).  A part of the flow (1 ml/min) reduced by 

a splitter was introduced into a metal capillary separation column (Frontier Laboratories, 

Ultra ALLOY-5 (MS/HT); (30 m long × 0.25 mm i.d.) coated with immobilized 5% 

diphenyl-95% dimethylpolysiloxane (1.0 µm film thickness).  The column temperature 

was programmed from 50
°
C to 300

°
C at a rate of 5

°
C/min.  Identification of the peaks 

on the chromatograms was carried out by using a reactive Py-GC-mass spectrometry 

(MS) system (Shimadzu, QP-5050 with an electron ionization (EI) sources). 
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3.3 Results and Discussion 

 Figure 3.1 shows the DSC thermograms of (a) the original and (b) heated 

P(BS-co-BA) film samples before biodegradation test.  From the areas of melting 

endothermic peaks observed in these thermograms, the measured values of the heat of 

fusion were estimated at 53.0 and 48.6 J/g for the original and heated film samples, 

respectively.  Then, the degree of crystallinity of P(BS-co-BA) can be calculated from 

the measured value of the heat of fusion divided by the theoretical value for the 100% 

crystalline copolyester according to the method reported by Tserki et al.
4,5

  The 

obtained degree of crystallinity for the original and heated film samples were 46.1 and 

42.4%, respectively, indicating that crystallinity of the P(BS-co-BA) film was 

considerably lowered by heat and cool treatment.  

 Figure 3.2 shows the pyrograms of (a) the original and (b) heated P(BS-co-BA) 

films samples before the biodegradation test obtained by reactive Py-GC at 350
°
C.  As 

was reported in Chapter 2, four main peaks, butanediol dimethyl ether (BD), butanediol 

monomethyl ether (BM), dimethyl succinate (SD), and dimethyl adipate (AD), were 

mainly observed after the elution of TMAH-related products on these two 

chromatograms.
1
  These peaks were formed partially through selective hydrolysis of 

ester linkages in the polymer chains followed by simultaneous methylation.  In 

addition, some of the other small peaks appearing in the chromatograms might be 

derived from the hexamethylene diisocynate units introduced into the P(BS-co-BA) 

chains.  

 From the peak areas of SD and AD, the copolymer compositions of the BS and 

BA units in the P(BS-co-BA) samples, CBS and CBA (mol%) were calculated by the 

following equations, as proposed in Chapter 2 : 
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CBS  (mol %) = [ (PSD / 3.5) / {PSD / 3.5) + (PAD / 5.5)} ] ×100 (1)  

 

CBA  (mol %) = [ (PAD / 5.5) / {PSD / 3.5) + (PAD / 5.5)} ] ×100 (2)
 

 

where PSD and PAD are observed peak intensities of SD and AD, respectively.  The 

values of 3.5 and 5.5 are the calculated response for FID (effective carbon number) of 

SD and AD, respectively.  It is interesting to note that the copolymer composition 

(BS/BA) for the two samples calculated from Eqs. (1) and (2) showed almost same 

values; 82.2/17.8 and 82.6/17.4 for the original and the heated film, respectively.  The 

relative standard deviations for the observed copolymer compositions were less than 5% 

for three repeated reactive Py-GC measurements.  These results indicate that the 

reaction efficiency of TMAH with P(BS-co-BA) during reactive Py-GC measurement is 

not affected by its crystallinity, thus reactive Py-GC enables to analyze the copolymer 

compositions of the P(BS-co-BA) samples with sufficient precision and accuracy 

independent of the degree of crystallinity. 

 The change in copolymer composition of P(BS-co-BA) during the soil burial 

test was then determined by reactive Py-GC both for the original and heated film 

samples.  Table 3.1 summarizes the observed copolymer compositions of the 

P(BS-co-BA) film samples subjected to various degrees of biodegradation with the 

weight loss (wt.%) both for the heated and original films.  The data for the original 

P(BS-co-BA) samples were the same as those reported previously in Chapter 2.  The 

weight loss for the heated film samples was much higher than those for the original ones.  
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For example, the weight loss for the original and heated film samples after the soil 

burial test for 4 weeks were determined to be 31.9 and 85.6 wt%, respectively.  This 

fact demonstrates that the biodegradation rate was highly promoted for the heated 

P(BS-co-BA) film samples.  On the other hand, as was expected from the assumption 

described earlier, the decreases in the BA content during soil burial were slightly 

smaller for the heated film samples compared to the original ones.  For example, the 

BA contents after 28 days of the soil burial test for the original and heated film samples 

were estimated to be 14.5 and 15.9%, respectively. 

 Figure 3.3 illustrates possible biodegradation models of the P(BS-co-BA) 

samples estimated from the observed weight losses and the change in the copolymer 

compositions shown in Table 3.1.  As for the original P(BS-co-BA) films, as was 

previously supposed, the BA-rich moieties could show relatively lower crystallinity 

than the BS-rich moieties, which in turn should lead to preferential biodegradation of 

the BA-rich moieties as illustrated in Figure 3.3 (a).  In this case, the BA content is to 

be decreased with the elapsed time of biodegradation as observed in Chapter 2.   

 As for the heated film samples, the changes in the copolymer composition 

during biodegradation were relatively small, while much larger weight loss was 

observed compared to the original film samples.  In these film samples, crystallinity 

would be considerably lowered even for the BS-rich polymer chains by heating and 

cooling quickly the films.  In this case, biodegradation could be promoted and proceed 

with the comparable rate both for the BA and BS-rich moieties, which lead to much 

higher degradability of the heated film samples with the smaller change in the 

copolymer composition as shown in Figure 3.3 (b). 
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Figure 3.1 : DSC thermograms of P(BS-co-BA) film samples without biodegradation : 

(a) original film sample and (b) heated film. 
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Figure 3.2 : Pyrograms of P(BS-co-BA) film samples without biodegradation obtained 

by reactive Py-GC at 350℃: (a) original film (b) heated film.  
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Figure 3.3 : Possible biodegradation models of (a) original and (b) heated P(BS-co-BA) 

film samples.  
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Table 3.1 : Changes in copolymer compositions of original and heated P(BS-co-BA) 

film samples during soil burial degradation test determined by reactive Py-GC with 

weight loss.  

 

Degradation 

time 

(days)

Heated films Original Films1

Weight loss

(%)

Composition 

(mol%)

BS : BA

Weight loss

(%)

Composition 

(mol%)

BS : BA

0 0 82.6 : 17.4 a 0 82.2 : 17.8

7 3.2 83.3 : 16.7 2.8 82.8 : 17.2

8 9.4 83.4 : 16.6 - -

10 11.6 83.6 : 16.4 - -

14 31.3 83.7 : 16.3 7.6 83.0 : 17.0

21 55.6 84.3 : 15.7 22.0 84.1 : 15.9

28 85.6 84.1 : 15.9 31.9 85.5 : 14.5

a RSD = less than 5 % (n = 3)
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3.4 Conclusions 

 The biodegradation behavior of P(BS-co-BA) films with lowered crystallinity 

by heating and quickly cooling the original films was studied by reactive Py-GC in the 

presence of TMAH.  As a result, the change in the copolymer composition during a 

soil burial test observed by reactive Py-GC was relatively smaller for the heated 

P(BS-co-BA) films than that of the original ones.  Furthermore, the biodegradation rate 

was highly promoted compared to the original films owing to the lowered crystallinity.  

These results suggest that biodegradation was promoted and proceeded with the 

comparable rate both for the BA and BS-rich moieties in the heated films.  Taking 

these features into consideration, the reason for the change in copolymer composition 

observed for the original P(BS-co-BA) films can be clarified as follows:  

(1) the BA-rich moieties in the copolymer chains could show relatively lower 

crystallinity than the BS-rich moieties. 

(2) the BA-rich moieties were preferentially biodegraded during soil burial test, leading 

to the decreased BA content as the biodegradation proceeded. 
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Chapter 4 

 

Rapid and Direct Compositional Analysis of 

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) in Whole Bacterial Cells by 

Reactive Pyrolysis-Gas Chromatography 
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4.1 Introduction 

 Poly(3-hydroxybutyrate-co-3-hydroxyvalerate), [P(3HB-co-3HV)] (Figure 4.1) 

is one of the biodegradable copolyesters produced by several species of bacteria, such as 

Cupriavidus necator and Bacillus megaterium, as energy storage compounds in their 

cells.  It has been reported that the amount of P(3HB-co-3HV) accumulated in the cells 

changes drastically depending on the species of bacteria and the culture conditions.  C. 

necator has been known to accumulate a large amount of P(3HB-co-3HV) when the 

carbon source in growth medium is rich but the nitrogen source is limited.
1-3

  Moreover, 

the addition of propionic acid or valeric acid to the growth media leads to the 

production of a random copolymer composed of 3HB and 3HV units.   

 

 

3HB unit 3HV unit
y

O CH

CH3

CH2 C

O

O CH

C2H5

CH2 C

O

nx

 

 

Figure 4.1 : Chemical structure of P(3HB-co-3HV) 

 

 

 P(3HB-co-3HV) has been widely used as compost bags and packaging 

materials due to its excellent physical and chemical properties, and non-toxic 

behavior.
1,4-6

  It is well known that the copolymer composition of P(3HB-co-3HV) is 

closely related to its physical properties such as transparency, degree of crystallinity and 
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the rate of biodegradation.
7 

 Furthermore, the data concerning the copolymer 

composition might provide a clue to elucidate the biodegradation mechanism of the 

polymer chains.
8 

 Therefore, in order to determine the species of bacteria and the 

culture conditions suited for the production of P(3HB-co-3HV) with high performances, 

it is necessary to develop a practical and highly sensitive method to analyze the 

copolymer composition of the copolyester accumulated in the whole cells. 

 In general, the copolymer composition of P(3HB-co-3HV) in bacterial cells has 

been analyzed by means of gas chromatography (GC) following preliminary sample 

treatments such as trans-esterification and solvent extraction.
9-14

  Rao et al.
14

 have used 

GC to determine the content and composition of P(3HB-co-3HV) in the lyophilized 

cells of C. necator.  Approximately 15 mg of the lyophilized cells were subjected to 

methanolysis in the presence of methanol and sulfuric acid [85% : 15% (v/v)] at 100°C 

for three hours.  Then the organic layer containing the reaction products was separated, 

dried over Na2SO4, and analyzed by GC.  Based on the peak intensities of methylated 

monomer components on the pyrograms, the content and the composition of the 

P(3HB-co-3HV) were 85 mol% 3HB and 15 mol% 4HB.  This technique, however, 

required a fairly large amount of sample (at least 20 mg) and a relatively long sample 

pretreatment time (approximately half a day) prior to a final GC measurement. 

 To shorten the sample pretreatment time, Betancourt et al. developed a rapid 

microwave assisted esterification technique for the analysis of P(3HB) in bacteria by 

GC.
13

  In this technique, the lyophilized bacterial biomass was directly subjected to 

microwave irradiation in acidic methanol to esterify P(3HB) rapidly in the whole cells.  

By using this technique, they drastically reduced the time required for the esterification 

process of P(3HB) to 4 minutes.  This method, however, was not always applied to 
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routine analyses because a relatively large amount of sample (at least a few mg) was 

still needed for the sample pretreatment. 

 Recently, reactive Pyrolysis-Gas Chromatography (reactive Py-GC) in the 

presence of tetramethylammonium hydroxide (TMAH) was used to determine the 

copolymer composition of trace amounts (ca. 0.1 mg or less) of isolated 

P(3HB-co-3HV).
15

  It was revealed that P(3HB-co-3HV) subjected to pyrolysis in the 

presence of TMAH around 350°C underwent not only the typical pyrolysis reaction but 

also cis-elimination of the ester linkages followed by hydrolysis and methylation of the 

adjacent ester bond.  Based on the peak intensities of the products formed from these 

reactions, the copolymer compositions were analyzed precisely and accurately without 

using any cumbersome pretreatment. 

 In this study, reactive Py-GC was applied to rapid and direct analysis of 

copolymer compositions for P(3HB-co-3HV) accumulated in bacteria.  First, bacterial 

cells containing P(3HB-co-3HV) with various copolymer compositions were cultured, 

and were directly subjected to reactive Py-GC measurements without any sample 

pretreatment.  Then for the sake of validating of the reactive Py-GC method, the 

measured copolymer compositions of P(3HB-co-3HV) in bacteria were compared to 

those by the conventional method involving off-line trans-methylation and solvent 

extraction. 
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4.2 Experimental 

4.2.1 Materials 

 C. necator NBRC 102504 which was purchased from NITE Biological 

Resources Center (NBRC, Japan) was used since the species had been extensively 

studied for the production of P(3HB-co-3HV).
2
  The industrially available 

P(3HB-co-3HV) (Mitsubishi Gas Chemical Co., Inc., Japan) with 15 mol% 3HB and 85 

mol% 3HV contents, in the form of fine powders was also utilized.  A methanol 

solution of tetramethylammonium hydroxide (TMAH) (2.2 M) was purchased from 

Aldrich (Milwaukee, WI).  In addition, methanol containing 10% v/v of H2SO4 

supplied from Supelco Inc. (Bellefonte, PA) was also used for the trans-methylation of 

P(3HB-co-3HV) in the conventional method. 

 

4.2.2 Culture conditions of C. necator for P(3HB-co-3HV) copolymer 

 production 

 C. necator cells were cultured in a two-stage process as shown in Figure 4.2.  

In the first stage, glucose was used as a sole carbon source in order to encourage cell 

proliferation.  According to a report by Chandprateep et al.,
16

 the medium was 

composed of 10 g/l glucose, 5.8 g/l K2HPO4, 3.7 g/l KH2PO4, 0.5 g/l (NH4)2SO4, 0.12 

g/l MgSO4.7H2O, and 1 ml of a solution of trace elements (1.67 g/l CaCl2.2H2O, 2.78 

g/l ZnSO4.7H2O, 0.29 g/l FeSO4.7H2O, 1.98 g/l MnCl2.4H2O, 0.17 g/l CuCl2.2H2O).  

The bacteria in 200 ml of the culture volume were incubated in a rotary shaker (55 rpm) 

for 48 hours at 30°C.  The cells were harvested by centrifugation, and then transferred 

to a nitrogen-limiting medium containing valeric acid as a sole carbon source to 

promote P(3HB-co-3HV) accumulation.  In this second stage, the medium was 
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prepared as follows based on the report by Abdelhad et al.,
17 

the medium was composed 

of 0.56, 0.28 and 0.14 g/l Valeric acid, 4.0 g/l (NH4)2SO4, 13.3 g/l KH2PO4, 1.7 g/l citric 

acid, 1.2 g/l MgSO4.7H2O, and 1 ml of the same solution of trace elements as that in the 

initial stage.  The culture volume and pH of the medium were set at 200 ml and 6.8, 

respectively.  Here, the molar ratio of valeric acid, added in the medium at the second 

stage, to glucose (V/G) added at the first stage was changed in the range of 0.125 - 0.5 

in order to control the copolymer compositions of P(3HB-co-3HV) contained in the 

cells.  After incubated in a rotary shaker (55 rpm) for 96 hours at 30°C, the cells were 

centrifuged, washed with acetone, and then dried for 20 min at 70°C.  The obtained 

dried powder cells were homogenized using an agate mortar before being subjected to 

reactive Py-GC and conventional GC involving off-line trans-methylation. 
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4.2.3 Reactive Py-GC measurement 

 The reactive Py-GC system used in this study was basically the same as that 

described in previous chapter.  A vertical microfurnance pyrolyzer (PY-2020iD, 

Frontier Laboratories, Koriyama, Japan) was attached to a GC (GC2010
 
Plus, Shimadzu, 

Kyoto, Japan) equipped with a flame ionization detector (FID).  A small platinum 

samples cup (2 mm i.d. × 4 mm height) containing 30 ± 5 µg of the powder samples of 

the bacterial cells or P(3HB-co-3HV) together with 4 µl of TMAH solution was 

dropped into the heated center of a pyrolyzer maintained at 400°C under a helium 

carrier gas flow (50 ml/min).  A part of the flow (1 ml/min) reduced by a splitter was 

introduced into a metal capillary separation column (Ultra ALLOY-5 (MS/HT); 30 m 

long × 0.25 mm i.d., Frontier Laboratories) coated with immobilized 5% diphenyl-95% 

dimethylpolysiloxane (1.0 µm film thickness).  The column temperature was 

programmed from 35 to 300°C at a rate of 5°C/min.  Identification of the peaks on the 

chromatograms was carried out by using a reactive Py-GC-mass spectrometer (MS) 

(QP-5050, Shimadzu) with an electron ionization (EI) source. 

 

4.2.4 Procedure for trans-methylation and solvent extraction followed by 

 GC analysis 

 Trans-methylation and solvent extraction of P(3HB-co-3HV) in the bacterial 

cells weighing ca. 20 mg were performed according to the procedure reported by 

Braunegg et al.
11

 as shown in Figure 4.3.  The methyl esters of 3HB and 3HV, prepared 

through trans-methylation with methanol containing 10% H2SO4 at 100°C for 3.5 hours, 

were extracted with water and then analyzed by an ordinary GC system under the same 

chromatographic conditions as for the reactive Py-GC measurements. 
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4.3 Results and Discussion 

 Figure 4.4 shows typical pyrograms of (a) industrially available 

P(3HB-co-3HV) and (b) intact C. necator cells cultured in the medium, in which the 

ratio of valeric acid to glucose (V/G) was set at 0.125, obtained by reactive Py-GC in 

the presence of TMAH at 400°C.  As reported by Sato et. al.,
15

 on the pyrogram of 

P(3HB-co-3HV) (a), a series of peaks attributed to the products from 3HB unit (peaks 1 

- 3, and 8) and 3HV unit (peaks 4 - 7, and 9) were clearly observed after the elution of 

the reagent-related products.  Table 4.1 summarizes the assignment of these 

characteristic peaks with their molecular structures, origins, and effective carbon 

numbers (ECN) corresponding to the relative molar sensitivities for FID.
18

  Among 

these products, the peak 8 (methyl 3-methoxybutanoate) and peak 9 (methyl 

3-methoxypentanoate) were formed from 3HB and 3HV units, respectively, through the 

typical pyrolysis reaction.  The other products with olefinic structures were considered 

to be generated by cis-elimination reaction of the ester linkages followed by the 

pyrolysis reaction at the adjacent ester bond.
15 

 Figure 4.5 shows possible pathways to 

form methyl butenoates from 3HB units in the polymer chains through reactive 

pyrolysis as proposed by Sato et al.
15

  As shown in this figure, the pyrolysis of 3HB 

units proceeds by cis-elimination reactions of the ester linkages to give a pair of 

carboxylic acids and olefinic intermediates.  The hydrolysis and subsequent 

methylation of olefinic intermediates leads to the formation of peak 1-3.  In a similar 

manner, 3HV units in the polymer chains undergoes cis-elimination followed by 

reactive pyrolysis to yield peak 4-7.
15

   

 Similar to the case for the P(3HB-co-3HV) sample, the pyrogram of the C. 

necator sample (b) clearly showed the nine characteristic peaks derived from 3HB and 
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3HV units in the polymer chains without any appreciable interference by the bacterial 

matrix components such as lipids and proteins. 

 Figure 4.6 shows the pyrograms of the C. necator samples cultured in a liquid 

medium with different V/G ratios; (a) 0.125 (the same pyrogram with that in Figure 4.4 

(b)), (b) 0.25 and (c) 0.5.  The major nine peaks derived from P(3HB-co-3HV) were 

commonly observed on the pyrograms.  Here it should be noted that the relative 

intensities of peaks 1-3 and 8, which were attributed to 3HB unit, gradually increased as 

the valeric acid concentration in the medium increased.  This phenomenon might be 

explained by the toxic behavior of the increased amount of valeric acid to C. necator, 

which leads to the inhibition of biosynthesis of 3HV units and/or the change in the 

metabolic pathway of the bacteria.  As proposed by Sato et. al.,
15

 the total molar yields 

for 3HB unit (Y3HB) and 3HV unit (Y3HV) in the chromatograms are calculated from the 

intensities of the nine characteristic products as follows:  

 

Y3HB = ∑
i = 1-3, 8

Ii

ECNi (1)
 

 

Y3HV = ∑
i = 4-7, 9

Ii

ECNi (2)

 

 

where Ii is the peak intensity of peak i in Table 4.1, and ECNi is the corresponding ECN.  

The mole compositions of 3HB unit, C3HB (mol%), and 3HV unit, C3HV (mol%), in 
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P(3HB-co-3HV) accumulated in the bacterial cells are estimated by the following 

equations, Eqs. (3) and (4), respectively: 

 

C3HB (mol%) = Y3HB

Y3HB + Y3HV

×100 (3)
 

 

(4)C3HV (mol%) = Y3HV

Y3HB + Y3HV

×100

 

 

 Furthermore, to evaluate the accuracy of the reactive Py-GC method, the 

products from off-line trans-methylation and solvent extraction of the bacterial cells 

were analyzed by an ordinary GC system.  Figure 4.7 shows pyrograms of the solvent 

extracts from the C. necator samples cultured in the medium with different V/G ratios: 

(a) 0.125, (b) 0.25 and (c) 0.5.  After elution of the solvent peaks, the peaks of methyl 

3-hydroxybutanoate and methyl 3-hydroxyvalerate, derived from trans-methylation of 

3HB and 3HV units, respectively, in the polymer backbones, were unambiguously 

observed on each pyrogram.  In a way similar to the tendency shown in Figure 4.6, the 

relative intensity of methyl 3-hydroxybutanoate, attributed to 3HB unit, gradually 

increased with an increase in the valeric acid concentration in the medium.  The 

copolymer compositions of the 3HB unit, C3HB (mol%), and 3HV unit, C3HV (mol%) in 

P(3HB-co-3HV) were calculated from the intensities of these two peaks observed on the 

pyrograms as follows: 
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(5)C3HB (mol%) = ×100
I3HB / ECN3HB

+I3HB / ECN3HB I3HV / ECN3HV  

 

(6)C3HV (mol%) = ×100
I3HV / ECN3HV

+I3HB / ECN3HB I3HV / ECN3HV  

 

where I3HB and I3HV are the peak intensities of methyl 3-hydroxybutanoate and methyl 

3-hydroxyvalerate, respectively, and ECN3HB and ECN3HV are their corresponding ECN 

values (3.0 and 4.0, respectively). 

 Table 4.2 summarizes the data for the copolymer compositions of 

P(3HB-co-3HV) in the three C. necator samples obtained by the reactive Py-GC 

method with those by the conventional method.  As shown in this table, the values 

obtained by both methods were overall in good agreement for each sample, although a 

slight discrepancy was observed in a manner that the values for 3HV unit by reactive 

Py-GC were somewhat lower than those by the conventional method.  This 

observation could be due to the less polarity of the 3HV unit than that of the 3HB unit, 

which in turn results in a lowered reaction efficiency of 3HV unit with TMAH.  

Furthermore, the reproducibility for the composition obtained by reactive Py-GC was 

less than 5% based upon the relative standard deviation (RSD) values for three repeated 

runs, suggesting satisfactory reproducibility to estimate the composition of 

P(3HB-co-3HV) in bacterial cells directly. 
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Figure 4.4 : Pyrograms of (a) industrially available P(3HB-co-3HV) and (b) intact C. 

necator cells cultured in medium (V/G = 0.125) obtained by reactive Py-GC at 400°C.  

See Table 4.1 for the peak assignment.  The identities of labeled peaks are listed in 

Table 4.1.  
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Table 4.1 : Identification of the characteristic peaks on pyrograms of Figure 4.4 and 4.6.
 

 

 

Peak 

number 

Compound name Molecular 

structure 

Origin ECNa 

1 Methyl 3-butenoate  3HB 3.65 

2 Methyl cis-2-butenoate  3HB 3.65 

3 Methyl trans-2-butenoate  3HB 3.65 

4 Methyl cis-2-pentenoate  3HV 4.65 

5 Methyl trans-3-pentenoate  3HV 4.65 

6 Methyl cis-3-pentenoate  3HV 4.65 

7 Methyl trans-2-pentenoate  3HV 4.65 

8 Methyl 3-methoxybutanoate  3HB 3.95 

9 Methyl 3-methoxypentanoate   3HV 4.95 

a. Effective carbon number for FID.20 
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Figure 4.5 : Formation mechanisms of Peak 1-3 through cis-elimination reaction 

followed by reactive pyrrolysis reaction.  
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Figure 4.6 : Pyrograms of C. necator samples obtained by reactive Py-GC at 400°C.  C. 

necator was cultured in liquid medium with different V/G ratios ; (a) 0.125, (b) 0.25, (c) 

0.5.  See Table 4.1 for the peak assignment.  The identities of labeled peaks are listed 

in Table 4.1.  
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Figure 4.7 : Pyrograms of trans-methylated products of P(3HB-co-3HV) in C. necator 

cells.  C. necator was cultured in liquid medium with different V/G ratios: (a) 0.125, 

(b) 0.25, (c) 0.5.  
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Table 4.2 : Copolymer compositions of P(3HB-co-3HV) in C. necator obtained by 

reactive Py-GC and conventional methods.   

 

 

 

Molar ratio of valeric acid to 

glucose (V/G) , % 

Composition (3HB : 3HV), mol%  

Reactive Py-GC Conventional 

method 

 0.125 11.9 : 88.1 (2.4)a   9.2 : 90.8 (0.15) 

0.25 18.5 : 81.5 (5.0)  14.4 : 85.6 (0.68) 

0.50 46.2 : 53.8 (2.9)  43.8 : 56.2 (0.27) 

a. Values in parentheses are relative standard deviations ( n = 3 ). 
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4.4 Conclusions 

 Reactive Py-GC in the presence of TMAH proved to be a rapid and highly 

sensitive method to determine the copolymer composition of P(3HB-co-3HV) 

accumulated in trace amounts (30 μg) of the C. necator cells without using any tedious 

and/or cumbersome sample pretreatment.  This method enabled us to analyze the 

compositions of P(3HB-co-3HV) in whole cells directly with sufficient accuracy and 

precision.  Therefore, this reactive Py-GC method can be used as a practical screening 

tool for bacteria suited for the production of the copolyester with high performances. 
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 The physical properties of biodegradable copolyesters depend not only on their 

molecular structural features, but also on their chemical compositions.  Furthermore, 

the compositional data of biodegradable copolyesters often provide useful clues for the 

prediction of biodegradability.  These benefits have led to a growing demand for the 

accurate and precise determination of the compositions of biodegradable copolyesters.   

 In this study, a practical and highly sensitive method for the determination of 

the chemical compositions of biodegradable copolyesters using reactive pyrolysis-gas 

chromatography (reactive Py-GC) in the presence of tetramethylammonium hydroxide 

(TMAH) was successfully developed.  

 Chapter 1 outlined the objectives of this study and overviewed current methods 

for the compositional analysis of biodegradable copolyesters along with the features of 

reactive Py-GC.  

 Chapter 2 established a method for the sensitive compositional analysis of 

poly(butylene succinate-co-butylene adipate) [P(BS-co-BA)] film samples. By 

optimizing the pyrolysis temperature, the chemical composition of P(BS-co-BA) was 

determined accurately and precisely using trace amounts (20 µg) of film samples.  

Moreover, using the optimized operating conditions, reactive Py-GC was successfully 

applied to the evaluation of the degree of biodegradation for P(BS-co-BA) films after a 

soil burial degradation test; the relative standard deviation (RSD) was less than 1%. 

 Chapter 3 clarified in detail the reason for the change in copolymer 

composition observed for the P(BS-co-BA) film samples.  To reveal the cause, the 

biodegradabilities of P(BS-co-BA) films with lowered crystallinities were compared 

with those of the original films using reactive Py-GC.  The obtained results led to the 

following conclusions: (1) the butylene adipate (BA)-rich moieties in the copolymer 
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chains relatively lower crystallinities than the butylene succinate (BS)-rich moieties; 

and (2) the BA-rich moieties were preferentially biodegraded during the soil burial test, 

leading to a decreased BA content as the biodegradation proceeded.    

 Chapter 4 established a direct and practical method for the compositional 

analysis of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] 

accumulated in whole bacteria cells weighing about 30 µg using reactive Py-GC in the 

presence of TMAH.  By using this technique, the chemical composition of 

P(3HB-co-3HV) in bacterial cells was determined with a precision of about 5% of the 

RSD.  Furthermore, the accuracy of the obtained data was also sufficient to use this 

technique as a tool for the routine analyses of copolyesters in bacteria. 

   The developed method proved to be a rapid and highly sensitive tool to analyze 

the chemical composition of various biodegradable copolyesters without the use of any 

tedious and time-consuming sample pretreatment process.  This method is expected to 

have extensive applications such as the lifetime prediction of biodegradable polyesters 

and the screening of bacteria suited for the production of the polyesters with high 

performances.  
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