CHAPTER I

THEORY
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Figure 2.1 Typical chemical structure of PHAs and PHB [Lee, 1996]



Nomenclature of various types of PHAs is also shown in Figure 2.1. PHB is one
of the members of PHAs of which R position is substituted by methyl group and n is
equal to 1. PHB (and PHAs) can be synthesized and accumulated by various types of
microorganisms as carbon and energy sources during the starvation [Lee, 1996]. Types

of microorganisms that accumulate PHB are shown in Table 2.1.

Table 2.1 PHB accumulating microorganisms [Doi, 1990]
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For normal growth, microorganisms need a carbon source, an energy source,
trace éiements, oxygen and nutrients such as nitrogen, sulfur and phosphorus. If there is
a limitation of nutrients that are necessary for growth, microorganisms will synthesize
PHB (or PHAs) by converting excessive carbon source to PHB and use PHB as energy

and carbon source during the starvation [Luzier, 1992].

PHB was first mentioned in lit e as early as 1901 [Griffin, 1994]. Detailed
studies were reported by Mauri ‘ //i obiologist of Pasteur Institute, Paris
[Doi, 1990]. He observed ' inclusiaﬁolasm of bacteria. By chloroform
extraction, granule-like inclusi Ti a§ o :g had concluded that it was
polyester polymer havi ) la of C, Many reports from various

the late 1950s and early

devices [Griffin, 1994]. f PHB! fermer elds were relatively low and the
PHB purification proc

heavily contaminated rig - e ‘result, the commercial PHB

' ;rl S in polymer processing
» ICl found that PHB can be produced up to 70% of dry mass of

in large scale fermei

from the plastics divisio
bacterium Alc, tﬁ v{ ;a]' n process. ICl had
made an adq ﬁig Lﬁﬂﬂ ﬂdﬂ ﬂﬁzre to produce the
copolym hydrox ﬁhj/ al ﬁ’ nown in the
tradeéﬂja %Léﬁrﬁﬁ ﬁ(ﬁ iﬁy}i E[ wn in Figure

Fundamental characteristics and properties of PHB are summarized in Table

2.2. Properties of PHB are often compared to those of polypropylene (PP) because both

of them
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have similar melting _/ A “of Crystallinity and glass  transition

temperatures (T.). H HB jis’ -i and mo! e than PP [Jogdand, 1999].

There are a lot of resea the bri PHB and trying to improve the

properties of PHB. Eac ' own conclusion about the

brittleness mechanism of P e es are summarized in chapter
“Jﬂr !
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Table 2.2 Fundamental characteristics .*‘:!J of PHB.and PP [Jogdand, 1999]
Characteris ics PHB
Melting temperature (‘%) 171-182
Glass transitionite ‘ ~ w gl ’TT {i- 5-10
Degree of crqugi n;n!;‘%) 3 I | g I I j 6570 65-80
F'exg ﬁﬁt. a”fﬁ NS N f 9198N A 9 Q—é}“ﬂ sl
Tensile' Strengt ‘)N'l dblo N VI arl : 40
Extension at break (%) 400 | 6-8
UV resistance Poor Good
Solvent resistance Good Poor
Biodegradability - Good




One of the most attractive properties of PHB is its biodegradability. PHB can be
biodegraded in soil, sludge, lake water and seawater [Sudesh et al., 2000]. PHB and
PHAs can be completely biodegraded to carbon dioxide and water [Eggink et al.,
1994]. When PHB was discarded to the environment, biodegradation was proceeded by
microorganisms such as bacteria, fungi and algae at the surface of the polymer [Griffin,

1994]. The microorganisms excrete extracellular PHB depolymerase to hydrolyze the

and metabolized by mlcroorga The extracellular PHB depolymerase
can hydrolyze PHB which K |gh grystalllnlty This mechanism is
completely different to Wllul PH%&arase which can hydrolyze only

sm of microorganisms [Griffin,

PHB surface into the dimers and/or mo pers The resulting products are absorbed

1994]. Some microorganig such/as i which i able of accumulating PHB

1. Conditions of'envirog level, pH level and nutrient
supply Ly
2. Properties and ¢ arabtérlstlcs of ‘P position, crystallinity, additives

surface area, surfacg-".t_:e)ggrge- d dime

Two of the most impartant characteristiés of polymer are molecular weight and

i volf) P T ) T VUL b ) o o o

strength of polyHer Molecular weight'of polymer differs from that of ¢he low molecular
woiarGeobiny o bl kil 41 ehérls o 1 e hotoui ou
that of p%lymer are polydispersed or heterogeneous. The molecular weight of polymer is
expressed in average value. The average molecular weight of polymer can be defined in
many ways. Two of the most conventional used averages are the number average
molecular weight, M, (based on the number of molecules presented) and the weight
average molecular weight, M,, (based on the total weight of the molecules of each size).

The formulas of these averages are defined in equation 2.1 and 2.2, respectively.



Molecular weight distribution (MWD) is defined as the ratio of the weight average

molecular weight to the number average molecular weight.

<
1

total weight of all molecules (2.1)

total number of molecules

M, = Z(weight of all molecules of each size X its molecular weight) (2.2)

shown in Figure 2.3. SE Jnn | lled! ith beads, which have pores with various size

and distribution, commonly g from® "j Styre s-linked with divinyl bezene (or
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Figure 2.3 Schematic diagram of typical GPC [Painter and Coleman, 1994]

From the schematic diagram shown in Figure 2.3, a polymer solution is pumped
through the set of columns. Molecules of different size are eluted from the column and

the detectors measure the ah10unt of the different species as they pass by. While the
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small molecules diffuse into the pores, large molecules may be excluded from the pores
and will be swept through the column first, followed by others of decreasing size. Figure

2.4 illustrates the schematic diagram of size separation in GPC technique.

Size separation

‘Solvent flow
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Tensile or stregs-strain testi ‘ used methods for testing

mechanical propertlesj polymers. The test is usually donm)y measuring the force that
generates as the sampleﬁﬂb ated at a constant rate of extension. The tensile force is

recorded as %ﬂ Q\g rﬂtﬂtﬁi%t&ilﬁe{t}(ﬁslasﬁcs is outlined in

ASTM D638 ang'IASTM D882. The tensile test accorﬂng to ASTM D638 is performed on

oo b SR FON AS A0 B 5o o

tensile tasting of materials that are in the form of film or thin sheet.

Test specimens can be prepared by many ways such as injection moulding,
compression moulding and solution casting. The specimens which prepared by
injection moulding method may exhibit various tensile properties because of polymer

orientation.
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Figure 2.5 shows the translation of stress-strain curves when the temperature
deél:eases or strain rate increases [Gruenwald, 1993]. The graphs vary from rubbery
behavior to glassy behavior. The change in tensile behavior when the strain rate is
increased is also similar to the tensile behavior of a polymer with decreasing

temperature.

Unit stress—
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Figure 2.5 Th ;”le Of a and strain rate on
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A typical stres'mtrain curve for plastics is shbwnmn Figure 2.6. For a better

:Or::;::tandingﬂ ﬁ ﬁ/ﬁeﬁwﬁwﬁm i;ﬁtensile testing is as
RIANTUNRIINYINY
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Figure 2.6'A typicalsti@ess-strainicuve fc c '[Haung, 1988]
2.3.1 Stress

Stress is the tensule lo ﬁg;,',, _, _ e deformation per unit of cross-

sectional area of testing specimen at a given moment. The Standard unit measuring in

Pascal (Pa) or pou ‘{- snstle strength” or “ultimate
E |

tensile strength at " is calculated by dividing the load 'ds break by cross-sectional

T ww‘%’wa\“m

2.3.2 Strain

qmmmmumw Y1

raln is the ration of elongation or deformation to the gauge length of the test

specimen; that is, the change in length per unit of original length. This term is expressed

as a dimensionless ratio (mm/mm or in/in).

The specimen shows elastic behavior when it is elongated below the elastic limit,

that is, the deformation is completely and instantaneous recovered when the specimen
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is unloaded. Stressing the specimen beyond its elastic limit results in a degree of
permanent set. This unrecoverable stress is called plastic strain. This strain is usually

associated with plastics, but it is also seen in other materials.
2.3.3 Young's modulus or modulus of elasticity

Modulus is defined as stress divided by the strain. This value is slope of stress-

strain curve. Modulus values for \i\\." ined at very low extension which
stress-strain curve is straight line. Th 4& is called modulus of elasticity
,“ -

- ' - T— s .
or young's modulus. Young's.medulus is normally-expressed in MPa or GPa. Young's

modulus s applied to dg§ 'S \\Qh“ f plastics. Figure 2.7 shows an
example of the calculati -modulus 'tial straight portion of the
straight strain curve. T T \

AN UNTIEIAT e

portion of the stregs strain curve [Rosato, 1991]

ARIAINTUNRINNYIAY

2.3.4 Yield point

Yield point is the first point of the stress-strain curve that the strain is increased
without any increase in stress. After the yield point the specimen exhibits unrecoverable
behavior. Normally this point represents the limit of e|asticity.of polymer. The stress at

the yield point is defined as tensile strength at yield or yield stress.



14

2.3.5 Elongation

Elongation is expressed as a percentage of length increase of the test

specimen, normally called the percentage of elongation.

2.3.6 Area under the stress strain curve

Generally, the area under the st f urve from the origin to breaking point
is proportional to energy required to bre and is sometimes referred to the
toughness of plastics. Figt “fllUstrates typ%—train curve of several types of
polymer [Haung, 1988]. P 3 ‘»_ s classifie according to the stress-strain
behavior. f \

]

Hard and Strorig | .ta _ C h | Hard and brittle |

‘-‘s'

B ©J @f 4 .
Fgure 28 Tﬂcu El-s’vl %ﬂm INEADT. e o
Q wr'é]za xa ﬂ ‘Eﬁﬂé@d %ra t%%ﬂoﬂ @nﬂ low yield

strength and moderate elongation at break (a). Soft and tough materials as polyethylene

show low modulus, low yield stress, but very high elongation at break (b). Hard and
strong materials as polyacetal has high modulus, high yield stress, usually high ultimate
strength and low elongation (c). Hard and tough materials such as polycarbonate is

characterized by high modulus, high yield stress, high elongation at break and high
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ultimate strength (d). Hard and brittle material such as general purpose phenolic is

characterized by high modulus and low elongation (e).

2.4 Amorphous and crystalline polymer [Sperling, 2001; Billmeyer, 1984; and Carraher
1996]

Amorphous polymer contains chains that are arranged in a disorder manner.
Amorphous polymer exhibits a glas ‘“ ’i ‘

ray diffraction pattern. Conf" -v‘-.,.:\.

jointed chain model and ra -m'--f-" model. FWchain model is the simplest

del describes. a random flight of polymer

perature and does not give a clear X-

er can be described by freely

model of a polymer chain _ii
chain in three dimensio amorphous polymer which

described by freely jointed ghaig

AU B S B

freely joint chag\ model [Sperli g, 2001]
A WIANN I mn'nmna d
Réndom coil model is used to describe the unperturbed shape of the polymer
chain in both dilute solutions and in the bulk amorphous state. In dilute solution the
polymer-solvent interactions and the excluded volume term cancel each other. In the
bulk amorphous polymer the sum of interaction between mer and mer is zero. In this

model the polymer chains are permitted to wander about in a space-filling way as long
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as they do not pass through themselves or another chain. Random coil model of bulk

amorphous polymer is showed in Figure 2.10

Glass transition is Sifion W ‘ x 0.amorphous polymer. Glass

transition temperature mer changes from hard and

brittle to soft and pliable. . and poly(methyl methacrylate)

are used below their Ty stomer like polyisoprene and

polyisobytylene are used above re soft and flexible.

et

o, NG SIS TP U Oty & S’ S s =mm——— ;

A Crysta"[ne L‘; nerlS a2 polymer tNatlS _arranoh _;--.-‘:,‘; neat orderly Structure.

The crystalline polymer iif -order transition known as

melting. The first modelt at describes the structure of paﬂlly crystalline polymer was

o ::'::"mm ’) mﬁmm Tllﬁniif;i‘;;?;?::
“'"g“ﬁﬁﬁ”ia\mm YRIANYIAY
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polymer chains in the crystal

f mselvés. This led to the folded-

cules folded back and forth with

chain model which showed thﬁ_._‘}@g!{

ram of the folded-chain

AuIneningIng
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Figure 2.13 The schematic diagram of the switchboard model

[Beaucage, 1998]

18
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Folded-chain and switchboard model are used to describe the structure of a
single crystal which crystallized from dilute solutions. From somewhat more
concentrated solutions, various multilayered dendritic structures are observed. When
polymer samples are crystallized from the melt, the most obvious if observed structures
are the spherulites. The spherulites are sphere shaped crystalline étructures that form in

the bulk. A model of spherulite structure is illustrates in Figure 2.14. The chain direction

Uu r to the board plane of the structure, just

like the dilute solution crystallized orial v spherulite lamellae also contain low-

gy ég ,

angle branch points where Hmelar 3ruc nitiated. The new lamellae tend
i —————

—

iies constants i

in the bulk crystallized lamellae is per§

to keep the spacing be

d
{
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Melting is a transition which occurs in crystalline polymer. Melting temperature is

a temperature the polymer falls out of their crystal structures and become a disorder
liquid. Most polymers consist of a combination of crystalline and amorphous regions so

that they have both glass transition temperature and melting temperature.
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There are a lot of different between glass transition and melting. When the 100%
crystalline polymer is heated at a constant rate, the temperature will increase at a
constant rate. The amount of heat required to raise the temperature of one gram of the
polymer one degree Celsius is called the heat capacity. When the temperature reaches
the polymer melting temperature, the temperature will hold steady until the polymer is
completely melt, even though the heat is continue added. The heat that added to melt
the polymer, not to increase the t t the melting point, is called the latent
heat of melting. When the 10C N is heated at a constant rate, the
temperature increases at a j i tﬁwapacity of the polymer. When

increase at the same rate as

the temperature reache
that of below Ts. Th its heat capacity when the
added and the temperature

19,

temperature is beyon

of glass transition and

heat capacity. The change in the 1.-,_-_‘ raph is attributed to the change in the

heat capacity. At the-brake; & ] f hie Ny inereasing of temperature is

called the latent he of

AH.J This plot is also called a

G
AUEINENTNYINS
IR TN INYINY

first-order transition. B
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. glass
melting transition
vengt etey / temperature
heat : heat

T Tr—
A heat vs. ~ e polymer,
on the orpha the right.
Figure 2.15 The ‘ adde __ re of glass transition

2.5 Differential scannin‘ﬁa' il m
[
Differenti E[ﬁ?l ﬁ{ﬂ ‘ aljlﬂj for measuring the
melting tempe rﬁl transitic rature, galli ation temperature, oxidation
, ¢
absorbeq ﬁot i§ ivenvoff* (exot i ple* e reference

substance at a constant rate of heating or cooling in an identical (normally nitrogen)
environment. Figure 2.16 illustrates the operating principle of DSC. The sample and the
reference substance are placed in the thin aluminium pan, with the thermocouple sensor

below the pans. DSC measurement can be made in two ways: by meésuring the

electrical energy provided from heaters below the pans necessary to maintain two pans
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at the same temperature or by measuring the heat flow as a function of sample

temperature.
REFERENCE
CELL
Figure 2.16 Opef? rifciple of | differenti rgy (dashed line);
' inoff, 1990]
Although DSC is al rization studies, care must be
taken to be aware of varia results such as conditions of

olymer processing. It is well knewsn
poly p g e,
_.-!‘"-F""!",p!"l"l-"'-“"t

influenced by the th?ﬂnal history of the ‘sa
i s

irst DSC heating curve is significantly

T Ay -

Therefore, The secona-figaling Scan must be performed o thtroduce constant thermal

history to the samples. E ﬂ
e SN I NEN T

¢

= . s
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by focu he "eleCtron beam to the surface. Non-conductive materials such as

polymers have to be coated by thin layer of gold to provide the conductive layer
[Woodward, 1995]. Principle of SEM is different from that of light microscopy. In light
microscopy, a specimen is viewed through a series of lens that magnify the visible-light
image. SEM does not actually view a true image of specimen, but rather produces an
electron map of the sample surface that was displayed by cathode ray tube (CRT)

[George Mason University, 1998]. Figure 2.17 illustrates the principle of SEM. SEM is
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becoming the most popular method of observation of polymer blends. SEM provides
more detailed information on the morphology; domain down to a size of 10 nm caﬁ" be
resolved. The great advantages of this technique are: rapidity, great depth of focus,
relatively simple image interpretation, and easy sample preparation. But there are
limitations which are caused by specimen charging that occurs in the SEM when the

subject is non conductive, and by structural damage caused by the high energy

electron beam when it impinges on theispe

| /
%

<to vacuum | |

ul

ﬁmﬁ A7 W%‘W’?ﬁ*ﬁ“ﬂ e o
Qmmmm MW\’JV]EH& ¢



	Chapter II Theory
	2.1 Poly (β-Hydroxybutyrate)
	2.2 Characterization of Molecular Weight and Molecular Weight Distribution

	2.3 Tensile Properties

	2.4 Amorphous and Crystalline Polymer
	2.5 Differential Scanning Calorimetry

	2.6 Scanning Electron Microscopy



