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1. ABSTRACT

In this study, I developed a formula for a biosynthetic and biodegradable latex
paint, which would lead to an easy, environmentally safe, and effective removal method by
microorganisms as well as an environmentally benign manufacturing process. The key
ingredient in the formula of a biodegradable/biosynthetic paint is the polymer emulsion.
The emulsion used in this study is based on the copolymer PHBV, a combination of 3-
hydroxybutyrate and 3-hydroxyvalerate which are thermoplastic polyesters that can be
biologically synthesized by bacteria. The biodegradable latex formula is based upon a
control latex paint containing an emulsion similar to the biodegradable polymer. The
emulsion ﬁsed in coating applications with the closest relevant characteristics to PHBV is
based on a copolymer consisting of butyl acrylate and methyl methacrylate. By designing
a control paint with this copolymer, I determined a formula and an experimental protocol
for the production and testing of a biodegradable/ biosynthetic latex paint. The essential
properties of the paint are tested through various treatments such as scrub and water tests,

while the biodegradability of the paint is determined through tensile testing.



2. INTRODUCTION

Present paint removal techniques suffer from several disadvantages: inefficiency,
high costs, environmental concerns, and explicit operating conditions. However, the
existence of a paint which exhibits biodegradability under certain restricted environmental
conditions could easily be removed in an environmentally safe manner using naturally
occurring bacteria. To obtain a biodegradable latex formulation, it is first necessary to
identify the ingredients of latex paint and decide what key ingredient(s) allows the coating
to biodegrade. The next step is determining and locating the appropriate biodegradable
key ingredient(s). The final step involves formulating a coating around the key
ingredient(s), making sure the coating has essential properties such as adherence, ease of
application, and consistent quality.

Several studies have already shown that there is potential for formulating a
biodegradable latex, especially in the formation of paper coatings and other film
formations. In paper coating applications, biodegradable biopolyesters applied by a
powder coating approach showed good barrier properties and good adhesion between the
polymer and the paper fibers (Marchessault 1993).  Another study experimented with
emulsion film suspensions on impervious substrates. Hot-pressing of the film converted
the “cake like” structure suspension into a transparent, flexible film which biodegraded
much faster than solvent cast films (Lauzier 1993). The general consensus among various
researchers in the.ﬁeld is that coating and other film applications of biodegradable latex
require blending and various treatments to obtain the desired properties.

The ingredients of a latex paint are the emulsion which provides continuity and

adhesion through film formation, the solvent which provides low viscosity for application,
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and the pigments and additives which add to or change the paint properties. The key
ingredient in the formula of a biodegradable paint is the biodegradable polymer emulsion.
An emulsion is a dispersion of solid polymeric particles in a continuous aqueous phase.

As the paint dries, the solvent and the aqueous phase of the emulsion evaporate and the
polymeric resin particles are crowded together. Gradual coalescence of the particles
continues until equilibrium is reached. The result is an adhesive film of polymer with
characteristic structure and mechanical properties. Since the polymer is the largest
component of the dry paint and is also the source of adhesion, it is the ingredient which
must be biodegradable.

There are two important types of biodegradable polymers, polylactic acid (PLA)
and polyhydroxyalkanoates (PHAs). PLA is produced through the self-condensation of
lactic acid and also breaks down in the environment to lactic acid. Recent research has
shown that the initial monomer, lactic acid, can be produced from bacterially fermented
starch obtained from food wastes (Fried 248). Another important class of biopolymer
emulsions that has experienced extensive research and development is the PHAs. This
class of thermoplastic polyesters is biologically produced by serving as an energy reserve
by numerous organisms. PHA deposits accumulate as distinct granular inclusions in
response to nutrient limitations, and therefore can be enzymatically degraded by
microorganisms when the limitation is removed. In addition, extracellular PHA can also
be utilized by organisms as a souree of energy. PHAs include a wide variety of monomers.
The most appropriate emulsion to use in a biodegradable latex is the copolymer PHBV, a
combination of 3-hydroxybutyrate and 3-hydroxyvalerate. The combination of these two

polymers increases the extension to break and lowers the glass transition temperature, the



temperature at which the polymer changes from a hard glassy state to a tough rubbery
state. This improved flexibility and toughness is an important characteristic of a latex
emulsion.

The biodegradable latex formula is initially based upon a control latex paint
containing an emulsion similar to the biodegradable polymer. By starting with this
conventional latex formula, a good estimate of ingredients and amounts can be made to
maintain the essential properties of an effective paint. An emulsion found in existing
paints showing very similar characteristics to the PHBV emulsion needs to be found first.
Many emulsions are suitable for design and formulation of paint, but the important binding
ability of coatings is a function of particle size, molecular weight, and glass transition
temperature (T,). This temperature characterizes a polymer and predicts its end uses.
Other properties of paint that can be effected by T, include durability, tensile strength,
elongation, and adhesive properties. Due to its importance in the characteristics of film
formation, the glass transition temperature is the key property in finding a comparable
polymer to the PHBV emulsion (T, = 5°C). All PHA polymers have characteristics similar
to polypropylene, with a melting temperature around 175°C and a crystallinity of about
80%. The emulsion used in coating applications with the closest characteristics to
polypropylene and hence PHA is a combination of methyl-methacrylate and butyl-acrylate.
The average T, of this emulsion is 0°C, but can be modified by changing the weight
percentage of the_ copolymers. Therefore, I chose methyl-methacrylate/butyl-acrylate as
the emulsion used in the control formula.

A conventional latex paint formula involves the emulsion, a pigment slurry, water,

thickener, defoamer, ammonia, and preservative. The water exists as the solvent, acting as
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the vehicle for application and evaporates upon drying. The thickener gives the latex paint
the desired viscosity, and the defoamer is added to the formula to keep fine bubbles from
forming while mixing. The preservative is added to keep bacteria trapped in the can from

growing and spoiling the paint, and ammonia is added to keep the paint at the desired pH.



3. BACKGROUND

3.1 Paint Removal Techniques
The are a number of reasons why the removal of paint is desired: to apply a new

coating, to inspect the substrate surface, to clean the substrate surface, and if the paint

could cause environmental difficulties at the time of disposal. There are several present

paint removal techniques, but each of them can be associated with several disadvantages.

Table 1 summarizes some of the advantages and disadvantages of several paint removal

techniques.
Technique Advantages Disadvantages
Biodegradation e Ambient operating e Potential to biodegrade in

conditions normal conditions
e Effective
¢ Environmentally safe
e Low costs
e No damage to substrate
Chemical Solvent | ¢ Effective for currently e Surface preparation
available paints e VOCs, high emissions
e Slow removal
e High temperature often
required
Lasers Environmentally safe ¢ High cost
No damage to substrate Closed facility
¢ Limited paint thickness
removal
Blasting e High removal rate e Substrate damage
o Surface preparation
- . e Seal deterioration
e High Waste Volume
Flashlamp e Operational versatility e High waste volume
No damage to substrate ¢ Detrimental to composites

Table 1: Advantages and ‘disadvantages of coating removal techniques
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The use of chemical solvents to remove coatings is a well known and efficient
procedure. There are two basic categories of this removal technique: hot and cold
removal. Cold stripping simply involves subjecting the coated substrate to a chemical
solution while hot stripping involves a chemical reaction to remove the coating. Both
types of chemical stripping require the soaking of the substrate into the solvent over a
period of time to break the bonds of the paint. Even though chemical solvent based
methods are extremely effective, they involve several disadvantages: time consuming
surface preparation, high VOC emissions, and slow removal (Reitz 1994). The main
problem with chemical solvents is high emissions. Since most strippers contain methyl
chloride and phenols, flammability, toxicity, and volatility are encountered. Even though
chemicals that are now being used do not contain methyl chloride, they are not as
effective.

The removal technique using lasers is relatively new. It is a viable surface removal
technique in which the energy of the laser generates heat, removing the coating through
thermal shock, melting, evaporation, or vaporization (Reitz 1994). This process is much
more environmentally safe than chemical stripping and also has the advantage of not
damaging the substrate. However, disadvantages include high costs, the requirement of a
closed facility, and limited paint thickness removal.

Blasting is the oldest and most common removal process. It can involve the
blasting of ice, pressurized water, sand, or plastic. Fracture of the coating is caused by the
pressure of impact or melting of the solids or solution. The process easily removes

coatings as chips or microscopic pieces. The main disadvantage of this process is the high
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amount of waste volume produced. Other disadvantages include the possibility of
substrate damage, surface preparation, and seal deterioration.

The newest removal method is the flashlamp. This concept combines the methods
of lasers and blasting. Stripping occurs when a high energy pulse from a xenon bulb
delivers a high temperature beam which destroys the molecular structure of the coating
(DeMeis 1995). Blasting is then used to sweep the residue from the surface. This method
allows for a much more efficient method than blasting and lasers alone, but is still
accompanied by the disadvantage of high waste volume.

3.2 Paint Classification

There are two main ingredients in paint that determine its classification: film
former and solvent. The film former or binder provides the gontinuous phase in the paint
film and is responsible for the general properties of the film. Binders can be divided into
two general classes: convertible and non-convertible. Convertible binders undergo a
chemical reaction in the film. In an oxidizing film former, oxygen from the air enters the
film and cross links the gel. Examples of this type include drying oils, varnishes, and
alkyds. Another example of a convertible binder is a catalyzed film former in which a
chemical agent blended into the coating causes cross linking in a solid polymer at room
temperature. A heat activated catalyst can also be blended into the coating such as in
many industrial finishes. The second type of film former is the non binders. These binders
do not depend on any type of chemical reaction, but rather or the evaporation of solvents. .
Examples of this include lacquers, where a solvent based vehicle evaporates leaving a dry
film without oxidation or polymerization, and emulsions, where the solvent evaporates

leaving behind polymer particles which coalesce together. The second ingredient that
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determines the classification of a paint is the type of vehicle or solvent. The first type of
vehicle is an organic solvent while the second is water. These types of vehicles are the
most common classification factor of paint since most consumers typically choose between
a solvent based and a water based paint. All this simply means is that the vehicle is
reducible by an organic solvent or water, respectively.

The combination of the two types of classification, film former and vehicle, leads
to a variety of different types of paint. Not only can you choose between water based and
solvent based, but also convertible and non-convertible. The most common type of paint
is the latex paint which is a combination of an emulsion non-convertible binder and a water
based vehicle. This is becoming the more widely used paint due to its more
environmentally safe production, use, and disposal. Other types of paint include solvent

based polymer emulsions, water based acrylic emulsions, solvent based resin lacquers, etc.

3.3 General Latex Paint Ingredients
All latex paints generally contain the same ingredients: emulsion, pigment, water,

coalescent, thickener, surfactant, ammonia, defoamer, and preservative. The difference
between them lies in the brand and type of each ingredient and the relative amount of
each. Table 2 gives a brief explanation of each ingredient and lists the conventional

amount in a latex paint formula.
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Ingredient Wt % Effect

Emulsion 47.2 | Polymer dispersion in water; provides continuity and
adhesion through film forming

Pigment Slurry 31.1 | Pigment that is put into solution through grinding

Water 18.0 | Vehicle for ingredients; provides viscosity for application
and evaporates upon drying

Coalescent 1.7 | Solvent that lowers the glass transition temperature of the
emulsion

Thickener 1.3 | Alters the viscosity and flow properties and provides
stabilization of the paint

Surfactant 0.2 | Assists in pigment dispersion and stabilization

Ammonia 0.2 | Keeps the paint at the desired pH

Defoamer 0.2 | Solvent that collapses the air bubbles produced from

vigorous mixing

Preservative 0.1 | Protects against attack by bacteria in the paint can

Table 2: Conventional paint ingredients and respective liquid weight percentage

3.3.1 Emulsion
As discussed above, the most important ingredient in latex paint is the emulsion.

An emulsion is a two phase system in which one phase exists as tiny droplets in a liquid
phase. There are two basic types of this two phase system: a liquid-liquid emulsion and a
solid-liquid dispersion. In latex paints, the solid-liquid dispersion is the type of interest.
Even though this system is actually a dispersion, it is still commonly referred to as an
emulsion. The soI‘id phase can exist as a polymer emulsion or an acrylic emulsion. A

polymer emulsion, the most conventional emulsion found in latex paints, is commonly

referred to as latex or rubber. Examples found in paints of the monomer before
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polymerization include: vinyl esters, acrylic and methacrylic esters, fumaric and maleic

esters, hydrocarbons, and other miscellaneous types (Surface Coatings 165). The most

common form of the liquid solution in which the first phase disperses is water. This is the
case for a latex emulsion. However, organic compounds can also be used as the liquid
phase, although this is rare.

A polymeric emulsion can be prepared by the emulsion of a monomer in water by
agitation. Two key ingredients must exist for the dispersion to form: a surfactant and an
initiator. The surfactant is a colloid, such as polyvinyl alcohol, which provides surface
tension so that the different phases will remain stabilized and not separate. The initiator is
a source of free radicals that initiates the monomer reaction to form the resulting polymer.
The most common types of initiator used contain a peroxy linkage. Examples of this
include hydrogen peroxide and potassium persulfate.

Once the emulsion is formed, it becomes the key ingredient in the paint. The main
function of the emulsion in a latex paint is its ability to form a film which leads to
subsequent adhesion. Key factors in determining the success of this function is monomer
composition, particle size, and the type of solution. The way in which the polymer
emulsion forms a film is a complex process that involves the loss of water and a
coalescence of the polymer particles. When the emulsion is allowed to dry, the water
phase evaporates and the remaining polymer particles crowd together. When this occurs,
capillary forces overcome the repulsive forces between the particles, and polymer particles /

become locked into a gel state and coalesce together (Surface Coatings 175). Itis

through this film formation of the emulsion that allows the paint to form a coating which
adheres to the substrate as it dries. Common emulsions used in latex paint include acrylic,
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vinyl-acrlic, vinyl-acetate, styrene-butadiente, styrene-acrylic, ethyl-acrylate, butyl-
acrylate, methyl-methacrylate, and vinyl-chloride
3.3.2 Pigment

The second main ingredient in latex paint is pigment. Pigments are organic or
inorganic substances used in paint coatings to fulfill one or more of three functions:
optical, protective, and reinforcement. The most important and most common of these is
the optical property, which determines the color, opacity, and gloss of the coating. The
next function is the protective function. This helps aid the paint in weathering, flexibility,
corrosion resistance, and surface hardness. Finally, reinforcement of the coating occurs
when the pigment adds to the film adhesiveness and elasticity. The performance of the
pigment depends on its particle shape, size distribution, type,gnd optical characteristics.
The most common and conventional type of pigment put into coatings is rutile (TiO,).
This talc like substance adds color to the paint and is added to the formula in the form of a
slurry. A slurry is the product formed from mixing the titanium dioxide into solution
through grinding (mixing the ingredients at a very high speed while avoiding the formation
of a gel). Since getting the dry powder into solution is difficult, ingredients such as a
surfactant and an initiator must be added to the mix.
3.3.3 Water

In a latex paint, water is used as the vehicle for application of the paint. Its
primary function p}'ovides a means through which the emulsion, pigment, and other
ingredients can be applied to the substrate. As the water evaporates after application, the

paint dries and the desired product is achieved.
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3.3.4 Coalescent
As discussed previously, one of the most important properties that effects the

characteristics of paint is the emulsion’s glass transition temperature, T,. Since a key
property of paint is elasticity at ambient temperatures, the T, should be at least below
room temperature. However, a lot of emulsions have a high T,. Therefore, a coalescent is
added to lower this critical temperature. It is most simply seen as a temporary plasticizer,
promoting the coalescence of the polymer particles. A coalescent is a solvent which is
absorbed into the polymer particles. This results in the softening of the polymer and the
lowering the T, (Morgans 346). Examples of coalescents include propylene glycol,

Texanol (Eastman Chemical Company), and Dalpad A (Dow Chemical Company).

3.3.5 Thickener
Thickening agents are added to the formula of a latex paint for three purposes:

paint consistency, prevention of pigment settling, and thickening of the paint. A
thickener’s main purpose is to aid in the desired viscosity of the coating. However, it is

very useful in dispersing the pigment and for stabilizing the paint so that flocculation is

prevented (Surface Coatings 374). Thickeners are protective colloids that add structure to
the paint by reducing the mobility of the emulsion. Types of thickeners include: non-ionic
cellulose derivatives, hydrophilic clays, protein thickeners, and water-soluble acrylic

polymers. Besides the main functi;)ns of tile thickener, other properties that are altered by

its addition include flow, leveling, color acceptance, water resistance, stain removal, and

ease of application (Surface Coatings 374).
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3.3.6 Surfactant
Used in the formation of the polymer emulsion, surfactants are also added to the

general formula of a paint to stabilize the ingredients and assist in pigment dispersion.
Commonly referred to as soap, surfactants keep the paint from “wetting” the substrate
surface, allowing the paint to form a uniform and stabilized film surface.
3.3.7 Ammonia

Ammonia is added to the latex paint formula to keep the pH at the desired range,
8-9. This caustic ingredient is important to the formula because it enables the polymer
particles to maintain their charges so that they will repel each other and remain separated.
The ammonia also neutralizes the thickener. Therefore, ammonia is usually added in
conjunction with the thickener so that the pH reduction effect from the thickener is
corrected.
3.3.8 Defoamer

Foam can be introduced into the system as mixing of the paint occurs. This foam
consists of a gaseous phase dispersed throughout the solution. Since these bubbles can
lead to the immobility and instability of the paint, they must be removed. A defoamer is an
insoluble oil which spreads throughout the system, causing weaknesses in the bubble
walls. These weaknesses result in the collapse of the bubble, and therefore the removal of

foam (Morgans 346).

3.3.9 Preservative - ’
Protective colloids are added to the paint formula to fight off bacteria attack . The

amount of added preservative determines the extent of attack. Small amounts are added

when molds and fungi are unwanted in the liquid paint. However, if sufficient amounts of
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preservative are added, the dried film can be protected from bacteria attack. Therefore, the
amount of preservative in a biodegradable paint is critical. Paints of the latter type are
referred to as fungistatic emulsion paint. Several types of preservatives are available and
include: chlorinated phenols, organotin compounds, chloracetamide, and other
commercial materials (Morgans 1990).
3.4 Paint Formulation

The formulation of a paint begins with determining the exact type of each
ingredient you plan to use. After this is set, the first value you must decide is the total
mass of dry paint solid. This is done by understanding that the two ingredients in dry paint
are emulsion and pigment slurry and these typically exist in a one to one proportion. A
typical gallon of liquid paint leads to five pounds of dried paint and ten pounds of liquid
paint. Knowing the percent solid of the emulsion and slurry solutions, the wet mass can
be calculated for the two ingredients. The liquid volumes can then be determined by using
the volumetric weights. The next liquid volume that can be determined is the defoamer.
After setting the exact amount of liquid mass desired, the defoamer volume is calculated
by knowing that it is typically two-tenths of one percent of the total liquid mass. Similarly,
preservative is typically one-tenth of one percent of the total liquid mass. The next
ingredients, thickener, ammonia, and coalescent, are always added according to the
specific paint properties desired. However, an initial guess of the volumes of each can be
made. Thickener normally exists in the formula as less than twenty pounds per one-
hundred gallons; ammonia exists most commonly around two pounds per one-hundred
gallons; coalescent usually exists around fifteen pounds per one-hundred gallon. After

determining these initial masses, trial volumes can be calculated through their volumetric
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weights. A trial and error procedure is then used to obtain the paint of the desired
consistency, pH, and elasticity. Finally, the amount of water is determined by calculating

the remaining mass needed to reach the desired liquid mass.
3.5 Biodegradable polymers

3.5.1 PLA
An important biodegradable polyester is polylactic acid (PLA), whose base

monomer is shown is Figure 1.

B 0

TO—C —CIH NE

CH | n

Figure 1: Chemical formula for Polylactic acid (PLA)

PLA is produced through the polymerization from the self-condensation of lactic acid,
which is formed through the fermentation of potato waste. Not only is PLA formed from
lactic acid, but it also breaks down in the environment to lactic acid which can be
metabolized (Fried 248). PLA is relatively expensive compared to other commercial
thermoplastics.
3.5.2 PHA Class

Another class of biologically derived, biodegradable polymers that has undergone
extensive global research and development is PHA, polyhvdroxyalkanoates. These linear,
homochiral, therm’oplastic polyesters are produced naturally by many bacteria and
microorganisms. The simple homopolymer PHB, polyhydroxybutyrate, was the first of

the class to be discovered around 1925 and is the most widespread in nature (Horowitz
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1994). Around 1970 it became apparent that PHB was only one member of an entire class
of polyesters. Since then, the variety of monomers that can be incorporated into PHA has
increased, due to the discovery of PHBV, a copolymer of 3-hydroxybutyrate and 3-
hydroxyvalerate, and PHO, polyhdroxyoctanoate. At least 91 different hydroxyalkanoic
acids have now been identified as constituents of PHA (Williams 1996). PBA can be
divided into two broad classes depending on the length of the pendent groups. The class
with short groups (C, - Cs) tends to be very crystalline, while long pendant groups (Cs-
Ci;) make the compound more thermoplastic.
3.5.2.1 PHB

Polyhydroxybutyrate is a short pendant group polymer and has been found to have
many properties similar to polypropylene. PHB has a melting temperature 180°C, heat
resistance to about 130°C, and a crystallinity of around seventy percent. Not only does
PHB have mechanical properties very similar to polystyrene and polypropylene, but it also
maintains good water resistance. Other properties of PHB include: adequate fat and odor
barrier properties, good resistance to ultraviolet light, and a low water vapor transmission
rate. PHB can be produced in two bacteria, Alcaligenes Eutrophus and Zoogloea
Ramigera, which are commonly found in soil and water. These bacteria produce PHB as
a carbon source from sugar feedstocks. The biosynthesis of the polymer involves three
enzymes: thiolase, reductase, and PHA synthesis. This synthesis process is shown

P

schematically in Figure 2.
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Figure 2: Biosynthetic pathway of PHB

CoA

PHB is derived from the coenzyme acetyl A (Coa). The first enzyme catalyzes a Claisen
condensation of two acetyl A coenzymes to form acetoacetyl A. The reductase enzyme
then reduces that intermediate to the chiral form of R-3-hydroxybutyrl. The PHB is
formed when the chiral intermediate is polymerized by PHA synthesis (Poirier 1992,
Williams 1996). After the enzymes break the feedstock into PHB, the polymer is
transferred into the cells of the bacteria where they form into distinct granular inclusions.
These granules are formed due to the insolubility of PHB in water. The polymer granules
can compromise up to 80% of the dry weight of the cells (Horowitz 1994). The isolation
and preservation of these granules can be obtained through three general separation
procedures: solvent extraction, chemical digestion, and selective enzymolysis (Lauzier
1993). An example of PHB granules are shown in Figure 3 where they have been stained

in an activated sludge bacteria.
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Figure 3: PHB stained granules in activated sludge bacteria (Manual on the Causes
and Control of Activated Sludge. David Jenkins)

3.5.2.2 PHBV
PHBYV is a copolymer of 3-hydroxybutyrate and 3-hydroxyvalerate (Figure 4). In

addition to the basic properties already mentioned for PHB, PHBV has improved
flexibility and toughness due to the increased size of the hydroxy acid pendant groups.
The copolymer has a lower melt and glass transition temperature and a higher extension to
break. According to the amount of valerate in the polymer, the Young’s modulus can
decrease five times from PHB. The biosynthesis for PHBV is the same as PHB and is
derived for the feedstocks glucose and propionic acid. The glucose is metabolized by the
bacteria to form Ac-CoA, with the propionic acid providing the C; unit for the Claisen

condensation.
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Figure 4: Chemical formula for PHBV

3.5.2.3 PHO
Polyhydroxyoctanoate is a long pendant group polymer and is, therefore, a

thermoplastic elastomer. Due to its long pendant groups, PHO is only about 30%
crystalline. It’s melting temperature is 50-60°C and has a glass transition temperature of
-35°C. Since this T, is below room temperature and the polyﬁer maintains low
crystallinity, PHO is elastic at room temperature. Although PHO is structurally very
different from other thermoplastics, it has much of the same stress and strain properties
and maintains a high tensile strength (Williams 1996). PHO is produced by Pseudomonas
bacteria. The biosynthesis is not as well understood as that of PHB and PHBV, but is

believed to include oxidation and fatty acid synthase in the monomer production (Williams
1996).
3.5.2.4 Biodegradation

PHAs are very stable under norma] conditions, but biodegrade readily when
exposed to very a;tive and dense active microbial communities. There is a range of
environmental conditions that can biodegrade PHA: aerobic and anaerobic sewage,
compost, landfill, and marine sediment. Over 300 bacteria have been isolated that can
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biodegrade the material under specific conditions. Studies have shown that depending on
the microbial activity and other conditions, biodegradation can take from three weeks to
three months. The rate of degradation depends on four main factors: pH. temperature,
surface area of the polymer, and microbial activity. The most important factor for
biodegradation is microbial activity. The biodegradation of PHA begins when bacteria
start to grow on the surface of the polymer and secrete enzymes. These enzymes break
the polymers down into the monomer fragments, which are then transported into the cells
of the bacteria where the carbon is used as a food source and carbon dioxide and water are
produced. Photographs of biodegraded PHBV materials are shown in Figures 5 and 6 at a

microscopic and macroscopic level, respectively.

Figure 5: Electron micrographs of PHBYV following 7 weeks burial in a marine
sediment (R.C. Thompson and C.H.. Dickinson)
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Figure 6: ‘Biopol’ (PHBV) molded bottles after biodegradation (‘Biopol’
Biodegradation - Monsanto)
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4. Method

4.1 General Strategy
To obtain a biodegradable latex formulation, it was first necessary to identify the

key ingredient(s) of latex paint which would allow the coating to biodegrade. The next
step was determining and locating the appropriate biodegradable key ingredient(s). By
analyzing the various properties and characteristics of the biodegradable ingredient(s), a
similar non-biodegradable ingredient(s) used in conventional paint formulas was identified
and used to formulate a control paint. Once the approximate formula for the non-
biodegradable control paint was developed, it was mixed in the lab to get a precise
formula and detailed mixing procedure. The final step involved testing the control formula
for essential properties such as adherence, ease of application, and consistent quality.

4.2 Identification of the key biodegradable ingredient(s)

Latex paint ingredients include: emulsion, pigment, water, coalescent, thickener,
surfactant, ammonia, defoamer, and preservative. The main and most important ingredient
for latex paint is the emulsion, not only because it is present in the highest weight
percentage of all of the ingredients, but it also provides the primary functions for paint
formation, adhesion and film formation. When a paint is biodegraded, the paint loses its
adhesion and/or film structure through the work of the microorganisms. Therefore, if the
microorganisms consume the emulsion, the remaining ingredients of the paint (mainly
pigment) will lose_their adhesion and fall 6ff the substrate. Almost all of the other |
ingredients in latex paint evaporate upon the drying of the paint. Therefore, they are not
considered key biodegradable ingredients since the microorganisms will be attacking the

dried paint.
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4.3 Determination and source of the biodegradable emulsion
The biodegradable polymer that has undergone the most extensive global research

and development is PHA. Since there is more information about its characteristics and
properties and also more commercial sources, PHA was chosen as the polymer in the
biodegradable emulsion. The specific emulsion identified for use in the latex paint formula
was PHBV. This copolymer was chosen because the combination of 3-hydroxybutyrate
and 3-hydroxyvalerate increases the extension to break and lowers the glass transition
temperature, resulting in improved flexibility and toughness.

Several commercial sources of PHA were identified. A principle producer is
Monsanto who produces the emulsion in Brussels, Belgium (See Appendix 4: Contacts).
Their proprietary line for PHBV is labeled ‘Biopol” and is available in a varied grade
range. The grade range results from different amounts of the 3-hydroxyvalerate in the
copolymer and leads to granules suitable for injection moulding and extrusion processes.
It is sold in the form of pellets, but it is in the emulsion form at one point in the production
process. Some of their final ‘Biopol” products include cosmetic packaging, food
packaging, and coated paper bags. The rights to ‘Biopol” were just recently purchased by
Monsanto from Zeneca, a spin off of ICI Biologicals. It is because of this recent purchase
that the emulsion was unavailable.

Another commercial source of PHAs is Metabolix of Cambridge (Appendix 4).
This company wag founded in 199& by Oli.ver Peoples, Anthony Sinskey, and Simon
Williams to produce PHAs using the proprietary transgenic technology. Metabolix holds

the exclusive license to the M.L.T patent portfolio of methods for producing the PHAs in
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transgenic fermentation systems and crops (Williams). Because their work is currently in
the exploratory stage, a PHA sample could not be obtained from this source.
4.4 Identification of the control emulsion

To formulate a control latex paint, an emulsion found in existing paints
showing very similar characteristics to the biodegradable PHBV emulsion needed to be
determined. Many emulsions are suitable for design and formulation of paint, but the
important binding ability of coatings is a function of particle size, molecular weight, and
glass transition temperature (T,). Other properties of paint that can be effected by T,
include durability, tensile strength, elongation, and adhesive properties. Due to its
importance in the characteristics of film formation, the glass transition temperature is the
key property in finding a comparable polymer to the PHBV emulsion (T, = 5°C). The
emulsion used in coating applications with the closest characteristics to polypropylene and
hence PHA is a combination of methyl-methacrylate and butyl-acrylate (Figure 7). The
average T, of this emulsion is 0°C, but can be modified by changing the weight percentage
of the copolymers. Therefore, the copolymer Methyl-methacrylate/Butyl-acrylate was

chosen as the emulsion used in the control formula.

H,C O
Methyl methacrylate Lo
(MMA) CHZZC"C'C‘O‘CH3
Butyl 1 <
utyl acrylate I
(BA) . , CH2=C'C“C‘O'C4H9

Figure 7: Chemical formulas for MMA and BA used in the control formula
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4.5 Formulation of the control paint
Based on a three-hundred gram dry weight and a nine-hundred gram liquid weight,

the calculations (Section 3.3) for the control formula were performed and are shown in

Table 3. The use of the BA/MMA emulsion results in the formulation of a flat latex

exterior paint.

Ingredient % solid | Weight | Volumetric | Volume | Volume | Solid
Weight weight
® (g/qt) (qt) (mL) (8)

Emulsion 535 280.4 1006.2 0.2787 2637 150
Butyl acrylate/
Methyl methacrylate
Pigment Slurry 76.5 196.1 2721.6 0.0720 68.1 150
Dupont “Ti-Pure”
Coalescent - - - - - -
Defoamer - 1.8 851.3 0.00211 1.9 -
Dow Corning 1430
Emulsion
Thickener 30.0 ~10 998.8 0.01101 95 -
Preservative - 0.9 1078.3 0.00176 1.7 -
Ammonium ~2 1021.5 0.00196 1.85 -
Hydroxide (37%)
Water - 408.8 945.0 0.433 409.8

900 g 0.799 qt | 756.6 mL | 300 g

Table 3: Initial formula for the BA/MMA control paint




4.6 Mixing procedure
The next step following the calculation of the approximate control formula was

mixing the ingredients in the lab. The supplies and procedure are in Appendix 1.
4.7 Testing procedure

4.7.1 Tests for Paint Properties
There are many characteristics which can describe a good paint: durability, good

adhesion, flexibility, good coverage on various substrates, ease of application, etc.
However, there are a multitude of paint formulas each unique and most often formulated
with desired properties for a specific application. One desirable characteristic for one
application could be undesirable for another. Since each application has its own desired
properties, there is no test or characteristic which can deterrnipe if a formula is a paint and
whether or not it is a “good” paint. Therefore, the tests used in this research simulate
situations that occur on a flat latex exterior paint and are based upon a comparison with a
similar commercial source.

For the first two comparison tests, the control and commercial coatings were each
painted onto a piece of wood and allowed to sit for a one week period to ensure complete
drying. The first simulation was the scrub test in which the samples were scrubbed over a
five minute period with a wide bristle brush to observe flaking. The second test involved
the submersion of the samples in water for one week to observe the loss of adhesion. The
third simulation was the coverability test where several substrates were coated with the

control and commercial paints to compare the ability to cover.
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4.7.2 Tests for Biodegradation
There are several options for determining how much of a material has biodegraded.

One method is used by Monsanto in their studies on their ‘Biopol” products in which they
measure the carbon dioxide evolution relative to a control. They also use Scanning
Electron Microscopy (SEM) photographs to actually observe how much has biodegraded
through the pitting and erosion of the material surface. Another test that can determine
biodegradation is simply the measurement of weight loss (Lauzier 1993). Another option
involves measuring the loss of a mechanical property, such as tensile strength. This was
the test that was chosen in this research.

The tensile strength of a material is measured with a tensile testing machine. The
tensile test is used to evaluate the strength of a material by pulling a sample with definite
volume to the point of failure in a relatively short time at a constant rate. The mechanical
properties that can be obtained through a tensile test include: modulus of elasticity, yield
strength, percent elongation at fracture, and energy to break point.

To obtain paint samples with a defined cross sectional area, a draw-down blade
was first used to create coatings of equal thickness throughout (Figure 8). A cutter with
known shape and area was then used to cut out the paint samples from the draw-down.

The samples were then put under various loads to observe certain mechanical properties.

defined height

Figure 8: Draw-down blade
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5. RESULTS

5.1 Control Paint Formulation
Starting with the calculated amounts (Table 3), the control paint was mixed with

several adjustments made to the ingredient amounts due to the following observations:
1. It is very important that the pH remains around 8.0 in the can after mixing so that the
polymer particles remain charged and repel each other to keep the paint stabilized and

well mixed. The pH of the coating was very sensitive to time and certain ingredients.

pH
a) After emulsion was added 8.84
b) First pH check after thickener was added 5.24

c) After the addition of 0.75 mL ammonium hydroxide 6.40

d) After the addition of 0.75 mL ammonium hydroxide 8.22

e) After sitting for 24 hours 8.04

f) More addition of 4 mL thickener 7.70

g) After the addition of 0.5 mL ammonium hydroxide 8.10

2. The viscosity of the coating was also sensitive to time and added ingredients. The

addition of thickener changed the viscosity of the coating nonlinearly. On the first day,
the 6 mL that was added resulted in no change of viscosity. The next addition of 3 mL
resulted in slight changes in viscosity. The final 2.5 mL resulted in large changes in
viscosity of the coating. Each’additioh of these final 0.5 mL increments was véry
critical. Longer delays in thickening response resulted as more thickener was added.
This was partly due to inadequate mixing due to higher viscosity. Over a thirty minute

period after the coating was mixed, the paint thickness decreased slightly. However,
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after 2 hours of sitting, the paint thickened considerably. Upon the addition of 2 mL
surfactant, the paint became very thin. It took 4 mL more of thickener to get it back
to the desired viscosity.

After the first mixing of the control formula was made, a sample was produced using

LI

the draw down blade. Since the initial formula did not include surfactant, “spotting”
occurred on the sample in which the surface tension was too high, keeping the coating
from stabilizing and staying well dispersed. Therefore, 2 mL of surfactant was added
to keep the pigment and emulsion well dispersed and stabilized.

The resulting final formula for the control paint is shown in Table 4:

Vol, mL. | Ingredient

410 Water

265 | Emulsion- Butyl-acrylate/Methyl-methacrylate

68 Titanium Dioxide Pigment Slurry- Tipure 746

15.5 Thickener

2.0 Defoamer

20 Surfactant

2.0 Ammonium Hydroxide - 29%

_1.6 | Preservative

766.1

Table 4: Final control paint formula
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The conventional way to express paint ingredients and amounts is in a one-hundred gallon

formula (Table 5).
Vol, gal | Weight, Ib Ingredient
53.52 445.6 Water
34.59 306.6 Emulsion- Butyl-acrylate/Methyl-methacrylate
8.88 213.1 Titanium Dioxide Pigment Slurry- Tipure 746
2.02 17.8 Thickener
0.26 20 Defoamer
0.26 2.0 Surfactant
0.21 20 Preservative
0.26 23 Ammonium Hydroxide - 29%
100 991.4

Table 5: Conventional 100 gal control formula

5.2 Tests for Paint Properties
The paint properties for the designed control formula were compared to a

commercial flat exterior latex paint which was believed to be the most similar formula.
Although these tests are qualitative and somewhat subjective, they showed how the
control formula would hold up under certain exposure or conditions. After scrubbing the
two paint samples over five minutes, the control paint showed better adhesion with very
little flaking and just a general loss of overall color. The commercial paint broke down
much sooner with. the loss of adhesion of"large paint flakes in the central area of the wood. -
The water submersion simulation over a one week time period had hardly no effect on
either sample. There was a loss of paint on both samples at the water line. To test for

coverability, both paints were coated onto wood, metal, and concrete. Both paints



covered all of these substrates very nicely. However, the control paint coated a little

thinner, and brush marks were visible. Table 6 gives a brief summary of these results.

Control Paint Commercial Paint

Scrub Test Overall loss of color Flaking of paint in central area
Water submersion | Very small area of loss of Very small area of loss of

adhesion after one week adhesion after one week
Coverability Good coverage on all Good, thick coverage on all

substrates, substrates

brush marks visible, somewhat

thin layer

Table 6: Paint property tests results

5.3 Biodegradation Test
Even though the control formula was not biodegradable and was not subjected to

bacteria, the tensile test was still used to evaluate the test and fo compare and observe
some of the mechanical properties of the control to the commercial. These properties are
summarized in Table 7. All of the tensile test results showed much lower tensile strength
in the commercial source compared to the control formula. The control paint showed
great flexibility and tensile strength as it stretched 117 mm under a 2 kgf'load and returned
to its initial size after the load was taken off. However, the commercial paint only
stretched about 6 mm under the same load before it broke into two pieces. The plot of
these two different results are shown in Figure 9. This large difference in ductility and
elasticity is presumably due to the difference in formulas. Even though the commercial
source was choser'l due to its similarities in ingredients, its formula involves several other
ingredients which are added for more complex properties. It also has ingredients which

are added simply as fillers to cut down on costs due to the large production. These fillers
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Load kgf

reduce the ductility and elasticity of the paint. Therefore, the control paint is a very simple

and basic formula but has good mechanical properties due to the lack of the use of filler

ingredients.
Control Commercial Paint
Paint
Tensile Strength 0.237 0.160
(kgf/mm"2)
Max Displacement 117 ~6
(mm)
Energy to Break Point 2.38 0.275
(kgf-mm)

Table 7: Mechanical properties resulting from the tensile test
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6. Conclusions
This research focused on initial studies in the design of a biodegradable/

biosynthetic latex paint. These studies resulted in an initial paint formula as well as a
mixing and testing protocol through the creation of a control latex paint. Further steps for
the actual creation of the “biopaint” should follow the following:
1. Locate and obtain a source of the biodegradable/biosynthetic emulsion, PHBV,
through two possible venues:
¢ Commercially - Monsanto or Metabolix were willing to give a
PHBYV emulsion sample but were unable to due to current
situations
e Preparation in the lab - Grow a bacteria culture producing
PHBYV and isolate the polymer through solvent extraction,
chemical digestion, or selective enzomolysis (Lauzier 1993)
2. Create and mix the “biopaint” using the paint formula and mixing procedure
resulting from this research with the substitution of PHBV for the BA/MMA
emulsion.

Test the “biopaint” paint for paint properties using the testing protocol from

(%]

this research and compare the results to the control BA/MMA paint as well as

a similar commercial source.

b

Subject dried “biopaint” and control paint to cultured bacteria and use the
tensile to test to observe the extent of biodegradation.
Research in the area of biodegradable paper coatings and emulsion films has already

shown the need for blending and heat treatments to obtain the desired properties.
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Therefore, it will probably be necessary in the creation of the “biopaint™ to blend the

emulsion with other types and also apply heat treatments.
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9. Appendix 1: Mixing
Procedure



9.1 Supplies

Mixer

1000 mL beaker

Graduated cylinder

Pipette

pH meter

Water

Titanium Dioxide Pigment Slurry- Dupont “Ti-Pure”
Defoamer - Dow Corning 1430 Emulsion
Emulsion - Butyl acrylate: Methyl methacrylate
Ammonium Hydrxide - 29%

Preservative

Surfactant - Union Carbide Triton GR-3M

* X X ¥ ¥ X ¥ ¥ X X * ¥

9.2 Procedure

1. Ina 1000 mL beaker, add 410 mL water and begin mixing at about 300 rpm or until a
vortex is formed without allowing the mixer paddles to show.

2. Add 68 mL Pigment Slurry

3. Add 2 mL defoamer

4. Add 264 mL emulsion to the mixing solution, being aware that some emulsion will

remain on the wall of the cylinder after emptying.

5. Add 2 mL of surfactant

6. Check pH of the solution. If the pH is below 8.0, add ammonium hydroxide in 0.5 mL
increments until the desired pH between 8.0 and 9.0 is reached.
While mixing c;ontinuously, add thickener in 1 mL increments until the desired

viscosity is reached, being aware that there is about a 2 minute delay in the response of
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thickening. The total amount of thickener should be around 10 mL The mixing speed
will have to be adjusted according to the resulting viscosity. The final speed should be
around 500 rpm.

7. Add 1.65 mL of preservative.

8. Check and adjust the pH of the coating to 8.0 - 9.0 with ammonium hvdroxide.

9. Allow the coating to mix for 15 minutes.

10. Let the coating set for two hours before any applications.
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PROPERTIES OF POLY-3-HYDROXYALKANOATE LATEX: NASCENT
MORPHOLOGY, FILM FORMATION AND SURFACE CHEMISTRY

R. H. Marchessault and C. J. Monasterios
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3420 University Street
Montreal, Que., Canada -
H3A 2A7

P. Lepoutre
Pulp and Paper Research Institute of Canada
570 St John's Blvd.
Pointe-Claire, Quebec
H9R 39

ABSTRACT. Poly-f-hydroxyalkanoates (PHA) occur as an intracellular storage
material in a variety of bacteria. Statistically random copolyester chains of f3-
hydroxybutyrate (HB) and fB-hydroxyvalerate (HV) units have been isolated
from the bacteria in their nascent state as a colloidal suspension of submicron
size particles. This latex or native granule suspension (NGS) of 20 to 30% solids
is easily spreadable on porous or impervious substrates to produce under the
proper drying conditions films or coatings that range from microporous and
opaque to non-spherulitic and transparent. The preparation, processing,
mechanical properties and surface characteristics of films made of this latex
whose contact angle vs. water is 70°, will be discussed.

1.INTRODUCTION

The discovery of poly-B-hydroxyalkanoates (PHA) owes much to the keen
observations of Maurice Lemoigne (1) while working at the-Lille branch of the
Institut Pasteur. He became aware of hydrophobic granules in certain bacteria
which were not ether soluble, as expected for lipids. By careful
experimentation he identified the material (2) as a crystailine, high molecular
weight polyester corresponding to
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and named it "hipides P-hydroxybutyriques”™. The name poly-p-
hydroxybutyrate (PHB) has now come into general usage. The ubiquity of PHB
in microbes and the homologous molecular family with alkane sidechains led
to the general classification: poly-B-hydroxyalkanoate (PHA) (3).

It'is entirely fitting that this family should be a leading candidate to be
the “clean” thermoplastic polymer which has the benign characteristics
sought after by environmentalists, i.e. biodegrades and hydrolyses to
biocompatible small molecules. Lemoigne’s career as an agricultural/industrial
microbiologist displayed a lifelong interest in the decomposition of organic
matter in sotls by microbial processes: a forerunner of today’s environmental
research activities.

1.1. NASCENT MORPHOLOGY

Although he did not use the term nascent morphology, Lemoigne’s studies
often dealt with the autohydrolysis of PHB granules (4). He and his colleagues
related the drop in melting point and new solubility characteristics to the loss
in molecular weight of the polymer as a result o}l autohydrolysis (5). Later
progress in molecular biology and polymer morphology would identify the
higher order structure that results from simultaneous polymerization and
phase separation of water insoluble biopolymers as nascent (6). Subsequent
solubilization and reprecipitation is unlikely to duplicate the unique
thermodynamic and kinetic conditions which were present in this initial
morphogenesis (7), hence the nascent state is unique. Nevertheless, polymer
scientists have devoted much experimental effort to attempt to understand
the nascent morphology of polymers in order to promote simultaneous
polymerization and crystallization leading to functional shape and properties
in solid polymers, "as polymerized” (8).

In the case of PHA, the native ?ranuie state has been the preoccupation
of only a few biologists and physicai chemists. To understand the biosynthesis
of PHB in terms of a surface membrane around the native granule which may
encompass potential biosynthetic and biodegradable enzymes, several
biologists observed granules in the electron microscope after drying and
shadowing (8). The most noteworthy characteristic of the “never dried”
native granules would seem to be their lack of crystallinity in vivo (10)
although the first drying induced x-ray crystallinity (11). A second important
property is ductility as demonstrated by freeze fracture studies (12) which
showed splaying of the fractured granules inside the cells into fibrils at
temperatures far below the glass transition. Such observations suggest a
nascent organization resembling a nematic state, albeit not three
dimensionally crystalline. This was in keeping with prior electron microscopy
on partly swollen nascent granules (11) which showed remarkable fibrillar and
lath-like organization after mild swelling with acetone /water solutions.

1.2. SURVEY OF PHA PURIFICATIONS METHODS

QOver the past fifty years numerous methods have been devised for the
isolation of PHA in a relatively pure state. In early studies, the purified
polyester molecule was sought. Later, the nascent bio-system was the object
of isolation studies hence the least possible damage to the surface was
important. More recently, competitive advantage is the driving force for



industrial biotechnologists who seek to minimize the cost of producing PHA
for a given application. In broad terms, three purification approaches may be
described:

® Solvent extraction
e Chemicai digestion
® Selective enzymolysis

The three types of purification processes are summarized in the chart
titled "Survey of PHA Purification Processes “. The “chemical digestion” and
the “selective enzymolysis” approaches, aimed at eliminating all that is non-
PHA in order to harvest the native granules (NG}, are pertinent to this study.

SURVEY OF PHA PURIFICATION PROCESSES

Isolation Process a Procedure

a) Pretreatment with acetone to
Physical Approach: | weaken cell wall and membranes
cell wall weakening and
solventextraction of | ) propylene carbonate @ 120 °C
PHA " |where PHA is soluble up to 200 g/L,
precipitates atroom temperature

Chemical approach: |a) Pretreatment with detergents

selective disruption and A .
digestion of non-PHA | b) Washing of residue with sodium
components hypochlorite at pH 13

Biochemical approach: |23 Shock disruption e.g. heat,
granule isolation after |ultrasound

selective enzymolysis of ,
. ‘biomass b) sequential enzyme treatments’

and washes

The most advanced version of the selective enZymoli‘sis process is that
described by Holmes et. al. (13) and shown in Scheme 1. The process aims at
the highest level of biomass production with the highest possible weight
percent of PHA per dry weight of biomass (% PHA). The purification then
proceeds by washing and sequential enzyme/wash treatment cycles to bring
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the % PHA level in the dry product to = 95%. Presumably, residual protein
and cell wall residue make up most of the 5% impurities in the final sample
which is normally spray dried in step 10 of Scheme 1.

For obvious economic reasons, the suspension of NG at step 9in Scheme
1is @ 30 - 50% solids suspension. It is this NG suspension which we are
referring to as a /atex in this paper. Since the NG have undergone
considerable exposure to physical and chemical factors, not all of which have
been revealed by the manufacturer (Mariborough Biopolymers Ltd., Imperial
ghemié.al Industries), our experimental control leaves something to be

esired.

The latex state of PHA native granules can also be created via a
“chemical digestion” process (14). In most respects the colloidal characteristics
of the NSG produced in this way are similar to those derived from the NSG
supplied to us by the manufacturer.

2. MATERIAL AND METHODS
2.1. QUALITATIVE DESCRIPTION

The sample "asreceived” (ICI, Marlborough Biopolymers Ltd. Biopol ™) was a
white, uniform suspension of pleasant fruity odour. At low temperatures (5
oC) the suspension was fluid and foamed easily when shaken; upon warming
to room temperature the slurry set to a thick paste of chunky appearance. X-
ray diffraction of the suspension “as received” revealed a material showing
crystalline diffraction in the PHB lattice (15, 16). However, high resolution 13C
NMR on the slurry showed a spectrum characteristic PHB/V. These resuits
su?gest that the NG suspension derived from the process of Scheme 1is a
polyphasic material: crystalline domains and perhaps water hydrated mobile
domains (10).

2.2. PHYSICAL CHARACTERIZATION

2.2.1. Sample Composition and Solids Content. Proton NMR (17) showed the
sample to be composed only of butyrate and and valerate , the latter being 21
mole %. The sample was found to be 33% w/w solids. This material was easily
spread to a smooth finish with a spatula, but when air dried at room
temperature it lacked strength and disintegrated readilr to a fine powder.
Orying the samgle in the oven at 100 oC produced a [ow level of fusion
yielding a peelable film. o

The slurr; "as received” was easily diluted with water and readily rinsed
off surfaces. The air dried slurry was crystalline and showed a typical PHB
crystalline lattice as in the case of the wet slurry. .

2.2.2. Melting Temperature and Differential Scanning Calorimetry. The
melting point of the air dried slurry was found to be 128. 4 oC by DSC (peak
maxima), at this temperature the sample went from opaque-white to
transparent. Thermograms were also obtained from samples oven dried at
100, 125 and 150 oC , the melting points were found to be 128.4, 128.4 and
124.8 oC respectively. All thermograms displayed broad endotherms with
shoulders or separate small peaks at either side of the main meiting peak. This



is a common occurrence in the melting of native PHB/HV copolymer powders
supplied by ICL.

2.2.3. Molecular Weight and Intrinsic Viscosity. The viscosity of the sample was
measured in chloroform at 30 oC. The intrinsic viscosity was found to be 1.664
dl/g. The molecular weight of the material was calculated using the Mark-
Houwink-Sakurada equation ( [n]=K'M°® ) with K= 1.18 x 10-4and a= 0.78
(18). It was found to be 205.5 x 103 g/mole.

2.2.4. Electrophoretic Mobility (E.M.). The electrophoretic mobility (E.M.) of
the sample was measured in very dilute dispersions (< 0.25%) at 25 oC in
distilled water, acdic (HCl) and basic (NaQH) pH. The sample was found to
have negative mobility in water {-1.25 x 10®* m* sec' V') and at pH 8 (-2.78 x
10¥m?sec' V'). At pH 3 the charge of the dispersed particies was neutralized
and flocculation occurred. The few suspended particles remaining in
suspension after neutralization moved very slowly outside the measurable
range in either direction, lowering the pH turther (2 pH units) caused even
more precipitation, not the hoped forcharge reversal.

A summary of the results obtained in the characterization of the latex
are shown in Table 1

TABLE1
SUMMARY OF PHA LATEX CHARACTERIZATION
Physical parameter Results
Composition PHB/HV, 21% HV
Solids content 33%
Particle size (S.E.M.) 0.2to 1.5 pm diameter

Electrophoretic Mobility (E.M.) | Distilled water® -1.25x 10 m? sec’ V!
pH8 -2.78x 10¥m?sec' V!

Meiting temperature (Tm) 128.4°C
Intrinsic Viscosity {n) 1.664dl/g
MolecularWeight (M,) 205.5 x 103 g/mole

* pH from 5.5 10 6.6 pH units

2.3. FiLM FORMING

2.3.1. Poured Films. Films were made by leveling the "as received” latex (33%
w/w) with a spatula or diluting it with distilled water (20-25% wiw). At that
concentration it was not possible to spread the dispersion with @ metering rod
or bird applicator on an impervious surface. Films were made by carefully
applying the diluted slurry with an eye dropper onto glass, teflon or mylar



strips. The films, protected from dust, were allowed to dry overnight at room
temperature before any further treatment.

2.3.2. Spread Films. Films could not be made by spreading the diluted latex
suspension (20-25% w/w) with metering rods or applicators on an impervious
surface. The dispersion would not wet or adhere to the coating surtace in a
uniform manner, instead it would streak the surface in random patches. The
applicator would sweep most of the suspension off the substrate. This
wettability problem was solved by the addition of a surfactant, a commercial
s0ap (MIR™). A coupie of drops of a 50% w/w agueous solution of this
detergent added to 30-35 g of diluted suspension was enough to render the
material spreadable.

On the other hand a 30% w/w latex suspension was spreadable on mylar.
if a metering rod was used for spreading, the grooves were quite visible in the
dry film, indicating that the suspension lacked self-leveling characteristics.
Agdition of dilute MIR™ improved the leveling problem.

2.3.3. Air Drying. Once spread or poured, air dying produced films or coats
with little or no strength. If handled, they disintegrated into a powder.
Nevertheless, air dry coats were uniformly white and opaque as the wet latex.

2.4. FILM FUSION AND POST-TREATMENT

2.4.1. Convection Heat. Heating the air dried films in a convection oven
produced a series of different films depending on the temperature and time
of exposure. Heating the films below their meiting temperature (Tm), at 100
o¢ for at least 10 min. induced moderate fusion. Partial fusion rendered the
film flexible and peelable from the substrate. The films were as white and
opaque as after air drying, peelability being their only new characteristic.

Heating the films at their Ty for at least 15 minutes enhanced
crystallinity and strength, if exposed less time partial fusion as in films heated
at 100 °C is achieved. Films heated at Tm or 150 °C were transiucent and highly
crystalline (PHB lattice structure) but only the one treated past the meiting
temperature was slightly birefringent, spherulites were not observed. These
films are robust but not tough. Heating beyond Tm causes shrinkage and
excessive cracking.

2.4.2. Hot Pressing. Films were also made by hot pressing air dried or partially
fused films (100 °C drying oven, 10-20 min). A minimum temperature of 100 °C
and a pressure of 1000 psi was necessary to produce complete fusion. The
films were prefused, peeled and placed between mylar sheets, wrapped in
aluminum foil and hot pressed at 100 °C and 5000 pst for a minute or two. The
resulting films were transparent and easily peelable from the mylar. They are
highly crystalline (x-ray diffraction), weakly birefringent but not spherulitic,
probably due to local strain birefringence (polarizing microscopy).

2.4.3. Liquidi/Solvent Vapor Fusion. The dry material (air or oven dried), is
readily soluble in chloroform. Films were also made by solvent casting and
vapour coalescing. In the later case, air dried films were exposed to liquid and
solvent vapor atmospheres for a period of of 24 hours. Chloroform vapor
produced extremely smooth, flexible and tough films that were very



transparent and conformable on drying. They show x-ray crystallinity but are
not birefringent as their hot pressed equivalents.

Exposure to acetone or ethanol vapor does not produce fusion, instead
the coats substantially shrink and shattersinto Fieces. This would appear to be
due to stress cracking under the influence of liquids which sfightr; swell the
PHB/HV material but are non-solvents.

Solvent mixtures were also used. The most promising one was found to
be 1:1 ethanol/chloroform. The films were quite opaque but crystalline,
flexibie and plastic even though they showed appreciable shrinkage i.e.,
scroiling. Acetone/chloroform mixtures did not produce any fusion, the
polymer films just shattered as with pure acetone.

2.5. SURFACE PROPERTIES

Three types of films were used for contact angle measurements, air dried, hot
pressegand chloroform vapor fused. The liquids used were water, formamide
and benzy! alcohol. According to the film characteristics, two methods were
employed: capillary rise and goniometer measurements. The observations
were made at room temperature.

2.5.1. Contact Angle. Air dried and preheated films (100 °C, 10-25 min ) are
extremely porous. Their contact angle could not be measured using a
goniometer, liquids were quickly absorbed by the surface. Instead, a capii?a
rise method adapted from the one reported by Aberson (19, 20) was used.
Polymer coated strips of mylar or glass microscope slides were suspended in a
flask with a small amount of the desired liquids at the bottom. After an
equilibration period of 15 minutes, the rate of capillary rise was measured by
barely immersing the bottom of the coated substrate in the liquid and
measuring the time of rise to a given distance (5 ¢m at S mm intervals). A plot
of capillary height vs. the square root of time should be a straight line if the
Lucas-Washburn equation is obeyed. Mylar or glass substrate did not
significantly affect the capillary rise process of the liquids used in this study
nor did partial fusion of the films with moderate heat.

Contact angle for hot pressed and vapor fused films were measured
directly on the film with a goniometer.

2.5.2. Surface Energy . The surface energy (y) of the material was calculated
using the Young and Fowkes equations (21).

Young's equation:

Yo cos 8 = Yuu—Yll_nc

where
y,, = free energy of the liquid againstits saturated vapour
y,, = free energy of the solid against its saturated vapour
y, = free energy of the interface between liquid and solid
n, = equilibrium pressure of adsorbed vapour of the liquid on the

¢

solid



Fowkes' equation:

d

A
Y=Yty

v
where
y = free energy
d = dispersion force or non-polar component
h = hydrogen bonding or polar component

Assuming n =0 and combining the two equations the total surface
energy of the solid and its components can be calculated using the following

equation:
(1 +cos8)y
d_d A_A !
(Y‘Y,)'*(Y‘Y‘>*= 2 -

Table 2 summarizes the total free energy and its components of some
common liquids used in surface energy studies.

TABLE 2
FREE ENERGY (Yh) OF COMMON LIQUIDS USED FOR
SURFACE ENERGY STUDIES

Liquid y? x 103 vyt x 108 Y, x 10
(N/m) (N/m) (N/m)

water 21.8 £ 0.7 51.0 72.8 (Ref.22)
methylene iodide 49.5 1.3 50.8 (Ref.22)
formamide 3957 18.7 58.2 (Ref.22)
glycerol 370+ 4 63.4 (Ref.22)
benzyl alcohol 38.3 1.6 39.9 (Ref.23)
- hexane 18.43 (Ref.24)

The actual resuits for the total free energy (y, ) of the polymer film and -
its components were obtained by solving the last e§uation for liquid pairs that
have different polar and non-polar surface energy contributions: hydrogen
banding (y,) and dispersion component (y9), respectively.



3. RESULTS AND DISCUSSION
3.1 FILM FORMING AND POST-TREATMENT

The latex was coated or easily spread on either porous or impervious
substrates. Room temperature drying of the resulting film seems a critical step
in obtaining malleable and smooth films after the various treatments. Rapid
evaporation of the solvent by heat hardens the material.

The first drying of the suspension into a film did not induce spherulite
formation, not even when the film was heated past its melting temperature.
its percent crystallinity remained constant right after cooling i.e. it did not
change with time.

Wide angle x-ray diffraction (WAX) patterns recorded on the latex "as
received” and after different treatments showed the PHB crystal [attice. In the
case of the wet slurry there was some crystalline order in the "as received”
state, perhaps as a result of the various purification steps.

Spray drying of the latex to a powder form (ICl commercial process)
irreversibry changed the nascent granular morphology and solid state
characteristics even though their particulate nature remain unchanged
(S.E.M.) (Fig. 1). The observed crystallinity of the granules in the "as received”
suspension suggests that the original nascent morphology was induced to
crystailize, to a degree, due to the 1solation treatment.

Air dried films were partially fused when heated at 100 °C for a period of
10 minutes. These white opaque films are extremely porous as indicated by
capillary rise measurements and scanning electron microscopy (Fig. 2). The
tatter technique clearly showed the particulate nature of the starting latex.
These films consist of 0.5 to 1.5 uym particles forming an open network with
some coalescence between the particles. Heating the air dried films at 50 °C
did not produce fusion.

Hot pressing produced transparent and flexible films of uniform
crystallinity. The particulate, porous nature of the parually fused film was
completely lost. These tough films, if of sufficient thickness, neck and turn
white and opaque when coid stretched. The elongation to break by hand
stretching is about 30%. Thin films display brittle fracture, similar to paper (no
necking). Since the continuity in these films is due to coalescence or surface
fusion of the outer layer of the granules as opposed to chain entanglements
in solvent cast films, this low elongation is not surprising. Chloroform vapour
fused films do not show very high elongation to break either but their clarity
is remarkable asis the absence of spherulites.

3.2. SURFACE PROPERTIES AND CAPILLARY RISE

The surface energy of a matenial and its polar and non polar components is
useful in predicting interactions with liquids and its adhesion properties.
Contact angle (8) of a liquid against a solid is a measure of the interaction
forces characteristics. As described in the experimental section two methods
of surface characterization were used according to the films characteristics.

3.2.1. Capillary Rise, Capillary Radius and Contact Angle. The capillary rise
results for air dry and partially fused microporous films are summarized in
Table 3.



Fig. 1 Scanning electron micrographs of PHB granules (spray dried
powder), ICl Biopol™ Marlborough Biopolymers Ltd..

Fig.2 PHB/HV film (21% HV), made by air drying a 20% w/w solids
latex suspension followed by heating at 130 °C for 10 minutes.



TABLE 3
CALCULATED CONTACT ANGLE (8) OF LIQUIDS
AGAINST AIR DRY AND PREFUSED
(POROUS) PHB/HV LATEX FILMS

Liquid ContacdteAgrjgle (8) cosh
Water 71.11 0.324
Formamide 70.00 0.342
Benzyl aicohol 89.68 0.006

Capillary rise of liquids was linear with respect to the square root of
time. From the knowledge of the slope, solvent viscosity (n), surface tension
(y) using a liquid that has a zero contact angle (8) with the surface (cos0° = 1),
tze effective capillary radius of these films can be calculated (19). Hexane was
chosen as it has approximately zero contact angle. The capillary radius was
found to be 0.158 pm. This is in good agreement with electron microscopy
observations.

Contact angble of liquids against hot pressed and chioroform vapour-fused
films could be measured directly on the films with a2 goniometer. The resuits
are shown in Table 4.

Chloroform vapor fused and hot pressed films have the same
transparency but as seen in Table 4 they behave significantly different with
liquids other than water. The chioroform film being more inert to formamide
and benzyi alcohol. It should be noted that the chloroform vapor treated film
surface was extremely smooth whiie the hot pressed film was not, as the smail
dents and roughness of the hot plate were transferred to the film. Contact
angle values and liquid spreading may be influenced by microscopic surface
roughness (24).

The hot pressed film reacted with benzyl alcohol, the film shrank and
buckled under the liquid, no reliable measurement could be obtained.

3.2.2. Surface energy. The surface energy components of the various latex
films are summarized in Table 5.

Hot pressing’ of the films produced a significant increase in the total
surface energy of the material. It also changed the contribution of the
dispersion of non polar component to a higher value. In the case of the
chloroform vapor fused film each component contributes almost haif total
surface energy. For chloroform vapor fused films increased contact angle
values may be due to the disappearance of the capillary structure as opposed
to a decrease in the hydrophilic interaction contribution. Chloroform readily
solubilizes the polymer.




TABLE 4

MEASURED CONTACT ANGLE (8) OF HOT PRESSED AND

CHLOROFORM VAPOR FUSED PHB/HV LATEX FILMS

Sample N, Contact Angle (6)
treatment Liquid deg. cosd
Hot pressed Water 68.15 0.372
" Formamide 4468 0.711
‘ Benzyl alcohol -
hiorof -
Chiorolorm vapor Water 68.65 0.364
Formamide 59.28 0.5M1
Benzyl alcohal 21.29 0.932
TABLE S
FREE ENERGY (Yw) AND ITS COMPONENTS OF
PHB/HV LATEX FILMS
Sample o Yy, x 10} | y4x 10 | yArx 103
treatment Hauid pair | m) Nrm) N/m)
air dry or partially | water/benzyl 91
fused films aicohol 33.33 4.42 289
. water/ .
g formamide 31.06 8.82° 22.24
hot pressed - 428 31.96 10.88
films
chloroform vapor » 34.86 16.16 18.70
fused films




In both cases, the segmental motion induced by heat or solvents in the
absence of water tends to minimize free energy. Hot pressing of the films in
the absence of water, forces the hydrophilic functional groups (carboxylated
esters and hydroxy groups) to rotate inside the rest of the polymer chain
{hydrocarbon, hydrophobic component) creating also an hydrophobic surface
with a significant high dispersion component contribution.

For comparison purposes the surface energy of widely used synthetic
and natural polymers are shown in Table 6 (26).

4. CONCLUSIONS

The morphology of the latex films which develops due to hot pressing or by
exposure to soivents encourages the use of this material for novel film and
coating applications. These results show that a different physical form of the
PHA material, or its use at various stages of the extraction and purification
process, yields products of different properties and charactenstics. The post-
treated air dried films made of the never dried latex are uniformly crystalline,
non-spherulitic, transparent and very flexible. Furthermore, the degree of
porosity is adjustable and the wettability characteristics suggest that the films
could be loaded with medicaments or adjuvents for particular applications.

TABLE 6
SURFACE ENERGY (y, ) OF SOME POLYMERS AT 20 °C
Polymer Yoo X 10°
(N/m)
cellulose 34-42
hemicelluioses 33-36
lignin 33-37
polyvinylalcohol 37
polystyrene 33
polyvinyl chloride 40
- . polyethylene 31
’ “polytetrafluoroethylene 18.5
starch 39

In particular, the ready sorption of the PHA latex bg fibrous constructs such as

aper or non wovens suggests applications such as binder, coating material or
garrier. Techniques of spherical agglomeration of the latex snould allow
control of particle size beyond the naturail occurrence of about 0.5 uym. Even
asymmetry in particle shape is conceivable by suitable shear treatment of the



—

latex. These applications in fibrous constructs become particularly attractive
when the natural biodegradability of PHA is considered.

From a polymer morphology perspective, the most notable result in this
study is the non-spherulitic character of the films. They are flexible but their
extension to break is almost like that of paper. This suggests that chain
entanglement is limited to interparticie surface and that a strong element of
nascent morphology is still present inside particle domains. The chloroform
vapour treated films have improved toughness but still lack the large
extension to break characteristics of thermoplastics that display necking on
extension.

In a separate study it has been shown that the enzyme purification
process and/or some HV content in the granules are not limiting requirements
to produce non spherulitic, transiucent, flexible polymer films from PHA latex.
Films made out of granules purified by the hypochlorite process proved to be
of comparable flexibility and crystallinity. All results seem to indicate the
importance of processing the material in its never dried latex state.
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Abstract: It is a striking feature of the bacterial storage polymer poly-3-hydroxybutyrate (PHB) that, although the
isolated polymer is highly crystalline, native PHB storage granules in cells are only found in an amorphous, mobile
state. It has recently been proposed that the failure of PHB granules to crystallize is simply the result of slow nucleation
kinetics that are operative for small particles. Insupport of this new model, we report here a straightforward procedure
by which pure crystalline PHB can be reconstituted into submicron-size artificial granules. In the artificial granules,
a synthetic surfactant has been substituted for the native granule coating. The artificial granules are amorphous and
stable in suspension, and they are essentially indistinguishable from their native counterparts in terms of size, morphology,
molecular mobility, and density. Furthermore, when the surfactant coating is removed from the artificial granules by
dialysis, the granules crystallize, verifying the nucleation hypothesis. /n vivo, the PHB granule surface is likely to
consist of both protein and phospholipid; in vitro it is possible to prepare amorphous PHB granules which are stabilized
solely by phospholipid. PHB artificial granule latexes crystallize well on drying and annealing, making them potentially
useful in the preparation of polymer coatings. Artificial amorphous granules may also be prepared from other bacterial

polyhydroxyalkanoates (PHAs) and from blends of incompatible polyesters.

Introduction

Poly-3-hydroxyalkanoates (PHAs, 1) are linear, hydrophobic
polyesters that occur naturaily in a wide variety of bacteria and
other organisms.! In bacteria the polymers function as energy
and carbonstorage materials. Poly-R-3-hydroxybutyrate (PHB,
2) was the first of the PHAs to be discovered and is the most
widespread in nature. PHAs haveattracted substantial industrial

* Author for correspondence.

t A preliminary account of this work has appeared: Horowitz, D. M.;
Clauss, J.; Hunter, B. K.; Sanders, J. K. M. Nature 1993, 363, 23.
Abbreviations used: PHB (poly-3-hydroxybutyrate), PHBV (poly-3-hy-
droxybutyrate-co-3-hydroxyvalerate), PHO (poly-3-hydroxyoctanoate), PHA
(poly-3-hydroxyalkanoate), CTAB (cetyitrimethylammonium bromide), SDS
(sodium dodecyl sulfate), EDTA (ethylenediaminetetraacetate), BHT (bu-
tylated hydroxytoluene), WAXS (wide-angle X-ray scattering), O/W (oil-
in-water).

® Abstract published in Advance ACS Abstracis, March 1, 1994.

(1) For reviews see: (a) Anderson, A. J.; Dawes, E. A. Microbiol. Rev.
1990, 54, 450-472. (b) Miller, H.-M.; Seebach, D. Angew. Chem., In1. Ed.
Engl. 1993, 32, 477-502.
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interest as biologically derived, fully biodegradable thermoplastics;
poly-3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV or Biopol,
3) is now produced commercially by fermentation for use in

"B
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n

1: PHA, R = various atkyl, alkenyl, and aryl groups (Cy.41)
2: PHB, R=CH,
3. PHBV (Biopal), R = CHj, CHxCH,

packaging and other applications. Due to its absolute stereo-
regularity, isolated bacterial PHB crystallizes readily from the
melt (T 180 °C) and achieves a high degree of crystallinity,
typically about 70%.

As PHB s insoluble in water, the polymer invivo occurs in the
form of discrete inclusion bodies or “granules”, which under

© 1994 American Chemical Society
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appropriate cultural conditions may comprise up to 80% of the
dry weight of the cell. The granules vary in size and number
among different organisms, but in the commercial bacterium
Alcaligenes eutrophus, a typical PHB-rich cell contains 8-12
granules, averaging 0.25 um in diameter.2 PHB is by far the
major constituent of the granules; native granules from Bacillus
megaterium were reported to contain 97.7% PHB together with
1.9% protein and 0.4% lipid,? the latter two presumed to form a
surface coating around an essentiaily pure PHB core. The physical
state of the PHB within the granules has been much debated.*
PHB granules werecharacterized initially in the 1960s by carbon-
replica electron microscopy’ and X-ray diffraction.t It was
concluded that PHB invivo wascrystalline with the samestructure
as the isolated polymer. This finding remained unchallenged
until the late 1980s when studies of whole, PHB-producing cells
by 3C-NMR spectroscopy,” wide-angle X-ray scattering
(WAXS),! and transmission electron microscopy® revealed
unequivocally that the polymer in vivo is completely amorphous.
I3C-NMR spectroscopy proved to be an especially suitable
technique for resolving this issue, as mobile polymer could be
detected directly in intact, living bacterial cells in aqueous
suspension. Crystalline PHB granules would display no NMR
spectrum using conventional solution-state techniques; however,
mobile amorphous polymer would be expected to exhibit sharp
lines. It was found that the polymer in vivo does indeed have a
readily observable spectrum at temperatures 50 °C above T but
some 130 °C below T, As Ty for the homopolymer is 5 °C, the
polymer in living cells at 30 °C is in an elastomeric state.

Isolation of the PHB granules by all but the mildest techniques
has been found to lead to apparently irreversibie crystallization.
In early studies, biochemical “inactivation” of native granules,
now understood to involve crystallization of the polymer, was
associated with a variety of treatments, including excessive
centrifugation, repeated freezing and thawing, and exposure to
organicsolvents, proteolytic enzymes, and heat.!® Inrecentyears,
numerous hypotheses have been advanced to explain the meta-
stable amorphous state of the polymer invivo. The involvement
of labile protein or lipid factors,!! the existence of natural
plasticizers,!? keto—enol tautomerism,' and the existence of a
water-stabilized extended chain conformation!4 have all been
suggested. Noneof these hypotheses, however, have gained much
direct experimentai support.

Two groups proposed recently that the amorphous state of
PHB in vivo can be explained by a simple physical-kinetic

(2) Ballard, D. G. H.; Holmes, P. A.; Senior, P. J. Recent Advances in
Mechanistic and Synihetic Aspects of Polymerization; Fontanille, M., Guyot,
A., Eds.; D. Reidel Publishing Company: Dordrecht, 1987; pp 293-314.

(3) Griebel, R.; Smith, Z.; Merrick, J. M. Biochemistry 1968, 7, 3676~
3681.

(4) Calvert, P. Nature 1992, 360, 535.

(5) Lundgren, D. L.; Pfieter, R. M.; Merrick, J. M. J. Gen. Microbiol.
1964, 34, 441446,

(6) Ellar, D.; Lundgren, . G.; Okamura, K.; Marchessauit, R. H. J. Mol.
Biol. 1968, 35, 489-502.

(7) Barnard, G. N.; Sanders, J. K. M. J. Biol. Chem. 1989, 264, 3286—
3291.

(8) (a) Kawaguchi, Y.; Doi, Y. FEMS Microbiol. Let1. 1990,70,151-156.
(b) Amor, S. R.; Rayment, T.; Sanders, J. K. M. Macromolecules 1991, 24,
4583-4588.

(9) Mclintosh, H. M. Ph.D. Thesis, University of York, England, 1988.

(10) (a) Merrick, J. M.; Doudoroff, M. J. Bacteriol. 1964, 88, 60-71. (b)
Merrick, J. M.; Lundgren, D. G.; Pfister, R. M. J. Bacteriol. 1965, 89, 234-
239,

(11) See ref 8a; <f. ref 3.

(12) Harrison, S. T. L.; Chase, H. A.; Amor, S. R.; Bonthrone, K. M.;
Sanders, J. K. M. Int. J. Biol. Macromol. 1992, 14, 50-56.

(13) Barham, P. J.; Bennett, P.; Fawcett, T.; Hill, M. J.; Stejny, J.; Webb,
J. Abstracts of the conference Biologically Engineered Polymers, Cambridge,
U.K.. July 31-August 2, 1989.
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mechanism.' The essence of the kinetic model is that polymer
that is newly synthesized in an amorphous mobile form within
the granule will only crystallize as a result of spontaneous
nucleation. It has long been recognized that the macroscopic
rate of crystallization of a liquid polymer or other substance can
be significantly retarded by subdividing the substanceintoa large
number of small, physically isolated droplets.!¢ In such systems,
crystallinity in one droplet does not seed crystallization in other
droplets. When crystallization does occur in a droplet, its
propagation within that droplet is rapid. Bulk crystallization
may be slowed dramatically provided that (1) the droplets are
sufficiently small that only a small proportion contain nucleating
contaminants and (2) the frequency of spontaneous nucleation
within individidual droplets is low. Slow crystallization has been
observed experimentally at temperatures well below T, forisolated
droplets of a variety of metals and small molecules'é!7 as well as
for several polyolefins, polyethers, and polyamides.’® In such
systems, the fraction of droplets nucleated spontaneously with
time (n/ng) is given by a simple exponential function:!?

njng=1-e™

where /is the nucleationrate constant and vis the droplet volume.

As PHB occurs in quite pure form within native granules,
which are extremely small and are isolated from their environs
by a protein/lipid coat, it is proposed that the rate of PHB
crystallization in vivo is governed by the rate of spontaneous
nucleation events within individual granules. Since this rate
depends upon the granule volume, and therefore on the third
power of radius, its predicted value is surprisingly low for the
submicron-size polymer storage granules. The upper limit for
the rate constant J of spontaneous crystal nucleation in isolated
PHB at 30 °C (the temperature of bacterial growth) is 2.5 events
mm~s~1.20 The corresponding rate of nucleation, /v, for a typical
storage granule of diameter 0.25 um is 2.0 X 10-i! events s~!. In
the absence of any perturbation that causes granule coalescence
or exposure of the polymer to heterogeneous nucleation catalysts,
anensembleof native granules should thus exhibit a crystailization
half-life of at least 3.4 X 10!%9s, or >1000 year.

It is a consequence of this model for the physical state of PHB
in vivo that it might be possible to recreate the amorphous state
of the polymer invitrousing pure PHB.!3* Specifically, the model
predicts that the native state could be duplicated if it were possible
to generate PHB that was (1) amorphous at the outset; (2)
contained in discrete, physically separate microscopic particles;
and (3) either relatively free of nucleating contaminants or eise
coated in such a way that direct exposure of the polymer to the
potential nucleants would be minimized.2! We show here that
a remarkably straightforward procedure can be used to prepare
artificial PHB granules that are amorphous and generally
indistinguishable from their native counterparts. Once again, as
in the case of the native granules contained in whole cells, NMR
has been used in a simple and noninvasive manner to verify the

(15) (a) de Koning, G.J. M.; Lemstra, P. J. Polymer 1992, 33,3292-3294.
{(b) Bonthrone, K. M.; Clauss, J.; Horowitz, D. M.; Hunter, B. K.; Sanders,
J. K. M. FEMS Microbiol. Rev. 1992, 103, 273-282.

(16) Vonnegut, B. J. Colloid Sci. 1948, 3, 563-569.

(17) (a) Mathias, S. F. Trends Biotechnol. 1991,9,370-372. (b) Turnbull,
D. J. Chem. Phys. 1952, 20, 411-424. (c) Turnbull, D.; Cormia, R. L. J.
Chem. Phys. 1961, 34, 820-831.

(18) (a) Cormia, R. L.; Price, F. P.; Turnbull, D. J. Chem. Phys. 1962,
37,1333-1340. (b) Gornick, F.; Ross, G. S.; Frolen, L. J.J. Polym. Sci., Part
C 1967, 18, 79-91. (c) Burns, J. R.; Turnbuli, D. J. Appl. Phys. 1966, 37,
4021-4026. (d) Koutsky, J. A.; Walton, A. G.; Baer, E. J. Appl. Phys. 1967,
38, 1832-1839. (e) Burns, J. R.; Turnbull, D. J. Polym. Sci. Part A2 1968,
6,775-782. (f) Barham, P. J.; Jarvis, D. A.: Keller, A. J. Polym. Sci., Polym.
Phys. Ed, 1982, 20, 1733-1748.

(19) Wunderlich, B. Macromolecular Physics; Academic Press: New York,
1976: Vol. 2, pp 16-35.

(20) (a) Barham, P. J. J. Mater. Sci. 1984, 19, 3826-3834. (b) Organ,
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Figure 1. Particle size volume distribution for CTAB-coated artificial
PHB granules, as determined by laser light scattering. The median of
the distribution function was 0.3-0.4 um.

presence of mobile, amorphous material within the artificial PHB
particles. Thecrystallization properties of the artificial granules
provide strong evidence for the competence of the nuclcanon
model to explain PHB behavior in vivo.

Results

Preparation of Artificial PHB Granules. Artificial,amorphous
PHB granules were prepared as shown in Scheme 1. First, a
chloroform solution of PHB was emulsified ultrasonically with
20 volumes of an aqueous surfactant (e.g. S0 mM cetyltrim-
ethylammonium bromide, CTAB). The resulting opaque emul-
sion contained PHB in chloroform solution, as confirmed by 3C-
NMR spectroscopy. The organic solvent was removed from the
emulsion by (a) heating (75 °C for 90 min); (b) stirring in air
(40 h); or (c) dialysis against additional aqueous surfactant. The
translucent suspension that formed contained amorphous, sur-
factant-coated PHB particles, which were similar to native
granules by a variety of criteria, as described below. This general
procedure could be used to make artificial granule suspensions
from PHB, PHBYV copolymers (various compositions), poly-3-
hydroxyoctanoate (PHO), and several other PHAs. Dichlo-
romethane, but not 1,2-dichloroethane, could also be used as a
solvent for PHB to produce amorphous granules; water is the
only solventidentified thus far that may be used for the continuous
phase. A varietyof surfactantscould be used to prepare granules,
which by the criterion of 3C-NMR spectroscopy, contained
amorphous PHB (see Chart 1). These included a number, of
cationic dctcrgems. of the quaternary amine famxly, several
common anionic detergents, including sodium dodecyl sulfate
(SDS) and the bile acid salts sodium cholate and deoxycholate;
common fatty acid salts (soaps); and one nonionic detergent.
Omission of the surfactant from the system resulted in rapid
flocculation and crystallization of the PHB following removal of
theorganicsolvent. While ultrasonic treatment was the preferred
method of emulsification, a mechanical homogenizer was also
partially effective. Ultrasonic treatment resulted in some reduc-
tion of the average polymer molecular weight (M), from 650 000
to 140 000-330 000.

Artificial granules could be concentrated by centrifugation,
which was usually carried out in two rounds of 30 min each at

(2} Dialyze
v. H,0/Detergent OR
(3) Stir 40 hr

Chart 1

Cationic Detergents Anionic Detergents
Benzalkonium (1
Benzethonium Cl
Benzyldimethyldodecylammonium Br
Benzyldimethylhexadecylammonium Br
Benzyldimethyltetradecylammonium Br
Cetyidimethylethyvlammonium Br
Cetylpyridinium C1
Cetyltrimethylammonium Br Soaps
Dodecyltrimethylammonium Br
Meme;zybenzechémum a Sodium Laurate
Tetradecyltrimethylammonium Br Sodium Myristate
Sodium Palmitate

Sodium Stearate

Sodium Cholate

Sodium Deoxycholate
Sodium Dioctyisulfosuccinate
Sodium Dodecyl Suifate
Sodium Sarkosy!

Nonionic Detergent

Sorbitan Monopalmitate

8000 and 33000g. Provided the granules were promptly resus-
pended in water, centrifugation did not appear to promote
crystallization; in contrast to the behavior reported for native
granules.!0

Artificial Granule Size and Morphology. Artificial granules
were examined by several techniques to determine their size and
morphological characteristics. Suspensions of granules prepared
using CTAB and other surfactants were examined by laser light-
scattering (Figure 1). The median particle diameter for the
CTAB-coated granules estimated by this technique was 0.3-0.4
pm. Variables such as the surfactant concentration during
emulsification, theduration of ultrasonictreatment, and the nature
of the surfactant did not exercise any pronounced effect on the
particle size distribution of the granules.

In addition, dilute suspensions of CTAB-coated granules were
air-dried onto holey carbon films and examined by transmission
electron microscopy (Figure 2). The granules appeared as
somewhat deformable microspheres with typical diameter 0.1~
0.3 um. Similar results were obtained by fluorescence microscopy.
Artificial granules werestained with the dye Nile Red,?2a selective
histological stain for PHB and other lipid inclusions. The granules
were visible as red-orange microspheres, fluorescent at >580 am
(data not shown). Comparison with similarly stained native
granules contained in whole A. . eutrophus cells showed no
significant difference in size or morphology. It has beenreported
that solid fatty inclusions do not color with this dye,?? and thus
thestaining of artificial granulesis consistent with their containing
amorphous, elastomeric PHB.

Granule Structure and Molecular Mobility. Artificial granules
prepared using CTAB were collected from aqueous suspension
by centrifugation at 8000g and applied as a paste toa glass X-ray
slide. Both whole, PHB-rich cells of A. eutrophus (Figure 3a)
and artificial granules (Figure 3¢) show only an amorphous halo
when viewed by WAXS. When PHB is isolated from whole celis

(22) (a) Greenspan, P.; Mayer, E. P.; Fowler,S.D. J. Cell. Biol. 1988, 100,
965-973. (b) Ostlc,A G Holt..l G. Appl Environ. Microbiol. 1982, 44,
238-241,

(23) Cain, A. J. Biol. Rev. Cambridge Philos. Soc. 1950, 25, 73-112.




Figure 2. Transmission electron micrograph of CTAB-coated artificial
PHB granules. Artificial granules appear as small dark spheres; large
circles are holes in the carbon film support.
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Figure 3. Wide-angle X-ray scattering (WAXS) patterns for (a) whole,
PHB-richcells of A. eutrophus; (b) isolated, crystalline PHB powder; (¢)
artificial, amorphous PHB granules; and (d) artificial granule paste dried
and annealed overnight at 125 °C.

by the commercial aqueous method, the polymer undergoes ready
crystallization. Thustheisolated PHBsamplein Figure 3bshows
a series of sharp peaks in its diffraction pattern, indicative of a
crystallinity of 69%. Air drying of the granule paste sample in
Figure 3c likewise results in the onset of crystailization, presum-
ably due tothe destabilization of the protective surfactant coating.
On annealing overnight at 125 °C, the artificjal granule paste
forms a film of 73% crystallinity (Figure 3d), comparable to that
of the initial powder form. . '

The elastomeric state of PHB granules in vivo was originally
detected by 3C-NMR spectroscopy. Elastomeric polymers at
temperatures well above Ty show sharp NMR resonances, whereas
theresonances derived from crystalline solids are extremely broad
(>1000 Hz) and are thus invisible by conventional solution
techniques. Aqueous suspensions of artificial, CTAB-coated
granulesand whole, PHB-rich cells of 4. eutrophus were examined
in parallel by NMR at various temperatures from 30-90 °C. The
spectra obtained (Figure 4) show strikingly similar mobility
propertiesacross the entire temperaturerange. The NMR spectra
also reveal the notable absence of residual chloroform from the

! : .
B e e e £ At
| o

o S PSR DN

170 80 50 20
ppm
Figure 4. Natural abundance 100-MHz 3C-NMR spectra of whole,
PHB-rich cells a A. eutrophus and artificial, amorphous PHB granules.
Cells or granules were collected by centrifugation and resuspended in
D,0. Samplesa,c,and eare wholecellsat 30, 50,and 90 °C, respectively;
samples b, d, and { are artificial granules at 30, 50, and 90 °C. Signals
at 6 170, 68, 41, and 20 ppm represent the PHB carbonyi, methine,
methylene, and methyl resonances, respectively.

artificial granules;® furthermore, only a trace of surfactant can
beseen. Itshould be noted that 70% crystalline PHB powder has
no NMR spectrum at these temperatures, as the amorphous
domains of the polymer are sufficiently small and constrained to
prevent their giving rise to sharp lines. Determinations of the
NMR relaxation time constants T and T, described elsewhere,?’
also reveal a remarkable similarity between native and artificial
granules over a range of temperatures.

Granule Density Analysis. The densities of native and artificial
granules were determined in parallel by Nycodenz density gradient
centrifugation. Crude native PHB granules were isolated by a
gentle lysozyme/ultrasound treatment from 4. eutrophus grown
under nutrient limitation; the native granules were then purified
onsucrose step gradients. Suspensions of purified native granules
and SDS-coated artificial granules were applied to linear 30—
50% (wt/v) Nycodenz gradients, which were developed at
110000g. Gradients were fractionated and the fractions assayed
quantitatively for PHB (Figure 5). The average density of
artificial granules was estimated to be 1.180 g/cm?, compared
to 1.170 g/cm? for native granules. Both values were similar to
the density of 1.176 g/cm’ reported for pure amorphous PHB-
quenched from the melt.? By contrast, crystalline PHB powder

(24) Artificiai granule suspensions prepared by the heating method were
examined by GC to quantify residual chloroform at various stages in the
heating process. After 60 minat 75 °C, residual chloroform had been reduced
to <13 ppm (i.e. <0.5% wt/wt compared to PHB). After 90 min at 75 °C,
chloroform was no longer detectable in the suspension (detection limit 1-2
ppm), but extrapolation from earlier values would indicate the presence of
0.24 ppm (<100 ppm wt/wt on PHB).

(25) Shaw, G. L.; Melby, M. K.; Horowitz, D. M.; Keeler, J.; Sanders, J.
K. M. Int. J. Biol. Macromol. 1994, 16, 59-63.

(26) Bauer, H.; Owen, A. J. Colloid Polym. Sci. 1988, 266, 241-247.
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Figure 5. Nycodenz density gradient profiles for (a) isolated, native
PHB storage granules from A. eutrophus; (b) artificial, amorphous PHB
granules (SDS-coated); and (c) crystalline PHB powder. Linear
Nycodenz gradients (prepared from 30-50% wt/v stock solutions) were
loaded with sample, developed at 110000g, and fractionated. Fractions
were analyzed by gas chromatography for PHB (open squares); density
was determined by refractometry (closed diamonds).

exhibited a density of 1.246 g/cm? in Nycodenz (identical to the
literature value?’).

Artificial Granule Stability. A sample of CTAB-coated
artificial granules was maintained at 30 °C for a prolonged period
ina sealed NMR tube containing a benzene-d capillary as internal
reference (Figure 6a). The sample was examined regularly by
BC-NMR spectroscopy (70 °C) to detect amorphous PHB. After
a period of nearly one year, there was no measurable decrease
in the intensity of the four polymer resonances relative to that
of the benzene internal standard (Figurc 6b). Similar stability
was observed with granules prepared using the anionicsurfactants
SDS, sodium sarkosyl, sodium deoxycholate, and sa-dxum dloc-
tylsulfosuccinate (data not shown).

Although artificial amorphous granules appeared to be stable
indefinitely when not perturbed, stability was absolutely dependent
upon the presence of the surfactant coating. When a sample of
CTAB-coated PHB granules was dialyzed against a large volume
of water to remove the surfactant, flocculation and crystallization
rapidly ensued. No polymer signals were visibleinthe PC-NMR
spectrum of this sample following dialysis (Figure 6c). However,
inclusion of 1 mM CTAB in the dialysis buffer was sufficient to
protect the granules from denaturation (data not shown).

(27) Barker, P. A.; Mason, F.; Barham, P. J. J. Mater. Sci. 1990, 25,
1952-1956.
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Figure 6. Natural abundance 100-MHz 3C-NMR spectra, at 70 °C,
of aqueous suspensions (D;0 or H;0) of various artificial granule
preparations. The peak in each spectrum at 6 128 ppm is derived from
a sealed benzene-dg capillary, which served as an internal intensity
standard. Spectrum a was obtained from a freshly prepared sampie of
CTAB-coated, artificial PHB granules; spectrum b was obtained from
the identical sample after 11 months’ incubation at 30 ®*C. Spectrum ¢
was obtained from a sampie of CTAB-coated, artificial amorphous
granules dialyzed exhaustively against distilled water. Spectrum d was
collected from a sample of artificial amorphous PHB granules prepared
using the detergent sodium cholate. Dialysis of these granules against
distilled water causes crystallizationand loss of NMR signals (¢). Addition
of solubilized soy phospholipids prior to dialysis protects the granuies
from crystallization, leaving the NMR spectrum intact (f).

Phospholipid-Coated Granules. The readiness with which
water-soluble surfactants could be removed from the granules
suggested that the granule coating could be replaced by exchange
with other amphipathic substances. Accordingly, artificial
granules coated with sodium cholate (NMR spectrum, Figure
6d) were collected by centrifugation and resuspended in an
aqueous buffer containing soy phospholipids solubilized by
sonication in a buffer containing sodium cholate (2%). A variety
of lipid concentrations, from 0 to 40 mg/mL, wercused. Granules
resuspended in lipid/detergent cocktail were then dialyzed
exhaustively against phosphate buffer containing Amberlite
XAD-2 to remove the cholate detergent. Inclusion of soy
phospholipids at concentrations of 10 mg/mL or higher was found
to protect PHB NMR signals from loss during dialysis (Figure
6f); in the absence of added lipid these signals were completely
lost (Figure 6¢), as with the CTAB-coated granules above.

Native-Granule-Associated Phospholipids. Lipidsextracts were
prepared from whole, PHB-rich cells of 4. eutrophus and from
sucrose density gradient-purified native granules. Analysis of
the two samples by two-dimensional TLC revealed the same
spectrum of four phospholipids in each. Three were apparently
identical to phosphatidylethanolamine, phosphatidylglycerol, and
diphosphatidylglycerol. The fourth minor component (R —0.33,
Rp - 0.34), which was ninhydrin-positive and stained with the
Dittmer phosphate reagent, has not been identified.

Artificial Granules from Polymer Mixtures. Artificial granules
were prepared-as above from a chloroform solution containing
2.5% (wt/v) of PHB and 2.5% (wt/v) of poly-3-hydroxybutyrate-
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Figure 7. Nycodenzdensity gradients (prepared from 30-50% wt/v stock
solutions) of various SDS-coated artificial amorphous granule samples.
Gradient a was loaded with granules prepared from PHB homopolymer
(p = 1.18 g/cm?), while gradient b contained granules made from poly-
3-hydroxybutyrate-co-28%-3-hydroxyvalerate (PHB-co-28%HV,p = 1.16
g/cm?). Gradient ¢ was loaded with granules made from a chloroform
solution containing PHB and PHB-co-28%HYV in equal proportions.
Gradient d was loaded with a mixture of separately prepared PHB and
PHB-co-28%HYV granules. Note that in gradient ¢ a single band of
homogeneous density was observed (p = 1.17 g/cm?), indicating the
coexistence of PHB and PHB-co-28%HYV, two polymers that are
immiscible in the melt, within individual artificial granules. Ina mixture
of PHB and PHBY granules (d), two distinct bands occur, showing that
the results in gradient ¢ are not simply due to aggregation of granules
derived from two separate populations.

¢o-28%-hydroxyvalerate, two polymers that are incompatible in
the melt.?® Following organic solvent removal, the granules were
concentrated by centrifugation and examined on Nycodenz density
gradients, in parallel with samples of pure granules obtained from
each polymer separately (Figure 7). It was found that the mixed
polymer granules formed a single homogeneous population (Figure
7¢), with density intermediate between that of the two pure
polymer granule samples. Ina control experiment to exclude the
possibility of granule aggregation, it was shown (Figure 7d) that
a mixture of separately prepared PHB and PHBV granules
displayed a clearly bimodal density distribution. A pasteof mixed
polymer granules, which was completely amorphous by WAXS
(data not shown), formed a 60% crystailine film on drying and
annealing at 125 °C.

Discussion

Artificial Granules and the Nucleation Model. The foregoing
results demonstrate that isolated, crystalline PHB can be simply
reconstituted into an aqueous suspension of amorphous polymer
particles, which are virtually indistinguishable from native PHB
storage granules. The procedure used to prepare these artificial

The PHB used in these experiments was of extremely high
purity (99.9%), and thus models in which endogenous plasticizers
or other auxiliary factors are required to keep the polymer
amorphous in vito are explicitly disproved. The only cofactor
required to maintain the polymier in an amorphous state in the
artificial system is an amphiphatic species capable of coating the
polymer granules. Artificial granules may be prepared using
any of a wide array of synthetic surfactants, indicating that no
specific surfactant-polymer interaction is responsible for the
amorphous state of the polvmer.

In one recently proposed alternative to the nucleation model,
a small amount of hydrogen-bonded water in the native granule
interior maintains the polymer in a hypothetical 8-conformation
that is incapable of crystallizing.!* Infrared spectroscopy and
other measurements do support the presence of some water (<5%)
associated with both native granules*® and artificial granules
(data not shown). These methods cannot distinguish, however,
between water entrapped in pockets within or between the granules
and water that is actually PHB-bound. In any case, no model
system has been reported to date in which the polymer remains
amorphous through formation of a complex with water. On the
other hand, our results strongly support the kinetic nucleation
model. Itisespecially noteworthy that removal of the surfactant
from the artificial granules by dialysis results in ready crystal-
lization of the polymer. Surfactant removalallows the coalescence
of the artificial granules into larger masses (which have higher
nucleation frequencies) and/or allows the polymer access to
nucleating contaminantsinsurfaces. Smallamountsofsurfactant
added to the dialysis buffer completely protect the granules from
crystallization. None of these observations can be accommodated
by the thermodynamic water model.

The stability of the artificial granules is far greater than that
of native granules or of most other polymer droplets studied. The
extraordinary stability of the artificial amorphous granules at 30
°C is, however, entirely in keeping with the >1000 year half-life
predicted by the kinetic model. Even at 50 °C, where the
spontaneous nucleation rate constant for PHB is maximal,2%® the
predicted half-life for granule crystallization is still on the order
of at least 100 years. Indeed, artificial granules that were
repeatedly heated from 30 to 70 °C during the course of one year
for NMR experiments showed no measurabie loss of signal. Thus
the bacterial polyesters appear to forma class of substances where
no significant solidification of amorphous droplets occurs over
theentirerange of temperatures where crystallization could occur.

Although slow crystallization has previously been seen with
other polymer droplets,!® in all cases (with the possible exception
of isotactic polybutene-1)!% the amorphous droplets could
withstand only a finite degree of undercooling. Critical solidi-
fication usually occurred at a point 50-100 °C below the bulk

Tw. The comparatively high stability of artificial amorphous
PHB granules may be due to (1) the absence of solid catalyst
residues or other nucleating impurities from the bacterial polyester,
resulting in an apparently lower spontaneous nucleation rate; (2)
the unique protection from solid surfaces, the suspending
medium,? and other potential nucleants afforded by the surfactant
coating utilized in the current work; and/or (3) the very small

granules is effective apparently because (1) at the point at which
the polymer is precipitated from chloroform solution, itis already
inthe formof particlesthat are toosmall to nucleate spontaneously
and (2) the ionic detergent used in the emulsification provides
a robust coating for the PHB, both protecting the granules from
heterogeneous nucleation catalysts and preventing granule
coalescence through electrostatic repuision. :

o

G

NS
& Pt

T

;ﬁ-,;a b
KRR E:

i

)

o Q¥
S ety
8N

of native storage granules from A. eutrophus, a conclusion that
is confirmed by light scattering and optical fluorescence micros-
copy. Wide-angle X-ray scattering and 13C-NMR data further
demonstrate that the granules contain PHB in a wholly amorphous
state, with molecular mobility essentially identical to that of the
native polymer. Buoyant density measurements provide further
confirmation of the similar physical state of native and artificial
granules.

(28) Hammond, T. Personal communication.

PR . . . e i i i i ules. Experiments are.
:’ﬁ A variety of techniques was used to characterize the artificial si?l::asmfoag? lt?vcii:ﬁtzr:glpgigcm nsslii:ili tlizcsgc

§ granules. Electron micrographs indicate that the size range of Ncan‘veyc 151 "Il,g tein 'I‘hgc naturcp:f the pro u;c tive surface
g the artificial granules, 0.1-0.3 um, is essentially the same as that ranule - roteins. P

coating of native PH B storage granules is the subject of continuing

(29) Interfacial nucleation by the suspending medium has been invoked to
explain the crystallization behavior of droplets of several pelymers and other
materials and is a possibility in the PHB system. If water itself can serve as
a nucleating agent for the polymer, it could explain why amorphous PHB
particles are ever observed to crystallize, as in the dialysis experiment or in
the commercial barvesting process. For other cases see ref 18d and also the
following: Frensch, H.; Jungnickel, B.-J. Colloid Polym. Sci. 1989, 267, 16—
27. Cordiez, J. P.; Grange, G.; Mutaftschiev, B. J. Colloid Interface Sci.
1982,85,431-441. Grange, G.; Lévis, A.: Mutaftschiev, B.J. Colloid Interface
Sci. 1986, 109,542~551. Rasmussen, D. H.;Javed, K.; Appleby, M.; Witowski,
R. Mater. Lett. 1985, 3, 344-348.



aterest. The presence of protein, in particular an active PHB
olymerase, in association with PHB storage granules has been
emonstrated in a number of organisms;¥ in A. eutrophus it
as been demonstrated that the bound PHB polymerase
=sides exclusively at the granule surface.’! Detailed analyses of
-¢ granule-bound proteins in Chromatium vinosum D and
'seudomonas oleovorans have revealed the presence of one or
1ore polymerases along with lower molecular weight proteins of
aknown function.’®432 In A. eutrophus, thereisstriking evidence
:at a low molecular weight, granule-associated protein (the phak
:ne product) plays a surfactant-like role in granule formation
1d/or stabilization.?
Role of Phosphelipids. Data reported here represent the first
stailed analysis of phospholipids associated with native PHB
-anules. The three phospholipids identified were found in
ymparable proportions in whole cell and granule lipid extracts.
ellular phospholipids in A. eutrophus have been analyzed
‘eviously with similar results.3* Those authors also reported
ata 1.8-fold increase in the concentration of total cellular lipids
curs during the early stages of PHB accurmnulation, which they
tributed to the synthesis of a granule membrane. Asthe same
wospholipids were found here in whole cells and granules, the
ssibility of contamination of the granules with fragments of
2 plasma membrane during isolation cannot be excluded.
swever, it appears more likely that during granule biosynthesis,
ospholipids are recruited in an adventitious fashion to the
drophobic surface of the polymer.
The experimental results reported here demonstrate that
ospholipids by themselves are a chemically competent coating
- the maintenance of the physical state of amorphous PHB
:nules. When detergent-coated granules were mixed with
.ergent-solubilized phospholipids and then dialyzed against a
-ergent-free buffer, little or no crystallization occurred.
treated artificial granules were, on the contrary, completely
«ceptible to dialysis-induced crystallization. The most reason-
eexplanation is that, in the former case, the detergent coating
eplaced during dialysis with a stabilizing phospholipid layer
some type. As it is certain that in vivo proteins are major
nponents of the granule coating, it might be supposed that the
2 of lipids in the native system is to fill in gaps that occur in
coating between the various granule-associated polypeptides.
\pplications. Notwithstanding the remarkablestability of the
ificial granules in suspension, granule pastes crystallize easily
drying and annealing to form films of high crystallinity. The
fulness of these techniques to the preparation of biodegradable
A coatings is being actively investigated. It is of additional
rrest that polymers that are otherwise incompatible in the
t(suchas PHB and PHB-co-28%HV) are capable of coexisting
in amorphous state within individual artificial granules, as
wn by density analysis, although there are likely to be phase
ndaries within individual granules.?S These mixed polymer
nules may be useful in coatings or in studies of nucleation in
iry polymer systems.
‘onclusion. The preparation of amorphous, biomimetic
1ules of poly-3-hydroxybutyrate (PHB) reported here provides
ng support for the recently proposed nucleation model for the

physical state of polyhydroxyalkanoates (PHAs) invivo. These
artificial granules, which resemble native storage granules inmany
important respects, constitute a remarkably stable amorphous
form of the polymer and have potentially significant practical
applications. The results also suggest an in vivo model in which
amphipathic lipids are recruited adventitiously to the granule
surface during PHB biosynthesis and play a role in granule
stabilization.

Experimental Section

General. Aqueously purified PHB (M. 690 000; M./M, 2.9: 99.9%
pure) and PHB-co-HV? were obtained from Zeneca Bio Products,
Billingham, England. Alcaligeneseutrophus H161tron,a glucose-utilizing
variant of the wild type, was obtained from Zeneca and cultured as
described elsewhere to promote PHB accumulation.?® Detergents,
phospholipid standards, soy phosphatidylcholine (type II-S, containing
10-20% phosphatidylcholine, remainder other phospholipids), lysozyme,
and Nycodenz (5-(N-(2,3-dihydroxypropyl)acetamido)-2,4,6-triiodo-
N.N"bis(2,3-dihydroxypropyl)isophthalimide) were all obtained from
Sigma. Cellulosedialysis tubing was obtained from Medicell International
(London) and had a molecular weight cutoff of 12 000-14 000. Nile
Red was prepared from commercial Nile Blue A by acidic hydrolysis.3?
Sonications were performed at a frequency of 20 kHz using a Heat
Systems-Ultrasonics W-375. Particle size measurements were made using
a Malvern MS 20 laser particle sizer. Polymer molecular weight
determinations by gel-permeation chromatography (GPC) and GC
chloroform analyses were carried out by Zeneca Bio Products.

Native Granule Preparation. All manipulations were performed at 4
°C unless otherwise indicated. PHB-containing A. eutrophus cells grown
under nutrient limitation (0.75-L culture) were centrifuged (3500g, 30
min) and resuspended in 15 mL of buffer A (50 mM sodium phosphate,
pH 8.0) containing | mM EDTA. Hen egg-white lysozyme (20 mg) was
added, and the suspension was incubated at 37 °C for 45 min. The
suspension was then cooled to 4 °C and sonicated (50-W power) for 3
min on an ice-water bath. Sucrose gradients were prepared from 1.00,
1.25,1.50,1.75,2and 2.00 M sucrose (35 mL total), and 4 mL of sonicated
cell suspension was applied to each gradient. The gradients were
centrifuged in a Beckman SW28 swinging bucket rotor at 100000g for
1 h (20 °C); native granules were collected at the 1.25-1.50 M interface
(density 1.16-1.19 g/cm?®). Native granules were removed from the
gradients, dialyzed overnight against buffer A, and stored at 4 °C,

Artificial Granule Preparation. In a typical procedure, a solution of
PHB in chloroform (1-10 mL, 5% wt/v) was placed in the bottom of a
heavy-walled glass tube or beaker, and 20 volumes of an aqueous solution
of cetyltrimethylammonium bromide or other detergent (5100 mM)
was added. The two layers were then emulsified using a probe-type
ultrasonicator (1-3 min at 200-W power). Heating of the sample was
controlled with an ice-water bath. Chloroform was then removed from
the emulsion by one of three techniques: (a) heating; (b) stirring in an
open vessel; or (c) dialysis against aqueous surfactant. All operations
were carried out in a ventilated fume hood. In method A, the emulsion
was maintained at 75 °C for 90 min in an uncovered, magnetically stirred
flask. In method B, the emulsion was stirred at ambient temperature in
a wide-mouth vessel for 40 h, adding water as necessary to maintain
constant volume. In method C, the emulsion was dialyzed exhaustively
over 48 h against additional aqueous detergent of concentration equal to
that of the originai solution. The resulting granule suspension was stored
atroom temperature. Granules could be concentrated by centrifugation,
which was conveniently done in two rounds of 30 min each at 3000g and
33000g, respectively (20 °C).

» NMR Studies. Artificial granules were collected by centrifugation as
described above, immediately resuspended in D;O (0.5 mL), and

i0) (a) Haywood, G. W.; Anderson, A. J.; Dawes, E. A. FEMS Microbiol.
1989, 57, 1-6. (b) Merrick, J. M.; Doudoroff, M. Nature 1961, 189,
892. (c) Fukio, T.; Yoshimoto, A.; Matsumoto, M.; Hosokawa, S.; Saita,
lishikawa, H.; Tomita, K. Arch. Microbiol. 1976, 110, 149-156. (d)
:r%mll. M.; Schmidt, B.; Steinbiichel, A. FEMS Microbiol. Let1. 1992,
27-232.

1) Gerngross, T. U.; Reilly, P.; Stubbe, J.; Sinskey, A. J.; Peoples, O.
Bacteriol. 1993, 175, 5289-5293.

2) Fuller, R. C.; O’Donnell, J. P.; Saulnier, J.; Redlinger, T. E.; Foster,
:nz, R. W. FEMS Microbiol. Rev. 1992, 103, 279-288.

3) Disruption of the phaK gene results in the production of one large
granule in each cell, while its overexpression results in the formation of
1e number of minigranules: Steinbichel, A. Personal communication.
;B)Jhicle. 0. W,; Dreysel, J.; Hermann, D. Eur. J. Biochem. 1972, 29,

(35) We havealso prepared artificial granules from a combination of PHB
and poly-3-hydroxyoctanoate (PHO), another bacterial polyester. There was
strong evidence for phase separation within these granules. Aswith the PHB/
PHBYV granuies, density analysis showed that individual granules contained
both polymers. In this case, however, the glass transition of the PHO, which
occurs some 40 °C lower than that of PHB, could be observed directly by
differential scanning calorimetry (DSC). The T, of PHO contained in the
PHB/PHO mixed polymer granules was found to be 36 °C, ¢ssentially the
same as in bulk amorphous PHO, pure PHO artificial granules, or PHO
contained in quenched co-melts with PHB (which showed two independent
glass transitions at -36 and 5 °C): Horowitz, D. M.; Sanders, J. K. M.
Unpublished results.

(36) Holmes, P. A.; Lim, G. B. European Patent Application 145 233,
1985. :

(37) Thorpe, J. F. J. Chem. Soc. 1907, 91, 324-336.
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with poly (B—hydroxyalkanoate),
a biodegradable latex

Christian A. Lauzier, Clevys J. Monasterios, Ilie Saracovan,
R. H. Marchessault, and Bruce A. Ramsay

ABSTRACT: An agueous latex: of a poly B—hydroxyalkanoate)
(PHA) coated on paper imparted water imperviowsness without
changing mechanical properties. Hot—pressed films biodegraded faster
than solvent cast films. The PHA coaring on paper degraded rotally
in activated sludge within 12 days, leaving the cellulose masrix
relatively untouched. Blends of PHA latexes with sodium
carboxymerhyl cellulose, polystyrene latex, carboxylated styrene/
butadliene latex, natural rubber latex, and starch powders form
satisfactory films at room temperature.

KEYWORDS: Biodegradabiliry coating, film, formation, latex,

mixtures, paper, starch, water permeability.

he purpose of this work was to

assess the film forming charac-
teristics and biodegradability of poly
(B~hydroxybutyrate) (PHB) and poly
(B-hydroxybutyrate co-valerate)
(PHB/HV) concentrated native gran-
ule suspensions or latexes, We demon-
strate their use as films, coatings, and
composites as well as blended with
other polymers. There is particular em-
phasis on paper applications where syn-
thetic, nonbiodegradable latex finds
extensive use. Our findings have broad
applications to the whole family of PHA.
We will therefore refer to this family,

although most of our work concen-
trated on PHB and PHB/HV latexes.

Preservation of the nascent state
and granular morphology of the poly-
mer depends on the separation proce-
dure of PHA from bacterial cells. Table
I'shows the three major approaches to
PHA isolation: solvent extraction,
chemical” digestién, and selective
enzymolysis. Compared to solvent ex-
traction, the other two methods pre-
serve the granular morphology of
PHA. They are therefore suitable for
latex production. Both chemical and
enzymological approaches consist of

Lauzier, Monasterios, Saracovan, and Marchessautt are affiliated with the Department of
Chemistry of the Pulp and Paper Research Center, McGill University, 3420 University St.,
Montreal, PQ, Canada H3A 2A7. Ramsay Is with the Department of Chemical Engineering,
Ecoie Polytechnique de Montréal, C.P. 6079 Succ. “A", Montreal, PQ, Canada H3C 3A7.

selective digestion on non~-PHA com-
ponents. The chemical procedure (1)
involves pretreatment of the biomass
with detergent and subsequent wash-
ing of the residue with sodium hypo-
chlorite at pH 13. One must carefully
control the process to avoid degrada-
tion of the PHA by hypochlorite oxi-
dation,

Selective enzymolysis is similar to
chemical digestion except that en-
zymes such as proteases and deoxyri-
bonuclease hvdrolyze the unwanted
biomass components. Since these en-
zymes act with much greater specifiity
than chemicals such as hypochlorite,
the recovered granules should bear a
closer resemblance to their native
state in the microbial cytoplasm. There
are commercial applications of this
method presently in operation (2, 3).
Research laboratories have made ex-
tensive use of similar techniques to
prepare “freshly isolated” granules
with disruption of cell walls by lysc-
zyme treatment followed by sonication.
Centrifugation allowed subsequent re-
covery onto a bed of glycerol (). '

Enzymatic isolation of PHA gran-
ules partially preserves the original
molecular organization of the polymer
chains. Films from suspensions of such
granules should possess properties dif-
ferent from those of solvent—-extracted
PHA as long as the film processing
conditions are at temperatures less
than the melting temperature. Starch
is an example of a hydrocolloid where

' commercial isolation processes pre-
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serve the original structure. Starch
undergoes reversible cycles to reform
a crystalline hydrate after each dehy-
dration. Starch gelatinization with
steam irreversibly destroyvs its struc-
ture. By contrast, PHB and PHB/HV
native granules are noncrystalline in
their original form. Isolation and dry-
ing provokes crystallization and
thereby changes irreversibly the film
forming properties of the original par-
ticles (3).

Recent studies (6, 7) on the mor-
phology of isolated granules have es-
tablished that a cryvstalline shell
invariably develops at the surface of
the granules atter isolation from the
cytoplasm. The texture of this crystal-
line shell corresponds to single, lamel-
lar crystals. This topotactic shell
surrounds a nonerystalline core whose
mobile properties are discermable from
high-resolution nuclear magnetic reso-
nance methodology (8).

Experimental

Latex sources

We obtained latex samples from a com-
mercial source or prepared them our-
selves. The term latex refers to an
aqueous suspension of PHA granules
never subjected to drying. We isolated
the original granules from Alcaligenes
eutrophus by an enzymolysis process
(2) or by chemical treatment of the bio-
mass using a detergent-hypochlorite
process (1). In both we did not dry the
granules. We repeatedly washed the
isolated granules with water and con-
centrated them to between 20% and
50% solids on a weight basis. Both the
biochemical and chemical methods pro-
duced a latex of similar purity. They
contained about 95% PHA and retained
the granular morphology. The latex
samples in this study were the following:

* PHB homopolymer
* PHB/HV copolymer isolated by the

hypochlorite process containing
5.5%, 1.5%, and 11% HV

* Twenty-one percent and 27% HV
copolymer samples obtained com-

aAsrar e er

I. Survey of PHA isolation processes

Isolation process

Procedure

Extractive soivents:
solvent extraction of PHA

Chemical digestion:
selective for non-PHA
components

Biochemicai digestion:
granule isolation after selective
enzymolysis of biomass

a. Pretreatment with acetone io
remove water and polar lipids

b. Chioroform extraction of PHA
followed by precipitation into
methanol

a. Pretreatment with detergent
to soiubilize lipids and

protein

b. Washing of residue with
sodium hypochlorite at pH 13

a. Flash steaming to lyse celis
and denature DNA

b. Sequential enzyme treatments
for removal of insoluble
macromolecules

The copolyesters of PHB/HV indicated
above are random copolymers {9, 10).

Film forming techniques

We cast the latex suspensions at 15~
20% solids on an impervious substrate
such as glass or polyester to prepare
films. Drying the cast suspension at
room temperatwe produced a “cake-
like” structure with poor mechanical
properties. Subsequent hot-pressing
converted this structure into a trans-
parent, flexible film. Hot~pressing used
a laboratory press at 5000 psi for 1 min
at a temperature always below the
melting temperature of the dry poly-
mer. Depending on the HV content,
these temperatures ranged from 100°C
to 140°C. This was the minimum re-
quirement for complete formation of a
dense film. Hot-pressed films were
crystalline by X-ray diffraction but
nonspherulitic in a polarizing micro-
scope.

There was an intermediate state of
coalescence when heating the air-dried
latex “cake” of 21% and 27% HV mate-
rials at 130°C for 10 min. These films
were white, opaque, porous, and peel-
able from the casting surface. Scan-
ning electron microscope (SEM) views
of these films, shown in Fig. 1, indi-
cated a three-dimensional array of 0.5~

1.5-um sphetrical particles or granules
partly coalesced with interpaiticle cap-
fllaries of 0.16-um radius. Figure 2
clearly shows the particulate nature of
the starting latex (3).

Films cast from freshly isolated
PHB granules {(4) using hot-pressing
at 5000 psi and 135°C were nonspheru-
litic but showed large domains of bire-
fringence in the polarizing microscope
as if shear stresses were frozen inside
the films. Their degree of crystallinity,
determined by powder X-ray diffrac-
tion seen in Fig. 3, was much higher
than that of the films isolated chemi-
cally or from enzymolysis.

We dissolved PHB and PHB/HV
powders in chloroform to make sol-
vent cast films. We cast these solutions
on glass or polytetrarluoroethylene
(PTFE) at room temperature or 40°C
to evaporate the solvent. These films
showed the expected high extension to
break for films with spherulitic tex-
ture (1). The films aged for two weeks
to allow them to reach equilibrium crys-
tallinity (12). Solvent casting destroys
the original morphology of the gran-
ules. ,

We prepared films with clarity and
toughness similar to plasticized cello-
phane by vapor coalescing air dried,
cake-like latex films. We exposed them
to solvent vapors for a period of 24 h in
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a desiceator. Chloroform vapors pro-
duced extremely smooth, flexible, and
tough films that were transparent and
conformable on drying. They showed
X-ray crystallinity but were not bire-
fringent.

Latex coated paper

We made latex coated paper using un-
conditioned basestock paper strips of
10 g/m’ basis weight with a 1:1 mix-
ture of mechanical and chemical pulp.
We used a 20% solids content latex
dispersion to coat paper strips by hand
with a set of contoured metering rods.
The coatings were flexible. coherent,
and adhesive to paper even when dried
at room temperature. Adhesion of la-
tex particles to paper substrates de-
pends on conformability of the latex to
drying stresses. This is quite favor-
able in the case of a latex which has not
undergone drying. On the other hand
using reconstituted latexes made by
dispersing commercial spray-dried
PHA powders in water to coat paper
strips produced coatings which did not
adhere to paper because of the higher
crystallinity of the granules.

Hot-pressing between polyester
sheets of coated paper samples used
5000 psiat temperatures ranging from
100°C to 140°C, depending on the co-
polymer composition, for 1-2 min. The
latex coating fused and adhered to the
paper. The coated swrface was trans-
parent and glossy after the hot-press-
ing.

Results and discussion

Mechanical properties

Table II lists the physical and me-
chanical characteristics of latex coated
sheets according to standard paper
tests. The tearing behavior of PHB
and PHB/HV coated paper was almost
the same as the basestock. Polyolefin
coated papers using melt extrusion do
not tear in the same manner. In that
case the paper tears first, leaving a
plastic film that trails and necks to
100% elongation or more. Hot-pressed
PHA coatings were not peelable from

-

PHB/HYV coatings did not significantly
change the mechanical prope:ties of
the basestock.

Werting and barrier properties
Water is the most important liquid to
consider for wetting of PHA films. The
measured value of contact angle 8 be-
tween PHA latex film and water (5)
was about 72°. For comparison, the
contact angles of polyester and nylon
with water are 71° and 65° respec-
tively. Polyethylene and PTFE have
values of 95°and 112°, respectively (13).
PHB is therefore a polar material
which water will wet. Indeed. PHB
will wick water, if it is in the form of a
microporous nexwork.

We measured water vapor trans-
mission rate (WVTR) on samples of
PHA coated paper prepared by a di-
rect electrostatic powder coating tech-
nique (14). This novel coating method
deposits the spray dried powder di-
rectly onto paper with subsequent fus-
ing and pressing under similar
conditions to those described above.
The WVTR values for the PHB/HV
electrostatically coated paper were
higher than the values of polypropylene
(PP) coated paper prepared under the
same conditions for comparison pur-
poses. This is normal for a more polar
polymer. Figure 4 provides the plot of
WVTR at varying coating weights for
PHB/HV with 8.1% HV and PP. It
shows a pattern similar to those of
binary composite laminates (13). Poor
barrier properties at low coating
weights are due to penetration of the
cellulose fibers through the polymer
film. After exposure to moisture, these
fibers wick water through the polymer
film. Increasing the coating weight
gave a steady decrease of the perme-
ability values. The observed perme-
ability rate of coated paper approached
the value of the polymer film for coat-
ing weights exceeding 40 g/m?°.

Microbial degradation
This study used hot-pressed PHB/HV

latex films and PHB and PHB/HYV la-
tex coated hot-pressed paper samples.

v

from 0.08-0.09 mm to 0.2 mm. The
study also contained chloroform cast
films made with bacterial PHB to as-
sess the influence of film morphology
upon the rate of degradation. Other
researchers detail the procedure to
evaluate the degradation of test speci-
mens exposed to a microbial environ-
ment of simulated activated sewage
sludge (&8).

The PHB/HV with 21% HV hot-
pressed latex films showed a steady
weight decrease over a period of 12
days leading to the total weight loss of
3% shown in Fig. 5. The SEM of Fig.
6 showed the erosion of the film sur-
face as a result of bacterial attack.

In a separate experiment, paper
coated with PHB latex lost 35% of its
initial weight after 12 days. This corre-
sponded w almost the entire coating
weight of the sample. SEM examina-
tion of the surface of PHB coated pa-
per after 12 days of incubation (Fig. 7)
showed that the weight loss was due to
the biodegradation of the PHB layer,
since the cellulosic fiber support re-
mained intact.

Filmmaking technique affects the
rate of PHA biodegradation. Hot-
pressed latex films degraded faster
than solvent cast films. An explanation
is the loss of the granular morphology
of the original PHA granules due to
the dissolution and casting of the poly-
mer compared to the hot-pressing
technique (12).

To assess the influence of the co-
polymer HV content upon film biode-
gradability, we determined the rate of
degradation by activated sludge for
two copolymer compositions of 5% and
11% HV after eight days exposure.
There was no clear evidence that the
degradation rate corresponded to the
HV content in the copolymer PHB/
HV.

PHA latex formulation

Film forming and coating applications
of PHA latex may require formulation
and blending to obtain the necessary
properties. Paper applications and the
production of PHA composites require
blending with inorganic pigments, plas-
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1. Two views of PHB/HV film with 219% HV made by air drying a 20%
solids iatex suspension followed by heating at 130°C for 10 min

2. Two views of SEM of PHB granules using spray aried powder
suspended in distilled water and treated by ultrasound for 1 min prior

to deposition on the support for observation

tic pigments and binders made from
synthetic polvmer latexes, and other
biopolymers such as starch or cellu-
lose and its derivatives.

In a preliminary study, we blended
PHB and PHB/HV latexes with so-
dium carboxymethyl cellulose (CMC),
polystyrene latex, clay, carboxylated
styrene/butadiene latex, natural rub-
ber latex, hybrid starch with 70% amy-
lose, and cross-linked potato starch.
We prepared the blends by mixing the
two components at 25%, 50%, and 75%
weight ratios and stirring the result-
ing mixture at low shear to produce a
uniformly dispersed phase. Some cases
required water addition to improve
dispersion. We cast the films as be-
fore, allowed them to dry at room tem-
perature overnight, and subsequently
hot~pressed them for 1 min at 5000 psi
and at a temperature in the range nec-
essary to fuse an unblended polymer
film (100-140°C). It is possible to mix

Il. Physical and mecnanical characteristics of PHB and PHB/HV latex coated paper

Characteristic PHB PHB/HV Base stock
Basis weight, g/m? 48.0 74.0 37.4
Burst index, kPa-m¥g 0.80 1.65 2.31
Breaking length, km 4.75 5.10 6.85
Stretch, % 0.95 2.10 1.59
Tensile index, N-m/g 46.30 50.20 67.16

. PHA latex never subjected to drying
_ with allthe materials mentioned above
without phase separation at room tem-
perature. In the case of PHA with
natural rubber and PHA with carboxy-
lated styrene/butadiene latex blends,
colloidal compatibility did not trans-
late into a uniform film after drying.
The two components segregated to
yield the PHA component on the cast-
ing substrate covered by a rubbery
film. Hot-pressing of air-dried cast
latex blends of PHA with carboxy-

lated styrene/butadiene. using less
than 25% carboxylated styrene buta-
diene, produced uniform films. This
implies dispersion compatibility of the
two components.

Mixing starch granules with PHA
latex gave films with good character-
istics. There were mixtures of PHB/
HV latex (both 5.5% and 27% HV) and
65% amylose content starch powder
in 25%, 50%, and 75% ratios. Hot-
pressing air-dried cast blends of 1:1
PHA/starch produces films where



T\F/ide-angle X~ray pattern of latex films made by not pressing at 135°C and 5000 psi for 1 min from PHB granules isolated with enzymes in our
oratory (A) and by a chemical approach (B)
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starch granules are embedded in a
continuous PHA phase in such a way
that overnight immersion in water at
room temperature does not affect the
resulting material. Experiments are
under way to characterize firther the
exact morphology of such films. They
appear to be a uniform dispersion of
starch granules in a PHA matrix (16).

Conclusions

From a polymer morphology perspec-
tive, the most notable result in this
study is the nonspherulitic character
of the hot-pressed PHA films. They
are flexible, but their extension to
break is almost like that of paper. This
suggests alimitation in chain entangle-
ment of the interparticle surface.
There also s a strong element of origi-
nal morphology still present inside par-
ticle domains.

The lack of particle coalescence on
drying at room temperature relates to
the core and shell character of the
granules in the dispersion (6). During
isolaton, surface crystallization oceurs.
Conformability to surface tension
forces that draw the particles together
does not occur unless drying tempera-
tures are close to the meiting tem-
perature of the crystalline PHA. The
crystalline nature of this shell and the
rate and quality of the crystallinity
that develops in the core on diving are
under study. It is clear, however, that
latex films of PHA require heat and
pressure to produce a level of sinter-
ing to make an acceptable film from a
barrier point of view.

The use of the enzymatic isolation
process and the presence of HV in the
polyesters are not limiting require-
ments to produce nonspherulitic;
translucent, flexible polymer films
from PHA latex. Films made of gran-
ules purified by the detergent-hypo-
chlorite process had comparable
toughness. The other desirable prop-
erties described above were not
present in the solvent extracted or pre-
viously dried materials. All results
seem toindicate the importance of pro-
cessing the material in its never-dried
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6. SEM of hot—pressed PHB/HV latex film with 21% HV after 12 days immersion in simuiated
activated sludge

7. SEM of hot—pressed PHB latexcoated paper after 12 days immersion in simulated activated

sludge

ry

latex state for film forming applica-
tions;

In particular, the ready sorption of
the PHA latex by fibrous materials
such as paper or nonwovens suggests
applications such as binder, coating,
or barrier. These applications in fi-
brous constructions become attractive
when one considers the natural biode-
gradability of PHA (I17).

From the applications point of view,
PHA latex blends could offer advan-

tages in the economics of PHA use.
Blends with a synthetic film forming
latex such as carboxyvlated styrene/
butadiene could improve the tough-
ness of PHA but with some sacrifice in
total biodegradability. Alternately,
blends with starch would maintain to-
tal biodegradability with substantial
lowering of material costs. Clearly the
latex state offers a unique opportunity
for creating these particulate blends.

The particle coalescence character-



.

istics of these PHA latexes are poor

sared to a natural rubber latex in
sp.we Of the ¥C nuclear magnetic reso-
nance evidence that most of the gran-
ules of PHA are in a noncrystalline
state before drying (17, 18). Drying the
spread latex at temperatures close to
the melting point of PHB or PHB/HV
can overcome the lack of particle coa-
lescence on drying at room tempera-
mure. Exposing the Slms to solvent vanor
would further improve their optical ho-
mogeneity. i
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ENABLING SCIENCE

Producing

lecular weight

bhiodegradah:e polyesters

Lipase-catalyzed polymerization is used to produce aliphatic polyesters.
A second, two-step chemical polymerization of lactic acid followed
by chain-linking produces poly(ester-urethanes).

Yu-Yen Linko
Jukka Seppila

the applications of biocatalysis in organic syntheses has

grown rapidly as a result of increased demand for envi-
ronmentally ‘‘friendly” products and processes (/-3).
Lipases (triacylglycerol acvlhydrolase [EC 3.1.1.3]) have
been studied extensively because of their utility in many
processes (see box). These enzymes catalyze the hydroly-
sis of glycerol esters at lipid—water interfaces. In organic
solvent systems, however, they catalyze ester synthesis (4)
and have been used to modify fats and oils to impar
improved characteristics to novel materials (3, 6).

We have demonstrated that lipase biocatalysis may be
used to upgrade inexpensive renewable raw materials to
valuable biodegradable products such as butyl oleate (a
biodiesel additive to decrease viscosity in winter), 2-ethyl-
1-hexyl esters from rapeseed (canola) oil (solvent in car
shampoos) (7), and trimethylolpropane esters (hydraulic
oil and lubricant) (8&). The possibility of enzyme-catalyzed
synthesis of biodegradable linear polyesters through poly-
transesterification and direct polyesterification has been
widely studied (9-17). In this article we report two novel
methods to produce biodegradable polyesters: enzymatic
polyesterification and polytransesterification gnd chemical
polycondensation followed, by chain linking, We discuss
several important aspects in the enzymatic polyester
synthesis and demonstrate that a high degree of polymer-
ization can be obtained with both derivatized and underi-
vatized diacids and diols by a simple and straightforward
biocatalysis.

Biodegradable lactic acid-based polyesters are already
produced commercially on a relatively small scale for
medical implants. For these applications, poly(L-lactic
acid) is produced by lactone ring opening polymerization
via lactides. Highly purified L(+)- or p(-)-lactic acid is
required in the process to obtain biodegradable polymers

Interest in the production of biodegradable polymers and

The authors are with the Department of Chemical Engi-

Uses for lipases

Hydrolysis of fats and oils

m Production of glycerol, fatty acids, and mono- and
diglycerides

Moditication of fats and oils

m Production of cocoa butter substitutes
m Alteration of meiting point

Synthesis

m Optical resolution and chiral synthesis
m Surfactants

m Aroma and flavor compounds

m Lubricant esters

m Polyesters

of acceptable mechanical properties, inasmuch as poly(bL-
lactic acid) is hard and brittle. Furthermore, it is difficult
to obtain a sufficiently high molecular weight by conven-
tional condensation polymerization (/8). This makes the
current process expensive and the conventional poly-
lactides high-cost specialty chemicals. However, during
the past few years, large-volume applications such as
packaging and agriculture have been suggested for biode-
gradable polymers, including poly(L-lactic acid) (19),
which can be produced from renewable raw materials.
Consequently, alternative routes for polymerization have
been investigated (20). We describe a novel and attractive
chemical method to produce, in a high yield, high molec-
ular weight lactic acid-based poly(ester-urethanes) with-
out the need of the lactide step by chemical poly-
condensation followed by chain linking.

Biocatalytic productian of aliphatic palyesters
Carrying out the polymerization reaction at close to
amblent temperature and pressure markedly reduces unde-
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Figure 1. The shallow, open active center on the Rhizomucor
miehei lipase aliows the production of higher molecular weight
polyesters. Shown are the active centers of Candida rugosa lipase
(top), a deep, narrow tunnel, and R. mieheilipase (bottom), a shal-
low, open cleft on the surface. Under otherwise similar conditions,
the weight-average molecular weight (M,) obtained with the A.
mieheilipase was at least 2-5 times higher than that abtained with
C. rugosalipase. Arrows indicate active centers with the amino acid
triads Ser-209, Giu-341, His-449 (top; PDB entry 1LPS), and Ser-
144, Asp-203, His-257 (bottom; PDB entry 4TGL).

~
.

the enzyme, interference by possible byproducts, and insolu-
bility of the high molecular weight product limit the degree
of polymerization (DP), and until quite recently, only oli-
gomers of DP < 10 were reported in lipase-catalyzed poly-
ester synthesis (/6). Wallace and Morrow (9) were the first
to obtain a relatively high weight-average molecular weight
(M,,) polyester (14,900 g/mol) in porcine pancreatic lipase—
catalyzed polymerization of bis(2,2,2-trichloroethyl) adipate
with 1,4-butanediol or 1,6-hexanediol. These researchers
introduced two marked improvements: polytransesterifica-
tion instead of polyesterification, thus avoiding water forma-
tion during the reaction, and a halogenated acyl donor
el A A seisbiarnathvl) adinate. minimizing the trend

Lipase. Of 25 lipases screened for high ester synthesis
activity (21), Rhizomucor mienei (fungus), Pseudomonas
fluorescens (bacterium), and Candida rugosa (yeast) were
selected for further screening as biocatalysts for polytrans-
esterification reactions in various organic solvents; porcine
pancreatic lipase, already known to catalyze a number of
esterification reactions, was also investigated. Lipases
from the R. miehei and P. fluorescens gave the highest
degree of conversion in aliphatic polyester synthesis from
dicarboxylic acids and diols (22). Although the C. rugosa
lipase exhibited high hydrolysis and high ester synthesis
(21), it exhibited a poor polyesterification activity, appar-
ently attributable to the different structure of its active
center. Although the catalytic amino acid triads of serine—
glutamine and aspartic acid-histidine of C. rugosa and R.
miehei lipases, respectively, are similar, the active center
of C. rugosa lipase (Figure 1, top) is a deep, narrow tun-
nel. That of R. miehei lipase (Figure 1, bottom), on the
other hand, is a shailow. open cleft on the surface of the
protein molecule. This morphology makes the synthesis of
high molecular weight polyester possible. Under otherwise
similar conditions, the M, obtained with R. miehei lipase
was at least 2-5 times higher than that obtained with C.
rugosa lipase. Porcine pancreatic lipase, which is widely
used experimentally, exhibited less polytransesterification
activity under similar experimental conditions with any of
the substrates tested. Consequently, most of our experi-
ments were carried out with R. miehel lipase.

Polymerization reaction. Qur approach to the lipase-
catalyzed polymerization reaction was as follows. A suit-
able quantity of crude lipase powder was added to a
reaction mixture of equimolar quantities of a dicarboxylic
acid (or its activated derivative) and an aliphatic diol as
substrates in an organic solvent in a round-bottomed flask
equipped with a magnetic stirrer and a condenser. The
equimolar substrate ratio used is essential for the AA + BB

" polycondensation to obtain a high molecular weight poly-

ester. The mixture was stirred at 37—45 °C. Higher temper-
atures resulted in a partial inactivation of the enzyme and
thus reduced molecular weight and yield. The byproduct
formed was removed periodically by vacuum; care was
taken not to remove the volatile small molecular sub-
strates. After the first 20 h, the polymerization was com-
pleted in a 0.15-mmHg (20-Pa) vacuum. When the
reaction was complete (~72 h or more), lipase was fil-
tered off, and a white solid polyester was obtained on pre-
cipitation from methanol. Blank tests, without lipase,
resulted in no observable polymerization.

Polytransesterification. The polymerization reaction of
bis(2,2,2-trifluoroethyl) sebacate by transesterification
with 1,4-butanediol to form poly(1,4-butyl sebacate) pro-
ceeds as follows: ‘

n CF,CH,0CO(CH,);OCOCH,CF; +
n HO(CH,),OH = [CO(CH,)sCOO(CH,),0], +
2n CF,CH,0H

When we used diphenyl ether as the solvent and R.
miehei lipase as the biocatalyst for this polytransesterifica-
tion, at ambient pressure and 37 °C, M,, (as determined by
gel permeation chromatography [GPC]) of the polyester
obtained in 96 h was only 8300 g/mol (DP = 33) or less,
compared with 37,000 g/mol (DP = 147) obtained when
the 2,2,2-trifluoroethanol formed during the transesterifi-
cation was removed with a vacuum. Under opti‘mgl co_ndit
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Figure 2. The solvent choice and vacuum affect the product of the
lipase-cataiyzed polytransesterification with Ahizomucor miehei
lipase. M, weight-average molecuiar weight. A, In veratrole with-
out vacuum,; A, in veratrole with vacuum; O, in diphenyl ether
without vacuum; e, in diphenyi ether with vacuum.

sebacate progressed with time up to 168 h (7 days), at
which time a maximum M, of 46,400 g/mol (DP = 184)
was obtained (Figure 2). The high molecular weight poly-
ester was purified by precipitation from methanol: using
['*CINMR, we determined that the white solid precipitated
was linear poly(l.4-butyl sebacate).

In all cases, the vacuum removal of the water or alco-
hol formed was an important step in obtaining a high }/,,
polyester. Nevertheless, during the early stages of poly-
merization, care should be taken to prevent the simulta-
neous removal of low molecular weight reactants. The
relative lipase quantity also affects the M, of the polyes-
ter obtained. The rate of the reaction and the degree of
polymerization increased with increased quantity of lipase
until the viscosity of the solution became so high as to
cause difficulties in mixing and reduced mass transport,
thus resulting in a decreased M,,. These results support the
observation of Knani and Kohn (/4) that mixing has little
effect on the degree of polymerization in porcine pancre-
atic lipase—catalyzed polytransesterification of w-hydroxy-
esters in hexane in dilute solutions but an adverse effect in
concentrated solutions.

Solvent. Although the type of organic solvent used
appears to be an important factor in lipase-catalyzed enzy-
matic synthesis and a considerable amount.of work has
been done to clarify the relationship between lipase activ-
ity and the properties of the organic solvent, solvent
effects are still not well understood (22). Of the physical
parameters studied, logP (the logarithm of the partition
coefficient of a given component in the octanol-water
two-phase system) has often been the most useful (23).
Nevertheless, there is no general agreement on how to
select a suitable solvent, and our own results have been
somewhat contradictory with respect to the applicability of
logP. The catalytic activity of lipases is expected to be low
in hydrophilic solvents with logP < 2 (22). We have
observed that solvents with similar logP values could
behave quite differently (Table 1) and that one solvent can
have different effects with different lipases (24).

Table 1. Effect of solvent choice on M,
of poly(1,4-butyl sebacate)

Solvent logP Baoiling point, °C M,
Dodecane 6.6 214 5.9
Hexyl ether 5.0 228 9.8
Diphenyl ether 43 259 27.7
[soamyi ether 43 173 8.0
Veratrol 2.2 206 17.4
Triglyme -0.48 216 7.6

Reaction conditions: 1.5 mmol of substrate, 0.25 g Mucor miehei lipase. 37 °C. 400 rpm,
72 h, programmeg vacuum profile. M,, weight- average moiecular wesght: log P, the ioga-
rithm of the partitian coefficient of a given component in the octanol-water two-phase
system.

ered, particularly if vacuum is to be applied to the system.
With halogenated esters as substrates for the polytrans-
esterification, the boiling point of the solvent should be
high enough that the solvent is retained in the reactor dur-
ing removal of the alcohol formed from the reaction mix-
ture. We tested several solvents with a sufficiently high
boiling point and widely varying logP values and found
that diphenyl ether and veratrole (1.2-dimethoxybenzene)
are the most promising for Mucor miehei lipase—catalyzed
polymerizations (Table 1). Again, there seemed to be no
correlation between the logP value and the enzyme-
catalyzed synthetic activity. Inasmuch as diphenyl ether
was generally superior to veratrole (Figure 2), diphenyl
ether was used in most subsequent experiments. It should
be noted. however, that according to Momrow (/2), 1.2-
and 1,3-dimethoxybenzenes are better solvents than diphe-
nyl ether in the polymerization reaction of bis(2,2,2-tri-
fluoroethyl) glutarate and 1.4-butanediol catalyzed by
porcine pancreatic lipase; Morrow obtained a M, of
~ 40,000 g/mol in 432 h (18 days).

Substrates. Five diols ranging from C, to Cg were
polymerized with bis(2.2,2-trifluoroethyl) sebacate for
72 h. With 1,2-ethanediol, a low DP of 33 (M,, = 6730)
was obtained. The DP increased with the chain length of
the diol. and 1,5-pentanediol gave the maximum DP of
155 with M, > 41,000 g/mol. We found that the M|, of the
polyester increases with increased substrate concentration
up to ~0.83 M bis(2,2,2-trifluoroethyl) sebacate and
0.83 M 1,4-butanediol. The GPC results showed that there
were some low molecular weight oligomers in the product
mixture when the substrate concentration was low.

Polyesterification for even higher molecular weights
Up to this point we had already reached an astonish-
ingly high average molecular weight. However, the acti-
vated diacid released environmentally unacceptable
chlorine or fluorine compounds on lipase-catalyzed poly-
transesterification. Only a few earlier reports had been
published on the polyesterification of underivatized diac-
ids with diols; the M,, of the oligomer obtained was on the
order of 5000 g/mol or less. Okumnura and colleagues (25)
used Aspergillus niger lipase for the polyesterification of
several diacids in the presence of an excess of a diol, and
Ajima’s group (26) used Pseudomonas fluorescence
lipoprotein lipase solubilized with polyethylene glycol for
the polymerization of hydroxydecanoic acid in benzene,
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Figure 3. The solvent choice and vacuum affect the product of the
lipase-catalyzed polyesterification with Rhizomucor miehei
lipase. A, In veratrole without vacuum; A, in veratrole with vac-
uum; G, in diphenyl ether without vacuum; e, in dipheny! ether with
vacuum.

and co-workers (/5) reported the highest M, of 7100 g/mol
and a M,, of 4600 g/mol with immobilized M. miehei lipase
for polyesterification of adipic acid with 1,4-butanediol in
hexane. Although these published trials of direct polyvesteri-
fication between diacids and diols had more or less failed,
we proceeded to find a possible solution.

The polyesterification reaction proceeds as follows:

n CHOCO(CH,);COOH + n HO(CH,),OH =
[CO(CH,);COO(CH,),0], + 2n H.0

We noted that, in a vacuum, R. miehei lipase had a rela-
tively high activity for the polyesterification of underivat-
ized dicarboxylic acids with aliphatic diols in diphenyl
ether. Even with the underivatized sebacic acid and 1,4-
butanediol in vacuum at 37 °C, we obtained a M, of
42,000 g/mol (DP = 167). With hexanedioic acid and hex-
anediol, a M, of up to 70,400 g/mol (DP = 279) and a
maximum M, of 126,500 g/mol (DP = 501) were
obtained. In general, we obtained at least a fourfold
increase in the M, with the polyesterification of underivat-
ized diacids and diols in a vacuum compared with the
polyesterification at atmospheric pressure (Figure 3). The
M,, values obtained in a vacuum were of the same order
of magnitude as those we obtained in the polytransesterifi-
cation of the activated, derivatized diacid. .
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Figure 4. Increasing the temperature to 45 °C increases the
molecular weight of the product of the polyesterification. e, A,
and A are 37,45, and 53 °C, respectively. At 53 °C, the enzyme was
partially inactivated.

The effect of chain length of dicarboxylic acid and diol
on the polyester obtained at 37 °C is shown in Tabie 2, and
the effect of reaction temperature on polyesterification is
illustrated in Figure 4. When we increased reaction tem-
perature to 45 °C, the highest M, increased to 64,600 g/
mol (DP = 284); when the polymer was precipitated from
methanol again, a yield of 82% was obtained. and the M,
of the parially purified poly(1,4-butyl sebacate) increased
to 77,400 g/mol (DP = 340, polydispersity = 4.4: melting
temperature = 66.8 °C as determined by DSC), and the
maximum M, was 131,000 g/mol (DP = 520). To our
knowledge this is the highest molecular weight ever
reported by lipase-catalyzed polyesterification between a
diacid and a diol. Using ['*C]NMR. we determined that
the partially purified white solid was linear poly(1,4-butyl
sebacate).

We then scaled up the synthesis of poly(l,4-butyl seba-
cate) from derivatized and underivatized sebacic acid and
1,4-butanediol up to 100-fold to obtain enough polyester
for further characterization purposes. The molecular
weight distributions obtained in seven days of polyesteri-
fication or polytransesterification were nearly identical as
confirmed by DSC analysis and ['"*CINMR. In a 100-g
scale, the M,, from polyesterification was ~ 53,000 g/mol
(DP = 210), number-average molecular weight (M) was
27,200 g/mol, and polydispersity (M,, /M) was 1.95.

Table 2. Effect of monomer carbon chain length on M,, with polyesterification

Diacid

Alkane diol

C; Cy C, Gy Cs
{Ethanediol) (Propanediol} (Butanedicl) (Pentanediol) (Hexanediol)

C.4 (Succinic)

Cs (Adipic)

C, (Octanedioic)
€4, {Sebacic)

C.- (Dodecanedioic)

980 1150 2140 5290 3740
6420 26,830 38,970 37.270 70,430
2090 - 51,730 48,590 55,020 43,480
9760 35,550 46,130 53,680 62,480
8960 26.070 21.450 28,320 16,220




DSC analysis (heating and cooling rates = 10 °C/min)
(Figure 5) showed that the melting temperature was 64 °C
(AH,,, = 105 J/g), and crystallization temperature was 44 °C,
No glass transition temperature could be observed by
DSC. but dynamic mechanical thermoanalysis gave a
barely noticeable peak at -30 °C, which is of the same
order of magnitude as that of poly(e-caprolactone). The
polymer had good coating and water-repellent properties.

Chemical synthesis of poly(ester-urethanes)
based on lactic acid

Conventional polyester synthesis is based on a step-
growth mechanism with condensate removal. Such poly-
merizations are often carried out using acid-catalyzed
esterification or transesterification. Chemical polyconden-
sation usually takes a long time because it requires careful
removal of the condensates and shearing of the copolymer
melt to avoid equilibrium-limited chain growth. As in
enzymatic polyesterification, an accurate stoichiometric
ratio of the functional groups is essential to reach a high
degree of polymerization. Even a slight deviation from the
stoichiometric ratio may lead to a drastic decrease in the
polymer’s molecular weight. The duration of the polycon-
densation may exceed tens of hours, resulting in a highly
viscous polymer melt that requires special equipment for
handling.

In the case of aliphatic polvesters, a direct polyconden-
sation to controlled molecular structures of high molecular
weight polyesters is difficult. To avoid problems in con-
densation polymerization of aliphatic polyesters, the
extensively reported ring opening polymerization method
is used (20, 27, 28). In this polymerization route. the poly-
ester is formed through an ionic or coordination mecha-
nism using cyclic lactones as monomers: problems
associated with the condensate removal, equilibrium reac-
tions, and long reaction times can be avoided. However,
for large-scale applications, it is difficult to produce the
lactone monomers in large quantities and high yields;
especially in the polymerization of lactic acid, in which
the polymerization through cyclic lactides dominates in
the production of medical-grade, biodegradable homo- and
copolymers. Different routes available to high molecular
weight polymers starting from lactic acid are shown here.

i
HO—CH—C—0H

nox —— H 0-—-?H--‘C OH
CHy CHsy n
lacticacid Oligomer
Conventional /"~ Qur technology
route /. o ,
N
CHy 0
0 0L /
e e Il
nox | | _— 0—CH—C
HO, Cx l
/0 0 CHy 1)
HiC
Lactide Polymer

We recently developed a novel two-step process for
poly(ester-urethane) synthesis (20, 29). First, 85% food-
grade lactic acid is polymerized using a condensation reac-

80 Peak 63.43°C  Peak 64.39 °C
" AH 80.77 Jig AH 104.99 J/g
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Figure 5. The polyester obtained from the derivatized sebacic
acid substrate was shown by DSC analysis. The heating and cool-
ing rates were 10 °C/min. T, and T, melting temperatures of
the first and second heating cycle; T, crystallization temperature,

tion to a telechelic oligomer with a M, of 2000-10.000
g/mol. An OH functionality is produced by adding a small
amount of 1.4-butanediol to the system.

rlzng CHs
s HO—CH—COQH + HO~—0OH +  nHOOC—CH——0H
t-Lactic acid Aliphatic diol L-Lactic acid

e.g., Sn(Oct),/Heat/Vac HOP NSNS N0H + 200

Poly(L-lactic acid) oligomer

The telecheles are linked together immediately after the
polycondensation step using urethane bonds.

HOT NSNS0+ 0ON—NCO
Poly(L-lactic acid) oligomer Diisocyanate
+ HO/\/\/\/\ oM ._He_a‘.>

Poly{L-factic acid) oligamer

0 0
Il I
HOZ SN SO —NEO TN N0+ Side
[ ] reactions

Poly(ester-urethane)

This route is highly efficient; yields are >97% based on lac-
tic acid conversion to the thermoplastic polymer. Conse-
quently, the lactide step could be avoided, and it was
possible to tailor the resulting M,, to up to ~ 300,000 g/mol.
Furthermore, the average molecular weight and the molecu-
lar weight distribution could be separately controlled.

The properties of the poly(ester-urethanes) obtained via
this route are similar to those of conventional poly-
lactides—for example, tensile strength was in the range
of 40-50 MPa. Nevertheless, the novel synthesis route
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Figure 6. The poly(ester-urethanes) (PEU,
and PEU,) have greater melt elasticity

than the linear polymeric structures
(PLLA). The storage modulus (G") versus
loss modulus (G”) is shown at 180 °C with
rotational rheometry.
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creates marked differences. Polylactides are essentially
linear in structure. as are the aliphatic polyesters produced
by lipase biocatalysis. In poly(ester-urethanes). however,
the isocyanate end groups of the polymer chains allow the
formation of urethane bonds. thus forming long chain
branches and. in the worst case. cross-linking. Qur synthe-
sis route results in a broadened molecular weight distribu-
tion but also makes it possible to control molecular weight
and chain branching.

Chain branching is an important property from the rheo-

logical point of view. It is also important in applications !

such as paper coating. The lactic acid~based poly(ester-
urethanes) exhibit markedly different dynamic rheological
properties and better paper coating characteristics than
conventional polylactides. Poly(ester-urethanes) are com-
pared with poivlactides in Figure 6. which gives the stor-
age modulus (G) as a function of the loss modulus as
measured by dynamic rheometry. The ratio G’/G” shows
that poly(ester-urethanes) have greater melt elasticity than
linear polymeric structures. The polydispersity of the poly-
(ester-urethanes) is markedly higher than that of poly(L-
lactic acid) (30).

The biodegradability of various poly(ester-urethanes)
was also investigated by using the so-called head-space
method based on the evolution of carbon dioxide by the
action of the degrading test microorganisms (3/). Practi-
cally no degradation was observed at 25 °C compared with
the polylactides, which degrade to some extent even at
ambient temperature. However, when the temperature was
increased to 535 °C, close to the glass transition tempera-
ture of poly(ester-urethanes), rapid degradation took place,
and decomposition was completed in ofie montft. If con-
trollable, such temperature-programmed degradation is a
definite advantage in some applications.

Conclusion

We have shown two ways to produce biodegradable
aliphatic polyesters: lipase biocatalysis and a two-step
chemical method. The enzymatic, lipase-catalyzed poly-
merization of aliphatic dicarboxylic acids and diols results
in linear polyesters with M, equal to 77,400 g/mol and a
maximum M,, on the order of 130,000 g/mol. The two-
step chemical production of poly(ester-urethanes) from
lactic acid results in very high molecular weight polymers
(M,, > 300,000 g/mol) at 97% conversion. Highly purified

lactic acid is not needed for this process. and the polymer-
ization proceeds without the lactide step. No moenomer
residuals were found in either case. Both routes are
extremely interesting and raise the possibility of structural
control of polyvesters as a motivator for further research.
The use of lipase as the biocatalyst in polyesterification
reactions opens up an' interesting alternative of producing
biodegradable polymers under mild reaction conditions,
and the novel route for food-grade, lactic acid-based poly-
(ester-urethane) production allows the bulk manufacture of
biodegradable polymers with characteristics suitable for
paper coating, for example.
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Direct electrostatic coating of paper

Robert H. Murchessaudt, Patrice Riowx and lie Saracovan. McGill University. Montreal, Canada

Keywards: Coated papers. Polvoleting,  Poly-B-hvdroxval-
kanoates. Electrostatic coaung. Corona discharge. Xerogra-
phy. Toners. Adhesive strength, Barrier properties, Moisture
transmussion.

SUMMARY: Direct Electrostatic Coating (DEC) of paper
uses “as polymenzed” reactor polyolefin and an electrostatic
spraving applicator. A glossy/transparent polymer coat was
obtained after hot-prussing the electrostatically deposited pow-
der laver on the paper surface. Paper coated using powders
such as polypropylene and biopolyesters (poly-3-hydroxval-
kanoates) showed good barrier properties and remarkable ad-
hesion between the polymer {ilm and the fibrous texture. Dry
blends of polvolefin powder and common inorganic fillers (e.g.,
clay, CaCO:) up to 40% (wiw) provided powder formulations
suitable for electrostatic coating. DEC is environmentaily
friendly and potenuatily of low cost while being simple. tflexible
and adaptabie 1o the end-use paper requirements.

ADDRESS OF THE AUTHORS: Department of Chemistry,
Pulp and Paper Rescarch Centre. McGill University, 3420 Unt-
versity Street. Montreal. Que.. Canada H3A ZA7.

Electrostatic coating offers opportunities to meet to-
day’'s environmental requirements (Azzam 1973). In this
process. a fine dispersion of coating material is electri-
cally charged (positively or negatively) and directed to-
ward the charged substrate (opposite electrical sign).
The electrostatic attraction between the charged parti-
cles and oppositely charged substrate controls the depo-
sition and layering of the materials in the coating, Nu-
merous applications of electrostatic coating. often in-
volving elegant technology. have been described (Miller
1973).

Early applications employing electrostatic forces for
coating fibrous substrates (e.g. paper and paper-related
materials) are found in sandpaper manufacture (Melton
et al. 1940) and in the flock coating process (Amstuz
1941). First mention of an electrostatic process for coat-
ing paper using dry polvmer powders dates to 1955 (Reif
1955). The process was developed for the Bergstrom
Paper Co.. Neenah, Wis.. in work sponsored at Battelle
Memonrial Institute. Columbus, Ohio. An outcome of
this development was reported in 1961 as the commer-
cial application for the production of a gummed web
material (Holt et al. 1961). These electrostatics-based
processes depended on complex equipment and expen-
sive coating matgrials to meet the requirements of the
process. Today it is the cost of the powder materials
which limits development toward large scale application
in the paper field.

An interesting use of electrostatic coating in the re-
prographic industry has been labeled "Direct Electro-
static Printing” (Schmidlin et al. 1990). It is a simple,
inexpensive computer controlled means of creating im-
ages on paper directly from digital information. It in-
volves direct projection of toner onto paper for tempo-
rary displays and may or may not involve fusing.

Although paper coating is based on a wide variety of

Nordic Pulp and Paper Research Journal no. 1/1993

technologies. wet-coating remains the “backbone™ of the
industry { Booth 1970). Generally, wet-coating creates an
optimized layer at the surface of the sheet that smooths
the contours of the pore-fibre interface. For certain spe-
ciality papers solvent coating is also used. To meet barm-
er requirements (e.g. moisture. O, barrier) laminating a
pre-extruded hot polymer film onto the paper substrate
has become an important paper technology. The solvent-
less aspect of this approach is an attractive environmen-
tal feature. However. pre-extruded meit-coating does
not allow formulation flexibility. as in wet-coating appli-
cations. and is energetically expensive.

This paper presents the results of our work in develop-
ing a solvent-free coating process for fibrous substrates
(e.g. paper. non-wovens and the like) based on electro-
statics. Our main objective is the use of inexpensive
polymer powder for coating the substrate in a simple.
direct process. The outcome will be a thin layer of poly-
mer powder on the substrate which is subsequently fused
and calendered to give a uniform coating. The finai prod-
uct will be an optimally designed coated paper with
improved properties thanks to the formulation potential
of blended powders to provide adhesion. opacity. poros-
ity. wetting and sorption at the surface.

Materials and process
Three major elements retained our attention:

® source(s) of inexpensive polymer powder with ther-
moplastic charactenstics corresponding to our pur-
pose:

1gvn WD26

Fig. 1. Scanning electron micrograph of “as received.”
polypropylene powder (Himont) used for DEC experi-
ments.
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Fig. 5. Moisture vapor transmission rate (MVTR) of PP
coated paper as a funcrion of coating wewght in DEC
process. Measurements done on hot-pressed specimens at
162°C. S000 psi (34 MPa), and 30 s.

has been shown to be similar to that of water on poiy-
ethylene terephtaiate, e, about 757 (Marchessault et al.
1990).

The plot of MVTR versus “coating wetght™ for DEC
coated paper ( fig. 5) showed a pattern similar with those
of binary composite laminates (Rogers 1967 Avery
1962: Galbraith. Kitchen 1962). Coating weights of less
than 18 ¢/m® viclded poor barrier properties due to the
cellulose fibers penetration through the PP film. When
exposed to moisture these fibers wick water through the
polymer film. Increasing the coating weight (i.e. thicker
film) to 30 g¢/m* provoked an almost linear decrease of
the permeability values. The observed permeability rate
of DEC coated paper approached the valuc of the poly-
propylene film used as “control™ (10.8 g/m- during 24
hrs) for coating weights exceeding 40 g/m-.

Powder formulations. Blends of PP and inorganic fill-
ers were made and experimentally tested from the point
of view of charging. adherence and fusion on paper.
Each formulation was examined through an optical and
polarizing microscope prior to coating in order to visual-
ly assess the filler dispersion with the PP powder. Scan-
ning electron micrographs of these formuliations showed
PP particles in close contact with filler (“anchored™ to
the polymer particle). At higher filler content. the PP
particles were surrounded by filler particles attached to
the surface (fig. 6).

A filler content of 40% appeared to be the upper limit
in PP formulations to provide good charging/adherence
of powder on paper substrates. and subsequently, a qual-
ity coating after hot-pressing. Above the 40% limit. the
powder deposition on paper was uneven suggesting the

Nordic Pulp and Paper Research Journal no. 1/1993
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Fig. 6. Scanning electron micrographs of PP/clay formu-
lation (30% whv “Nuclay ™). Top: overview showing filler
pariicles atiached to the PP pariicle surface: bottom:
closeup of a PP particic practically covered by filler.

occurrence of the electrical discharges (“back-ioniza-
tion™ effect) related 10 the powder laver thickness and
the charge characteristics of the polymer blend (Singh et
al. 1978: Singh et al. 1979: Cross 1981). Moreover. a
continuous film was impossible to obtain during hot-
pressing. Apparently. PP particles play a double role:

e “carrier beads” for the inorganic particles during the
charging-transpori-adherence steps of the electro-
static coating process:

® “host-matrix™ during hot-pressing. when filler par-
ticles are embedded in a molten polymer mass.

Formulations with a filler content up to 10% did not
change the “plastic-like™ aspect of the coated film on
paper as compared to the PP powder. One of the_impon-
ant outcomes of the polymer-filler interaction in these

215

b



Mechanical properties of coated paper samples. Stand-
ard CPPA tests were performed on samples of PP and
PHB coated paper at the Pulp and Paper Research Insti-
tute { Pointe Claire. Quebec). The resuits in table | show
little change in paper characteristics and overall mechan-
ical properties after coating and hot-pressing. The rela-
tive increase of the apparent density after coating indi-
cates that hot-pressing has collapsed the pore structure
of the groundwood paper.

Adhesion of polvmer film on paper. A qualitative test
of adhesion between paper and polymer film was per-
formed at the Canadian Pacific Forest Products Ltid..
Paperboard & Packaging Development Laboratory
(Montreal. Quebec). The coated paper specimen was
exposed to 20% aqueous sodium hydroxide solution for
a fixed period of time and the polymer film was delami-
nated from the fibrous substrate. DEC coated paper
showed exceptionally good adherence between the two
components even after 24 hours exposure to the caustic.
For comparison, a polvethylene extrusion coating (lami-
nation of a pre-extruded hot polymer film on paper
substrate) delaminates after one hour exposure to the
atkali solution.

The polymerscellulose interface of DEC coated paper
was observed using scanning electron microscopy. For
SEM observations. specimens were prepared by multi-
step delaminating (transparent adhesive tape) the coat-
¢d paper samples in order to observe the interface mor-
phology. The appearance of the interface prepared using
this technique 1s shown in fig. 4. Both specimens dis-
played a similar pattern: cellulose fibers embedded in a
polymer mass which replicates the fibrous structure.

A quantitative test of bond strength on DEC coated
paper provided a measure of adhesion between the poly-
mer film and cellulosic substrate. The data in rable 2
substantiate the previously described qualitative obser-
vations: the bond strength between polymer/fiber and
fiber/fiber are at least similar. This explains the good
polvmer film/paper adhesion cxhibited by the electro-
statically coated paper samples.

Barrier properties of PP and PHB coated paper. The
moisture vapor permeability tests were performed at the
Canadian Pacific Forest Products Ltd.. Paperboard &
Packaging Development Laboratory {Montreal. Que-
bec) following the standard procedure used for packag-
ing products. The results of moisture vapor transmission
rate (MVTR) tests are listed in wble 3. Although these
results showed considerable variability as compared with
the control (25 um extruded polypropylene film), the
barrier properties of PP DEC coated paper were clearly
demonstrated. PHB coated paper samples showed high-
er MVTR values than PP, as expected for a more polar
polymer. Thus. the contact angie of water on PHB films

Table 2. Bond strength of polvpropyiene ( PP) and poly-
B-hvdroxvbutvrate ( PHB) eleetrosiatically coated paper.

Sample Bond strength”
[N/mi
MD D
PP .5 B
783 s0.7
Celtulose fibers 83.7 94.5
(substrate tor coating)
PHB M3 829
N7 sS4

“Tests done under standard conditions at Puip and Paper Research
Institute of Canada (Point Claire. Quebec).

i
‘ ‘e' . . :’.- :,\

-

10K  X1,006 18rm WD25
Fig. 4. Scanning electron micrographs of polymerfiber
interface: PP (top) and PHB (howom) coated paper.
Specimens prepared by dry delaminating the ccliulos;c
fibers until the contact region polymericetiulose was avail-
uble for examination.

Table 3. Moisture vapor transmission rate (MVTR) of
polvpropyiene { PP) and poly-B-hydroxybutyrate ( PHB)
. electrosiatically coated paper. ‘

Sampic Coating weight b
P [grm?] [¢/m* during 24 h|
PP 394 8.2
452 26.6
6.3 128
56.2 6.4
Cantrol” 3.0 0.8
PHB 7 2248
R 2372
Y i
RIS 2(!9:_____‘__

“Measured at TFF (37.8°C) and Y5% relative bumidity.
*Control sample was 25 pm thick melt-extruded polypropylene
film.
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lymerized™ polyethylene and polypropylene. Each frac-
tion was assaved [or electrostatic charging and adhesion
on selenium plate using a “Model D™ Xerox Processor
{Lauzier. Marchessault 1989). The results indicated that
a polymer particle of average diameter less than 100 um
was acceptable for electrostatic charging and good adhe-
sion on the paper surface.

Powder characteristics (particle diameter. melting
point, melt viscosity) are the most important factors in
electrostatic coating. Fig. J presents the sequence “depo-
sition—fusing~pressing” as observed through a scanning
electron microscope. Scanning micrograph in fig. 3d
shows a relatively thin (25-30 um) polypropylene film
adhering to paper.

Mardir Pulo and Paoer Research Journal no. 1/1993

18Ky

Fig. 3. Scanning eleciron micrographs illustrating the DEC process: a) copier paper used as substrate (face view); b) PP
particles deposited on paper (cross-section); ¢) PP powder laver fused on paper (cross-section); d) PP coated paper after
hot-pressing (cross-section).

X508 16¥m WD23

Electrostatic deposition and subsequent hot-pressing
of the powder is not substrate-dependent: dense and
thick substrates (e.g.. cardboard) as well as porous paper
{e.g.. paper towe]) were coated with very good resuits.
Remarkably. printed and color-printed paper and
journal covers kept their graphic quality after hot-press-
ing.
A sine qua non condition for electrostatic deposition
of the powder onto a dielectric substrate is the presence
of the back electrode. Therefore. no powder deposition
on paper was achieved when the back electrode was
removed or was imagewise absent. Thus, a pattern of
holes deliberately cut in the back electrode resulted in
uncoated circles in the substrate.
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Fig. 2. Schematic of the experimentul setup for DEC of
paper using polvmer powders: 1) metl plate (grounded),
2) paper sheet, 3) charged powder cloud, 4) electrosiatic
applicator (corona hand-gun).

® equipment and methodology for electrostatic charging
and deposition of polymer powder on paper:

@ powder formulations using conventional inorganic fill-
ers with the polyolefin.

“As polymerized” polvolefin. Himont Canada (Va-
rennes. Quebec) suppiied commercial polypropylene
(PP) homopolymer powder collected by cvclone frac-
tionation of the reactor product. Scanning electron mi-
crographs showed PP particies of irregular shape with
average diameter of 30-60 um and less ( fig. /, p. 211).
The melting point of PP was 162°C as determined by
differential scanning calorimetry (DSC). This powder
was used throughout the experiments "as received™ or in
formulations prepared by us.

Other “as polymerized™ polymer powders (c.g. poly-
vinyl chloride. polystyrene-butadicne copolymer) were
also assaved. These latter materials were produced by
proprietary suspension polymerization processes.

Biodegradable polymer. The idea of an electrostatical-
ly coated paper using a biodegradable polymer such as
spray dried poly-B-hydroxybutyrate (PHB) (" Biopol™.”
[CI. Billingham. UK) is very attractive. PHB is a ther-
mally unstable material and must contain additives to
control degradation during normal melt-extrusion
processing. The present process offers the potential of
considerably reduced exposure to heat and undesirable
development of crystalline morphologies which are of-
ten responsible for pinholes due to crack development
on crystallization. ‘

Coating substrates. Sheets of copier paper contdining
85% bleached stoneground wood pulp. with controlled
electrical conductivity, were the principal substrate.
Other cellulose-based substrates (e.g. printed paper,
cardboard. paper towels, etc.) were also used for coating
studies,

Powder formulations. Blends of polypropylene with
fillers were made by dry mixing at room temperature.
Several types of commercial inorganic fillers were con-
sidered for blending:

® clay: “Hydrafine”™ (J.M. Huber Corp.. Macon.
Georgia)
“Nuclay”-delaminated grades (Engelhard
Corp.. Edison, NJ)

® CaCO. “Hydrocarbon 63" (Omva Inc.. Proctor,
Vermont).

All fillers were in the range of 1-2 um particle diame-
ter and blends of 3 to 33% (w/w) filler content were
prepared. To mix the components a2 “Plasti-Corder”
Brabender (Brabender Instrument [nc.. South Hacken-
sack. New Jersev) equipped with a twin screw head was
used. The following working conditions were observed
during the blending process: mixing speed. 120 rv/min:
mixing time, |5 min: temperature, 23-25°C: and balch
weight, 200 g.

Experimental sewup. Sheets of paper. placed on a
grounded metal plate (back electrode). were coated with
polvmer powder ( fig. 2) using a commercial “Solidspray
"90™ corona gun unit {Voistatic Coatings Ltd. London.
UK). The relative humidity in the room was not control-
led. The polymer powder was gravity-fed into the gun
barrel through a conical feeder attached to the gun. This
allowed the use of a minimum amount of powder (about
30-30 ¢) instead of a large quantity {(minimum | kg)
required using the normal hopper. A voltage of 80 kV
was used to negatively charge the polymer powder. The
gas-carrier of 20 psi (0.14 MPa) was dry, oil-free air
supplied from a cviinder. Layer thickness and uniformaty
of deposited powder on paper were visually assessed.
Coating weights were accurately determined after fusing
and pressing.

Fusing and calendering. Fusing and calendering were
done in a single step by hot-pressing the powder-coated
paper between mylar sheets in a laboratory Carver press.
Preliminary hot-pressing trials demonstrated that 5000
psi (34 MPa) during 30 s and a temperature of 10°C
below the melting point of the polymer are minimum
requirements to convert the deposited powder laverto a
transparent and visually smooth polymer film on paper.
All samples were processed under the same conditions
unless otherwise specified.

Results and discussion

Electrosiatic charging and adhesion of powder on paper.
One of the key-parameters of electrostatic charging and
deposition of powder is the diameter of the polymer
particle (Reif 1955: Singh 1978). Preliminary cvaluation
of particle charging was studicd on fractions of “as po-

Table [. Physical properties of PP and PHB electro-
statically coated paper.

Charactenistic Units Ref.* PP PHB
Grammage wm* (OD) 60.0 914 859
(basis wetght) .
Caliper um 122.6 124.6 111.2
(single sheet)
Specific volume cm'g 2.04 1.37 1.29
Apparent deasity wem® 0.49 0.73 0.7
Maoisture content %% 15 18 43
Tear index mN - mrg 376 2 T
Breaking length \m (MD) 5.70 3.80 4.58
(CD) 294 7 2.78
Tensile ratio i 1.94 1.51 1.65
Streteh " (MD) 1.32 1.65 148
(CD) .27 244 215
Tensile index Nomeg (MDY 55.90 4703 489
(CD) 2834 KINT 2721

“Reference was the uncoated substrate (copier paper).




dry blends is the uniform dispersion of inorganic compo-
nent throughout the polymer matrix. As a resuit, chang-
es in coated paper characteristics are expected, especial-
ly barrier properties and printability.

Conclusions

The feasibility of the Direct Electrostatic Coating
(DEC) process using thermoplastic polymer powders
has been demonstrated. Two key-elements enable this
new approach:

® simple and efficient corona charging equipment to
provide a high volume throughput of coating material;

® inexpensive polymer powder (e.g. “as polymerized"
polyolefin) with suitable characteristics (i.e.. particle
diameter, electrostatic charging characteristics, meit-
ing point, etc.).

These results open new approaches to speciality paper
with:

® barrier properties:

® adhesion/wetting characteristics:

@ biodegradability;

@ flexibility and simplicity of dry blending.
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Polyhydroxybutyrate, a Biodegradable
Thermoplastic, Produced in Transgenic Plants

Yves Poirier, Douglas E. Dennis, Karen Klomparens,
Chris Somerville*

Polyhydroxybutyrate (PHB), a high molecular weight polyester, is accumulated as a :
age carbon in many species of bacteria and is a biodegradable thermoplastic. To proc
PHB by genetic engineering in plants, genes from the bacterium Alcaligenes eutror
that encoded the two enzymes required to convert acetoacetyl-coenzyme A to PHB v
placed under transcriptional control of the cauliflower mosaic virus 35S promoter

introduced into Arabidopsis thaliana. Transgenic plant lines that contained both ge
accumulated PHB as electron-lucent granules in the cytoplasm, nucleus, and vacuole:
size and appearance of these granules were similar to the PHB granules that accumu

in bacteria.

Poly-p-(~)-3-hydroxyburyrate (PHB) is
an aliphatic polyester that is accumulated
by many species of bacteria as storage ma-
terial (I). Both PHB and related polyhy-
droxyalkanoates (PHA) are renewable
sources of biodegradable thermoplastic ma-
terials (2). The cost of PHB produced by
bacterial fermentation is substantially high-
er than that of other biomaterials, such as
starch or lipids, that accumulate in many
species of higher plants. Therefore, we in-
vestigated the feasibility of transferring the
capability for PHB synthesis from bacteria
to higher plants.
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In the bacterium Alcaligenes eutrop
PHB is derived from acetyl—coenzym:
(CoA) by a sequence of three enzym
reactions (3). The first enzyme of the p
way, 3-ketothiolase (acetyl-CoA ac
transferase; E.C. 2.3.1.9), catalyzes
reversible condensation of two acetyl-C
moieties to form acetoacetyl-CoA. -
toacetyl-CoA reductase (hydroxybuc
CoA dehydrogenase; E.C. 1.1.1.36) su
quently reduces acetoacetyl-CoA to D-:
3-hydroxyburyryl-CoA, which is then ¢
merized by the action of PHB synthas
form PHB. The genes encoding the t:
enzymes involved in PHB synthesis i
eutrophus have been cloned, and expres
of the genes in Escherichia coli is suffic
for PHB production (4-7). Of the
enzymes involved in PHB synthesis ir
eutrophus, only the 3-ketothiolase is
found in the cytoplasm of higher pla
where it is involved in the synthes:
mevalonate, the precursor to isoprenol

Genes that encoded acetoacetyl-C
reductase (phbB) and PHB synthase (pf.
were introduced into Arabidopsis tha.
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through Ti plasmid-mediated transforma-
“«n. The coding sequences of the phbB and

C genes were individually cloned into
the binary Ti plasmid pBI121 so that the
genes were under the transcriptional con-
wol of the constitutive cauliflower mosaic
virus 35S promoter (8). Two series of trans-
genic A. thaliana plants, which contained
cither the phbB or phbC gene, were gener-
ated by transformation with Agrobacterium
mmefaciens containing the Ti plasmid con-
structs (9).

Southern (DNA) blot and Northem
(RNA) blot analysis of seven putative ho-
mozygous transgenic lines obtained by
manstorination with the phbB gene indicat-
od the proper integration and transcription
of the gene in the various lines (10). To
assess whether the phbB mRNA was cor-
rectly translated and whether the polypep-
tide produced was functional, we assayed
mansgenic plants that had the phbB gene for

Aelative detector response
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Fig. 1. Gas chromatographic evidence for PHB
accumulation in transgenic plants. (A) Transes-
lerified bacterial PHB (20 ng). (B) Transesteri-
fied chioroform extracts of leaves from wild-
lype A. thaliana. (C) Transesterified chioroform
extracts of leaves from F1 hybrid between
transgenic plants S8-1-2A (phbC+*) and RedB-
2C (phbB*). Arrowheads indicate elution time
of ethylhydroxybutyrate. Between 5 to 50 mg of
fresh or frozen plant shoot material was ektract-
edin 1 to 2 ml of a chloroform and water mixture
(1:1) for 16 hours at 65°C with constant agita-
tion. This extract, which did not contain PHB,
was discarded. The plant material was subse-
Quently homogenized in water and reextracted
n chloroform and water as described above.
The chioroform phase was extracted twice with

ater. The products present in the organic
. 7 phase were transesterified by acid ethanolysis,
and one-hundredth of the final reaction mixture
was analyzed by gas chromatography on a
Hewlett-Packard 5890 series Il GC (18). As a
slandard, bacterial PHB (Sigma) was used.

acetoacetyl-CoA reductase activiry (I1).
Enzyme activity was not detectable in leaf
extracts of the untransformed wild-type
plants. Leaf extracts of the seven transgenic
lines exhibited specific activities ranging
from 1.6 to 16.2 units per milligram of
protein (12), compared to 1.4 units per
milligram of protein for extracts of Esche-
richia coli DH5a that expressed the phbB
gene present on the plasmid pTZ18U-PHB
(13).

Southern blot and Northern blot analy-
sis of three putative homozygous transgenic
lines obrained by transformation with the
phbC gene revealed proper integration and
transcription of the gene in the various
lines (10). However, transgenic plants that
expressed phbC mRNA had no detectable
PHB synthase activiry. Similarly, expres-
sion of the phbC gene in E. coli, in the
absence of phbA and phbB gene expression,
did not result in significant PHB synthase
activity (7). It has been postulated that in
the absence of substrate synthesized by the
phbA and phbB gene products, the PHB
synthase may be unstable or inacrive.
Therefore, the absence of PHB synthase
activity in transgenic plants that contained

the phbC gene was not considered an accu-" -
rate reflection of whether the enzyme would'

function in plants that contained the addi-
tional enzymes of the pathway.
To produce plants containing both phbB
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Fig. 2. Gas-chromatography-mass spectrom-
etry analysis of PHB from bacteria and trans-
genic plants. (A) Mass spectrum of transester-
ified bacterial PHB. (B} Mass spectrum of the
putative ethyihydroxybutyrate from F1 hybrid
between S8-1-2A (phbC*) and RedB-2C
(ohbB8*) (Fig. 1C). Electron impact mass spec-
tral data was obtained on a JEOL JMS-AX505H
mass spectrometer coupled with a Hewlett-
Packard 5890 GC. The following parameters
were used: source temperature, 200°C; ioniza-
tion current, 100 pA; accelerating voltage, 3
keV (19);, m/z, mass-to-charge ratio.

and phbC genes, we cross-pollinated ho-
mozygous transgenic lines that had the phbB
gene (lines RedB-2A, -2C, -2D, -2G, and
RedD-3A) with homozygous transgenic
lines that had the phbC gene (lines S8-1-2A
and S8-1-2C). Leaf samples of 2- w0
J-week-old hybrid plants (F1) were ana-
lyzed for the presence of PHB by gas chro-
matography of transesterified ethylated de-
rivatives of chloroform-soluble material
(Fig. 1). Extracts of Fl hybrids that ex-
pressed both the bacterial acetoacetyl-CoA
reductase and the PHB synthase genes con-
tained a novel compound that eluted with
the same retention time as ethylhydroxybu-
tyrate. The compound was not detected in
transgenic plants that expressed only one of
the two phb genes or in untransformed A.
thaliana plants. Analysis of the compound
by gas chromatography-mass spectromerry
(GC-MS) confirmed that it had the same
mass fragmentation pattern as a reference
sample of ethylhydroxybutyrate (Fig. 2).
Ethylhydroxyburyrate was not detected in
chloroform extracts of plant tissues in

Fig. 3. Visualization of PHB granuies by epifluc-
rescence microscopy of tissues stained with
Nile Blue A. Leaves (A and B) and roots (€ and
D) from PHB-producing F1 hybrids between
RedB-2G (phb8*) and $8-1-2C (phbC*) (A
and C) and from transgenic plants- RedB-2G
(phbB*) that did not produce PHB.(B and D)
were fixed with, glutaraidehyde, stained with
Nile Blue A, and viewed by epifluorescence
microscopy (Axiophot, Zeiss) under an excita-
tion wavelength of 546 nm. Bars represent 50
wm. Plants were grown aseptically on Mura-
shige and Skoog basal media (Sigma) that
contained 1% sucrose and 0.8% agar. Roots
and leaves of 2-week-old plants were fixed in
3% glutaraldehyde in 0.1 M phosphate buffer
{pH 8.0) for 3 hours. Tissues were rinsed in
water and stained for 5 min in 1% Nile Blue A.
Tissues were rinsed several times in water and
soaked 1 min in 8% acetic acid followed by a
final rinse in water.
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which the cell wall had not been disrupted
by homogenization. However, if the chlo-
roform-extracted tissue was then homoge-
nized and reextracted under identical con-
ditions, ethylhydroxybutyrate was detected
(Fig. 1). Because the cell wall is permeable
to molecules with a molecular mass below
~60,000 daltons (14), these results indi-
cate that the ethylhydroxyburtyrate was de-
rived from a large molecular size precursor.
Thus, we conclude that transgenic plants
that expressed both the bacterial ace-
toacetyl-CoA reductase and PHB synthase
genes accumulated PHB.

FIg. 4. Transmission electron micrographs of
thin sections from PHB-positive transgenic A.
thaliana plants. Transgenic line S8-1-2A
(phbC™) was pollinated with transgenic lines
RedB-2D and RedB-2C (phb8™). Tissue sam-
ples from 1- to 3-week-old F1 plants were
analyzed by TEM. (A) Leaf mesophyll cells from
a RedB-2D x $8-1-2A F1 hybrid with an ag-
glomeration of granules in the nucleus. (B) Two
adjacent mesophyll cells from a cotyledon of a
RedB-2C x S8-1-2A F1 hybrid showing elec-
tron-lucent granules in the nucleus (N), vacuole
M. and cytoplasm (C). Arrows indicate ag-
glomerations of electron-lucent granules. Bars
represent 1 um. Plant tissues were fixed with
3% glutaraldehyde in 0.1 M phosphate buffer
{pH 7.2) for 1.5 to 2 hours at room temperature.
The samples were washed four times in 0.1 M
phosphate buffer (pH 7.2) and fixed with 1%
Os0, in phosphate buffer for 2 hours at room
temperature. The tissues were then dehydrated
in a graded ethanol series and embedded in
Spurrs epoxy resin. Sections of 80 to 90 nm
were cut, placed on copper grids, and stained
with 5% uranyl acetate for 30 to 45 min, fol-
lowed by staining with Reynolds lead citrate for
3 to 4 min. Sections were viewed in a JEOL
100CX |l transmission electron micrascope op-
erated at 80 kV.

N e s

Similar results were obtained with the
F1 progeny of four different crosses involv-
ing four independent phbB transgenic lines
and two independent phbC lines. The
amount of PHB accumulated in leaves
ranged from approximately 20 g per gram
of fresh weight for F1 hybrids between
RedD-3A and $S8-1-2C to approximately
100 pg per gram of fresh weight for F!
hybrids between RedB-2C and S8-1-2A.

Bacteria accumulate PHB as electron-
lucent granules of 0.2 to 0.5 wm in diam-
eter surrounded by a Z-nm-thick layer of
electron-dense material (I5). Bacterial
PHB granules stained with Nile Blue A
emit orange or red fluorescence ar excita-
tion wavelengths of 460 and 546 nm, re-
spectively (16). To determine if similar
granules could be detected in F1 hybrids
shown to be positive for PHB production by
GC-MS analysis, we examined plant tissues
with epifluorescence microscopy and trans-
mission electron microscopy (TEM). In all
tissues of PHB-producing plants stained
with Nile Blue A, bright foci of red fluores-
cence with an approximate maximum di-
ameter of 10 um were observed (Fig. 3).
Similar granular red fluorescence was never
observed in untransformed A. thaliana, in
transgenic plants thar expressed only one of
the phbB or phbC transgenes, or in PHB-
producing tissues not stained with Nile Blue
A. Insoluble material partially purified from
tissues of PHB-producing plants was shown
to contain PHB granules by GC-MS and
epifluorescence microscopy (10, 17).

Cells in the mature leaves, coryledons,
and roots of PHB-producing plants had
agglomerations of electron-lucent granules
(Fig. 4). These granules were detected in all
analyzed F1 hybrids that expressed both
phbB and phbC genes. Similar granules were
never detected in the parental transgenic
lines that expressed only one of the phb
genes or in untransformed A. thaliana. The
granules were detected in the nucleus, vac-
uole, and cytoplasm of the F1 hybrid tis-
sues. No granules could be detected in the
chloroplast. In the nucleus, individual
granules were found to reach a maximum
size of approximately 0.2 um. In the vacu-
oles and cytoplasm, the granules were gen-
erally larger and reached a maximum diam-
eter of- approximately 0.5 wm. At higher
magnification, the granules appeared to be
surrounded by electron-dense material.
Both the size and appearance of these gran-
ules were very similar to granules observed
in bacteria accumulating PHB (15).

The polypeptide products of the phbB
and phbC genes used here are expected to
be located in the cytoplasm of Arabidopsis
cells, as the genes lack sequences that
encode organelle-specific targeting signals.
The accumulation of PHB granules in the
nucleus and vacuole of transgenic hybrid

N SNIT L IANY . e rrny AR A W™ ATIYIT €A

plants was unexpected. The nuclear lo.
ization of granules could result from
entrapment of existing cytoplasmic granu
during reassembly of nuclear membrane.
mitotic telophase. However, because
vacuolar membrane does not break dc
during any stage of the cell cvcle, this re
does not explain how the granules accur
lated in this organelle. An alternate pc
bility is that PHB granules may be cap:
of crossing the membranes of the nuc.
and vacuole.

Expression of large amounts of :
toaceryl-CoA reductase in transgenic pla
caused a significant reduction in growth :
seed production relative to wild-r
plants. For example, for the transgenic :
RedB-2G and RedB-2C, which expre:
approximately 3 and 9 units of acetoace
CoA reductase activity per milligram
protein, respectively, the fresh weigh:
22-day-old shoots was reduced to 45%
19% of wild type, respectively. Seed -
duction was reduced in approximately
same proportion. This phenotype coulc
the result of the diversion of a signific
amount of acetyl-CoA or acetoacetyl-C
away from an essential biochemical p-
way such as isoprenoid biosynthesis.
pression of the PHB synthase, by itself,
no apparent effect on the growth or vigc
transgenic plants. However, the F1 hyt
that contained both genes were more
verely stunted in growth than plants -
contained only the acetoacetyl-CoA rec
rase gene, which could result from eith-
more severe depletion of substrate from
mevalonate pathway or a noxious effec
the PHB granules.

The present report of synthesis of F
in plants represents a first step toward
production of novel biopolymers in pl:
through genetic engineering. Productio:
a large quantity of PHB or PHA in pl:
will require additional genetic manig
tions to divert reduced carbon away t
endogenous metabolic pathways and to :
ulate the tissue specificity, timing of exp-
sion, and cellular localization of the
zymes involved. It might be possible
divert carbon from synthesis of storage
ids toward PHB production in plast
where accumulation of PHB granules r
not have deleterious effects.
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X-ray Structure of T4 Endonuclease V: An Excision
Repair Enzyme Specific for a Pyrimidine Dimer -

K. Morikawa,* O. Matsumoto, M. Tsujimoto, K. Katayanagi,
M. Ariyoshi, T. Doi, M. lkehara, T. Inaoka, E. Ohtsuka

The x-ray structure of T4 endonuclease V, an enzyme responsible for the first step of a
pyrimidine-dimer—-specific excision-repair pathway, was determined at a 1.6-angstrom
resolution. The enzyme consists of a single compact domain classified into an all-a
structure. This singie domain has two distinct catalytic activities: it functions as a pyrimidine
dimer glycosylase and as an apurinic-apyrimidinic endonuciease. The amino-terminal
segment penetrates between two major helices and prevents their direct contact. The
refined structure suggests the residues involved in the substrate binding and the catalysis

of the glyccsylation reaction.

Ulraviolet (UV) imradiation causes forma-
tion of pyrimidine dimers within DNA that
are lethal and mutagenic in vivo. The first
step of the excision repair pathway of UV-
damaged DNA is strand scission of the DNA
in the vicinity of a pyrimidine dimer (). The
encyme T4 endonuclease V, encoded by the
denV gene of bacteriophage T4, is responsible
for this step in bacteriophage-infected Esche-
nichia coli (2, 3). Although the enzyme is a
racher small protein (138 amino acids), it has
two distincr catalytic activities (4—12): it acts

K Morkawa, O. Matsumoto, M. Tsujimoto, K. Kata-
yanagl. M. Arivoshi, T. Doi, M. lkehara, Protein Engi-
neenng Research Institute, 6-2-3 Furuedai, Suita, Osa-
ka 565, Japan

" Inaoka ang £. Ohtsuka, Faculty of Pharmaceutical
<ences. Hokkaido University, Sapporo, Hokkaido

060, Japan.

*Te whom correspondence shouid be addressed.

as a pyrimidine dimer glycosylase and as an
apurinic-apyrimidinic endonuclease (Fig. 1).
This latter reaction proceeds through the
B-elimination of the 3'-phosphate of an aba-
sic site rather than by the actual hydrolysis of
the phosphodiester bond (13-15). Before
binding to a pyrimidine dimer, the enzyme
nonspecifically binds by electrostatic forces
and scans the double-stranded DNA (6, 11,
12, 16). Once the enzyme has specifically
bound to a pyrimidine dimer, the DNA is
incised at the 5'-glycosyl bond in the dimer,
and, subsequently, scission of the phosphodi-
ester bond occurs at the exposed backbone.
We report the three-dimensional (3-D)
x-ray structure of the enzyme and discuss its
functional implications. Combined with re-
sults from site-directed mutagenesis, the ex-
amination of the structural features allows the
identificadion of residues participating in the
24 APRIL 1992

SCIENCE * VOL.256 -+

| REPORTS |

substrate binding and the caralyric reaction.

Crystals of T4 endonuclease V (I7)
belonging to the space group P2,, with unit
cell parameters of a = 41 4 ‘3\, b=40.1A,

=37.5A, and B = 90.01° conrtain one
molecule per asymmetric unit and diffract
x-rays beyond 1.6 A resolution.

An initial electron density map was
calculated at 2.5 A resolution with multiple
isomorphous replacement (MIR) phases,
which were obtained with five heavy-atom
derivatives (Table 1). Consistent with the
high value of the figure of merit, the elec-
tron densities were sufficiently well defined
1o allow the discemment of most residues
even in a minimap, and thus an unambig-
uous chain tracing could be achieved. The
2F, — F. map after refinement with the
restrained least-square program PROLSQ
(Fig. 2) gave a final R value of 0.196 (18).

The enzyme T4 endonuclease V is com-
posed of a single compact domain. The mol-
ecule has a roughly ellipsoidal shape with
dimensions 50 by 42 by 40 A. The enzyme
consists of three « helices, five reverse tumns,
and extended chain segments and loops, but it
conrains no B structure (19) (Fig. 3). The
enzyme should thus be classified into the all-a
type of structure (20); 45% of its residues are
located in « helices (Fig. 4). The first o helix
(H1, residues 14 through 38) is centrally
kinked at Pro®, creating an inclination of
20°. All of the five reverse tumns lie on the
external surface of the molecule and in close
proximity to NH,- or COOH-terminal ends
of the a helices, except for one reverse tun
(298 to F100) (21).

The arrangement of « helices in this
en-me is unusual. The three helices, H1
(14 through 38), H2 (64 through 82), and
H3 (108 through 124), stand side-by-side
(Fig. 3), and their termini are covered by a
caplike loop around the COOH-terminus.

Pyrimidine dimer
DNA glycosyiase
T .
CHO T

HHH

AP DNHA endonuciease
T

B B cuo T B B
HO |
5" P. P. P P P. 3
Fig. 1. Two distinct catalytic activities of T4

endonuclease V. AP, apurinic or apyrimidinic.
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Coating-Removal Techniques:
Advantages and Disadvantages

Wayne E. Reitz

The removal of radioactive and nonradio-
active coatings from various surfaces is a
subject of increasing interest for a variety of
reasons, including remaining lifeassessment,
nondestructive evaluation of structural in-
tegrity, and life extension through the adop-
tion of new surface-modification methods.
This review summarizes the stateof theart in
coating-removal technologies, presenting
their advantages and limitations. The meth-
ods covered include laser ablation, mi-
crowaves, flashlamps, ice, CO,, and plastic
blast media.

INTRODUCTION

Surface enhancement through the ap-
plication of a coating is performed for
either protection in a specific envi-
ronment {e.g., wear, cOrrosion, or ero-
sion resistance) or improvement of spe-
cific properties (e.g., electrical, magnetic,
oroptical characteristics). Atsome point,
however, it may become necessary to
remove such coatings. For exampie, de-
pending on its composition, a coating
could presentenvironmental difficulties
when the time comes to dispose of the
material. In other cases, it may be neces-
sary to remove a coating to inspect a
surface orachievea certain level of clean-
ing (e.g., removal of radionuclides to
facilitate decontamination). Subsequent
to coating removal, substrate quality is
measured by surface condition, bulk in-
tegrity, applicability, and corrosion of
the substrate.

For these reasons, there has been an
increasing amount of work devoted to
developing various techniques for re-
moving surface coatings.

ISSUES IN COATING REMOVAL

The U.S. Navy spends more than $30
million annually to dispose of nearly 40
million liters of liquid waste generated
fromaircraft paint-stripping operations.
The U.S. Department of Ertergy (DOE)
has budgeted $5 billion over the next 30

years to decontaminate and decom-

mission (D&D) numerous government-

Table . Radioactively Contaminated
Volume at Japan Power
Demonstration Reactor

Area (%) Depth (cm)
54 0-1
29 1-2
15 2-3
2 >3

owned nuclear installations that contain
radioactive hot cells, uranium separa-
tion facilities, and gaseous diffusion
plants (just a few of the critical manufac-
turing elements? and radioactively con-
taminated concrete structures).

Chermical solutions are routinely em-
ployed to remove paint from surfaces,
and mechanical scabbling (e.g., mini-
jackhammers) has been used to remove
contaminated surfaces from concrete.
However, these low-technology treat-
ments do not effectively minimize waste
volumes. The key issues for material
disposalare volumereductionand sepa-
ration by waste tvpe. Generally, con-
tamination is confined to surface layers
(~2 cm or less),* and economical re-
moval techniques are needed.

Contamination of concrete surfaces
due to spills and leaks were surveved as
part of the dismantlement procedure
plan for the Japan Power Demonstration
Reactor.* Contamination was found in
the reactor containment, liquid-waste-
treatment, turbine, and spent-fuel-stor-
age buildings. As shown in Table I, 83
percent of contamination was within 2
cm of the surface. Radionuclides pene-
trated more than 2 cm when scratches or
cracks were present. The deepest pen-
etration was 11 cm.

Paint is another “hot” item when it
contains lead. Previously,industrialand
marinestructures were painted withred-
lead primer,* which, at that time, was the
most cost-effective method of corrosion
protection. When repainting, however,
surface preparation using the traditional
methods of abrasive blasting is nolonger
acceptable due to legislation covering
waste disposal and lead contamination
of the atmosphere during blasting.

Just as red-lead primer is outdated,
paint-removal technologies have not
képt pace with the rapid advances of
new polymeric resins in the coating in-
dustry. When alkyd primers and atkyd
enamel topcoats or acrylic nitrocellulose
topcoats are used as coating materials,
theirremovaliseasily accomplished with
solvent-based strippers, predominately
methylene chloride. However, as coat-
ings have evolved from alkyds and ni-
trocellulose to epoxies, polyurethanes,
and fluoropolymers, traditional solvent-
type strippers are no longer effective
removers, The alkyds and acrylic nitro-
cellulose are prone to rapid erosion,

which makes them functional for only
one to two years; in some applications
(e.g., aircraft), they are aggressively at-
tacked by fluids.® Current epoxy and
polyurethane coatings, however, can last
five to seven years because of their excel-
lent environmental, erosion, and fluid
resistance. At the same time, these coat-
ings have become progressively resis-
tant to chemical strippers.

Routine removal of primer and top-
coats are required prior to inspection
and repainting. A number of tech-
nologies exists for the paint-removal as-
pect of this process, and their relative
benefits are fairly well understood for
standard metal surfaces.” Inrecentyears,
however, therehas beena growing trend
towards utilizing advanced composites
in aircraft,® and this small group of parts
will soon expand to include a larger
percentage of the total aircraftstructure.”
Theeffect of paintremoval on composite
surfaces has not been studied to the ex-
tent that metal surfaces have been char-
acterized. Still, composites are nonethe-
lesssusceptible to damage by both chemi-
caland mechanical techniques.® Assuch,
coating removal must be accomplished
without introducing structural damage
and in a manner that is economical, effi-
cient, and environmentally acceptable.

HOT VAPOR
(PLASMA)

b

Figure 1. The (a) initial and (b) subsequent
interaction of laser puise radiation with a solid
surface.'?
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Wastes

The waste streams that result from
coating removal fall into three cate-
gories—airbormne, liquid, and solid.

In the physical sense, solid wastes are
probably the easiest to deal with since
they are readily accountable and visible.
Generally, solid wastes have not been
reduced in volume, except to have been
separated from the gross structure. Lig-
uid wastes, however, are one of the more
insidious forms of by-products from
D&D and paint-stripping operations.
Actually, it is the liquid in combination
with gravity thataggravates the surface-
removal process. Liquids seek and find
all available cracks, holes, and cavities,
thus making large quantitiesinaccessible.
If the liquid is confined to piping, its
presence is more amenable, but it is still
in a form to be addressed with caution.
Liquid wastes require further process-
ing to refine and consolidate the frac-
tions that are radioactive or hazardous.
On the other hand, airborne wastes cre-
ate a severe health hazard unless special
precautions are taken. Airborne wastes
permeate the available atmosphere and
settleonall available surfaces, vertical as
well as horizonal. Extra care is required
when generatingairborne wastes to mini-
mize further contamination or acciden-
tal releases to previously clean areas.

Although it is relatively easy to iden-
tify various surface-removal technolo-
gies, removalrates,and operational costs,
one of the subtler aspects of coatings
removal is recognition of the existence,
type,and quantity of the secondary waste
generated by the surface-removal proc-
ess. The ultimate goals of surface and
coating removal are minimizing waste,
minimizing the creation of secondary

(YL

Spread Type Stranght Type  Tapered Type
|

Cross Section of Concrete Blocks

Figure 2. Shapes of microwave irradiating
heads.*

Ice Particle

i

“Sombrero”
/ Structure

Radial Crack
Lateral Crack
Conical Crack

Figure 3, Surface erosion via ice biasting.*

waste, a..d Lunimizing the existenceand
quantity of mixed waste, The “3 Rs"—
reducing, reusing, and recycling—are
emphasized in industry.?

Technique Characteristics

Surface-removal techniques can be
classified by three important charac-
teristics: strip rates, waste production,
and interaction with substrates.

Strip rates are measured in two ways;
area removal of nominal thickness (e.g.,
paint) and volumetric removal (e.g., ra-
dioactively contaminated surfaces).

Waste products range from the ex-
tremely toxic to the relatively benign.
Forexample, chemical strippers produce
a by-product laden with hazardous
chemicals (methylene chloride is a
known carcinogen).” The best removal
techniques would convert the waste
products into nontoxic forms (e.g., in-
nocuous wastes such as water and CO,)
or disperse them as omnipresent basic
elements such as nitrogen and carbon.

It is also critical to understand the
effect that coating-removal techniques
exert on the substrates.”” The various
typesof substrate materials include com-
posites, concrete, and metals. Concrete
is of the least concern, since it usually
involves radioactively contaminated ar-
eas requiring volumetric removal prior
to dismantling. However, painted metal
and composite surfaces are routinely
encountered. Lead paint exists on metal
and composite (wood) surfaces that are
destined for D&D work. Removal of lead
paint from structures is required prior to
demolition or refurbishment of various
structures (e.g., bridges, buildings, metal
structures, army bases, and other facili-
ties). The aircraft industry has stringent
requirements on substrate quality, espe-
cially subsequent to coating removal.
Some of the criteria include surface
roughness, masking of existing cracks,
and degradation of substrate physical
properties, such as fiber breakage and
increased residual stress.

COATING-REMOVAL
METHODS

Lasers

Laser ablation is a viable surface-re-
moval technique. The laser energy inter-
acts with subatomic particles, transfer-
ring photon energy to vibrational en-
ergy, which generates heat. The process
removes surface materials by thermal
shock, melting, evaporation, or vapor-
ization.>s Figure 1 shows the mate-
rial-laser interaction when the material

is ablated. The vaporized material be-
gins to absorb the laser-beam energy
and becomes ionized, shielding the sub-
strate. As the pulse ends, the surface
vaporization halts, and a microscopic
expansion occurs on the surface, caus-
ing a thin surface layer to spall.

Situations requiring surface removal
have routinely employed lasers. Specific
applicationsinclude cleaning debris from
electronic components'*#” and museum
artifacts,*® removing paint from air-
craft without damaging the substrate, >
and removing radioactive species from
aluminum ductwork.? Since the abla-
tion process destroys organics, it is pos-
sible that the generated wastes will not
have any hazardous constituents, thus
making this technique superior to con-
ventional cleaning technologies.

During the development of the laser,
it has been shown that the beam does not
interact with the atmosphere. This char-
acteristic—combined with narrow, low-
power-loss beam characteristics—allows
the work piece to be positioned at a
significantdistance fromthelasersource.
However, this requires a line-of-sight
between the laser beam and the work
piece, which is becoming restrictive for
special applications, such as D&D work.
In the past, fiber optics have been em-
ployed with the shorter wavelength la-
sers, such as the excimer and Nd:YAG
types, which tend to be lower power
than CO, lasers. CO, lasers less than 3
kW have been successfully transmitted
by hollow metallic waveguides. Large
diameter tubes and gentle bends lead to
minimal attenuation (i.e., maximum
transmission).*® This aspect promotes
remote decontamination and cleaning
and helps reduce maintenance problems.
Typicallasers employed include the KrF
excimer, 35 mJ/am?, 10 Hertz, 248 nm;?
the CO,, 10]/cm?, 100 ns pulse;* and the
5 kW continuous wave CO,.*

Microwaves

Concrete structures are able to absorb
microwave energy efficiently. Micro-
wave energy is absorbed within a few
centimeters of the surface and heating
occurs via internal friction produced in-
side a dielectric material when its mol-
ecules vibrate in response to an oscillat-
ing microwave field.! The dielectric con-
stant is the ratio of electric flux density
produced by an electric field in a me-

Table lll. Surface Roughness on

Al 2024-T3

Pressure (MPa) Pass Roughness (Lm)
165 1 0.58

2 091

3 0.69

4 3.18
198 1 0.93

2 244

3 6.13

4 6.33
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Figure 4. Temperature changes at the surface and at 0.5 mm deep for

pare plate during CQO, blasting.”

10 rise as this energy
5 Ambient Temperature is absorbed into
0 the surface. If the
-5 surface tempera-
-10 ture is increased
-15 sufficiently, a thin
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dium similar to that produced in a
vacuumby the same field.¥”* The micro-
wave energy is directed at the concrete
surface using a specialized waveguide
applicator, producing heat in the con-
crete and the free water present in the
concrete matrix. The removal depth is
proportional to the moisture content.!
Even though the presence of steel rein-
forcements has a minor effect on the
depth of penetration,’ metal surfaces
have a profound negative effect on en-
ergy absorption.

Penetration into concrete is a function
of the shape of the waveguide tube head.
The three types of heads are shown in
Figure2—spread, straight, and tapered.!
Microwave heads are connected to the
end of the waveguide tube, and the shape
of the head affects thebeam-surfaceinter-
action. Heads that spread the beam en-
hance the removal rate by providing a
uniform depth of removal. The straight
and tapered headsresult inremoval pro-
files that are concentrated in the center
of the head. The peripheries show mini-
mal volume removal. Spread-type heads
produce uniform removal and require a
minimal number of overlapping passes.
As the dimensions of the heated area
increase, the depth of penetration de-
creases. Therefore, the head design and
the area of application can be optimized
to remove the required volume of con-
taminated concrete.’ Microwave equip-
ment is capable of removing as much as
3 cm of concrete in a single pass; a maxi-
mum removal rate of 11 cm?/sec has
been achieved* on concrete. The process
generates little dust, avoids mechanical
impacts, and is dry. .

Flashlamps )

Stripping begins when a high-energy
pulse, about 0.001 seconds in duration,
is delivered to the xenon bulb from the
power supply. This pulse ionizes the
xenon gas into a hot radiating plasma at
several thousand degrees. The intense
light emitted from the plasma is then
focused on to the surface, producing a
high-energy-density beam, typically 10
|/cm? 22 Surface temperatures rapidly

be fractured away
from thesubstrate insolid form, whereas
the higher-temperature process of abla-
tion entails explosive combustion of the
surface into hot gases and soot. The
flashlamp-induced ablation process typi-
cally removesathinlayer witheachlight
pulse, less than 25 pm.

Application of this technique has been
studied on aluminum skin (0.8 mm
thick). The back surface of the aluminum
skin was monitored with thermocouples
to characterize the heat transfer through
the thickness of the skin. After a single
pass, the backside temperature increased
by 15°C; multiple passes resulted in a
temperature increase of 89°C.#% -

Ice Blasting

This technology was originally de-
veloped to remove coatings from the
interior of submarines as it was safeina
confined environment with minimal air
flow.?! Ice blasting is not an abrasive
technique—the pellets melt upon im-
pactand theremoval mechanismiis frac-
ture.” Impact thresholds exist for vari-
ous blasting conditions. The blast stream
is usually normal to the surface as op-
posed to a 30-40° impact angle for abra-
sive removal techniques.®** When im-
pact occurs at sufficiently high energies,
three types of cracks are produced (Fig-
ure3):*conical, radial, and lateral. Large
ice particles initiate the cracks, while
smaller ice particles are responsible for
crack propagation. A directconsequence
of this particle interaction with the coat-
ing is that an optimal size distribution
exists for a particular coating-substrate
combinationr. Debonding readily occurs
when adhesive strength is less than 1.47
MPa, such as rust and paint.®*

Cryogenic and CO, Blasting

Shearing is the principle mode of op-
eration for this technology. Thermal
shock occurs when the surfaceis blasted
with CO, pellets, making it much coider
than the substrate and resulting in a
stress differential.”¥ If the resulting
stress is greater than the tensile strength
of the surface material, cracks will de-
velop. Surface tension causes the cracks
to curl upward at the edges, which is
known as fracking.”

Liquid CO, (-20°C, 2.1 MPa [gauge])
expands through a nozzle to 0 MPa,
causing the temperature of the CO, to
drop to -80°C.%2 The process is a nonim-
pact, heat-transfer phenomenon. The
CQO, sublimes prior to impact, causing
the cold atmosphere to chill the surface.
The resulting temperature drop causes
chemical and physical bonds to relax
and, thus, spall. This thermal shock is
confined to thin surface layers (<0.5
mm),®* as shownin Figure 4. This proc-
ess was patented by Lockheed in 19774
and 1983.% The latter patent addresses
improvements to particle velocity, par-
ticle shape uniformity and breakage, in-
sufficient particle feed, and particlefreez-
ing (clogging) in nozzles.

Paintstrippingofan F-13 aircraft vields
about 120 kg of waste since the blast
media sublimes.”® Supercooling the
transport air to -85°C and using small-
diameter pellets (1 mm) resulted in suc-
cessful paint removai from 0.8 mm thick
aluminumaircraftskin.** TableIIshows
the time required to strip the paint from
an F-15 aircraft using several methods.

Pressurized Water

The pressurized-water process em-
ploys high-pressure, low-volumetric
flow rates to remove coatings;* it is simi-
lar to rain erosion, except removal by
pressurized water can be controlled. The
process easily removes laminar planes
of coating so that the coating is removed
inchipsratherthan microscopic debris.*
Typically, pressures of 165 MPa and
volumetric flow rates of less than0.31/s
are used.’** By controlling the water
pressure, delivery, and flow rate, the
stripping efficiency can beincreased and
the resulting surface roughness can be
minimized. This is accomplished by de-
livering the water at the threshold en-
ergy level sufficient to remove the coat-
ings without roughening the sub-

Table IY. Physical Properties of Selected Blast Media®

Property Plastic Walnut Glass
Density (g/cm?) 15 13 25
Hardness (Mohs) 4 3 55
Impact Strength (Scale of 1 to 10) 7+ 4 2
Water Absorption (24 hrs, 25°C) 0.25% 100% 100%
Explosibility Index <02 10 0
Ignition Temp. (°C) >530 430 NA
Chemical Nature Inert Degrade Inert

NA—not applicabie.

87



<85% Confidence Interval>

Table IV lists several

; i ; j attributes for typical
i 11 ! 1A - Low } plastic blast media as
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i i I .
Shear O ! ; ! cause less damage than
Strength i | | the harder media.?#!
: ! ! ! Powder coatings,
-20 -10 0 10 20 20 40 electr.ocoatings,l and
Percent Change from Baseline chemically resistant
a coatings have been
<35% Confidence Intervaix> stripped from a variety
: ‘ , \ of substrates, including
! ! ‘ A “Low glass, 54 rubber,::::
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Compression Streagth | A—3—O ! ‘ moving paint at a rate of
| | | | 5.4 ¢cm?/s from alumi-
. - . ' num.®
40 -20 0 20 40

Percent Change from Baseline
b

Figure 5. The stripping of (a) quasi-isotropic graphite epoxy and
(b} unidirectional graphite epoxy via plastic blast media.*

Chemical Strippers

The use of chemical
paint strippers to re-
move organic coatings

strate.®4” Table III shows the effect of
pressure and number of passes on sur-
face roughness.

Plastic Blast Media

Plasticblast media, knownasdry strip-
ping,®*isanenvironmentally responsible
coating-removal technique. It is similar
to sand blasting but uses spedially de-
signed equipment to propel and recover
nontoxic, reusable plastic granules. The
lightweight sharp-edged plastic particles
have proven to be an effective abrasive
at pressures ranging from 0.07 MPa to
0.28 MPa.* The low operating pressure,
combined with the relative softness of
the media, permits rapid removal of paint
and other coatings from many types of
substrates without damaging surfaces
or warping panels. The granular sur-
faces incorporate sharp, angular edges
that contribute to the precise coating
removal qualities.®

The U.S. Air Force® has studied the
effect of plastic blast media on graphite-
epoxy panels and have found that no
degradation of the composite panels oc-
curs. For isotropic panels, the tensile
strength and modulusactually increased.
Figures 5a and 5b show the 95 percent
confidence intervals fortensilestrengths,
tensile modulus, and interlaminar shear
values.

fromsubstratesisa well-
known procedure in metal finishing.
Paint strippers are used to strip coatings
from rejects and to clean components
and products. Chemical stripping is di-
vided into two categories:** hot and
cold. Cold stripping is relatively easy to
operate and maintain; the parts enter a
solution and are stripped. Hot stripping
removes the coating from the substrate
via a caustic chemical reaction. Chelates
are usually present in hot stripping svs-
tems; chelates can remove metal ions
fromsludges and deposits and cansepa-
rate the waste constituents.®%7
Chemical strippers are applied to the
surface and allowed to soak for a short

time to break the chemical bond between
the coating and substrate 5558 It is then
removed by rinsing. Chemical strippers
currently used in production contain
methylene chloride and/or phenols,
which attack the resin binders and gel
coats that are in composites® and cause
irreparable destruction of corrosion-pre-
vention putties, elastics, and other syn-
thetic materials.®

All chemical methylene chloride sub-
stitutes have their downside. They are
flammable or volatile or not as efficient
as methylene chloride.’’#*%# The new
strippers do contain organic solvents
with low toxicity and low vapor pres-
sure; they are also capable of removing
polvurethane and epoxy primers.® Al-
though these strippers perform as well
as methylene chloride, they are slower.

CONCLUSION

When considering coating adhe-
siveness, wastes generated, and final
substrate quality, an optimum surface-
removal technique exists for each appli-
cation. In removing a coating from con-
crete, for example, microwave and laser
techniquesare generally mostattractive.
For metals, lasers, flashlamps, cryogen-
ics, ice blastings, plastic blast media, and
chemical strippers are commonly used.
For composites, lasers, ice blasting, and
plastic blast media are particularly ap-
plicable. Table V provides a qualitative
summary of the removal techniques.
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Degradable Polymers

Monsanto Takes a Chance on
Zeneca’s Biopol Technology

ONSANTO SAYS IT HAS BOUGHT

Zeneca’s onpd bzodcg;adable plas-

tics business unit. The companies say
the agreement covers the Biopol technolo-
gy and marketing operations but does not
at Billingham, U.K. Specific financial terms
of the deal were not disclosed. -

Monsanto says it will continue manu-
facturing the polyhydroxyalkanoic ‘acid
(PHA)-based polymers using the bacterial
fermentation process. But the company
also says it is developing a plant-based pro-
duction process, using soybeans or canola
plants, that could eventually provide a
lower-cost route wo PHA and that could be
ready for commercialization after 2000.
Monsanto points to attractive makets for the
biopolymers, including food packaging,
disposable plates, garbage bags, fibers, and
bottes for personal care products.

The deal reflects the continuing reshuf-
fling of players in the biodegradable poly-
mers business, as companies adjust to the
sluggish development of markers for the
plastcs. In addition to Zenecds exit, in Jan-
uary BASF announced it was curuiling
development of the plastics (CW, Jan. 31,
2. 24).

Meanwhile, Bayer reports developing a
polyester amide biodegradable polymet. In
Japan, Showa Highpolymer and Showa
Denko recendy formed an agreement with

Cargill to market degradable plastics.
Monsanto says it is bullish on the markets

Additives

for biodegradable plastics. “More companies
are gerting in than are getting out. There’s
a lot of interest by a lot of companies,”
says Mark Paster, manager/process tech-
nology. “We view [degradable plastics] as a
significant piece of the solution to the plas-
tics waste peoblem for certain applicarions.”
The European market, he says, is most
advanced, with Japan second, and the U S.
a “distant third.”

GLEAR LEADER. Paster says the PHA-based
polymers have significant advantages over
other degradable plastics. The PHA polymers
are “the clear leader in inherent biodegrad-
abilicy,” says Paster. PHA plasdcs can poten-
dally achieve performance characteristics
comparable to conventional thermoplas-
tics, he adds. -

While sales of Biopol have been hurt by
the reladvely high price of the polymers,
Paster says costs will drop as volumes
increase. “One of the reasons for the high
costs is the scale of operations. As volumes
and scale increase, prices will come down for
products made using the fermentation
procsss. [t will come down o even lower lev-
els using the plant-based route.”

A spokesperson for Zeneca says the com-

pany sald the business because Bcopol—-oncc

one of the company’s star R&D projects—

was not “being given significant focus. We

believe [Biopol] is better placed with 2

company where polymers from renewable
resources is a core business.”

—DAVID ROTMAN

Ethyl Settles Suit for $4.75 Million -

HE US. JUSTICE DEPARTMENT SAYS ETHYL

has agreed to pay $4.75 million to the

US. government o secde claims chat the
company sold petroleum additives to it thar
filed to meet defense specificacions for use
in milicary vehicles.

“This setdement should send a strong
mmg&m&ngmunmtumabcm
its cesting requiremenss,” says Frank Hunges,
the Justiae Department's assistant actoeney gen-
eral for the civil division. He says the agree-
ment scetles 2 1994 Lawsuic filed in U.S.
District Court in Sc. Louis.

According  the Justice Department, from

1986 chrough 1991 the government bought
additives that Ethyl had “falsely certified”
met specifications. The Justice Department
says Ethyl submitced false documents and
informarion to the Lubecants Research Insti-
tute t qualify the producs for milicary use.

A spokesperson for Edhyl says the agree-
ment with the Justice Department is “old
news.” The company accounted for the
andicipated settdement in its third-quarter
1995 finandial statement. At the time, Ethyl
said it belicved the penalty was excessive
and thar it voluntarily disdosed the sinzartion
to the government in 1991. —DR
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DEVELOPMENT

from plants

Polyhydroxyalkanoates are naturally occurring materials
produced in some bacteria. With the use of metabolic
these thermoplastic polyesters can be
expressed in Escherichia coli and in sunflower crops.

engineering,

biodegracable plastics

Simon F. Williams
Oliver P. Peoples

the investments in plant gene technol-

goals.

A gricultural biotechnology seems to be finally bearing | barriers that previously prevented achievement of these
fruit after all

ogv made during the past 15 years. Most of these
efforts have focused on agronomic traits such as herbicide
and pesticide resistance. which tend to be single-gene
traits. However. with increased understanding of plant
modification technology. many major chemical companies
are becoming increasingly interested in developing tech-
nologies for the production of chemicals from crops.
Organic acids. amino acids. oleochemicals, and biopoly-
mers are chemicals amenable to crop production using
approaches similar to those currently used to modify bac-
terial fermentation strains. For example. significant steps
have already been taken to modify the amino acid content
of sovbeans to improve their nutritional content (/). The
principal technology applied in these efforts—metabolic
engineering—usually involves the application of recombi-
nant gene technology to modify and direct the biochemi-
cal pathways toward the target products.

During the past 10 years the class of biopolymers that
has experienced the greatest increase in research and
development efforts globaliy is the polyhydroxyalkanoates
(PHAs). PHAs are linear homochiral thermoplastic poly-
esters produced as intracellular energy reserves—in effect,
fat deposits—by numerous microorganisms, These bio-
polymers accumulate as diStinct granular inclusions in
response to nutrient limitation. The microorganisms can
also enzymatically degrade these granules when the limi-
tation is removed. Nature has indeed provided us with a
source of natural, renewable, biodegradable polyesters.
The key to the successful commercial development of
PHAs is to learn to assist nature through recombinant
metabolic engineering, to reduce the cost of PHA manu-
facture, and to add to the PHAs’ already significant per-
formance characteristics. Recent developments in our
understanding of the biology of PHA biosynthetic sys-
tems have already removed many of the major technical

Natural plastics

Much of the early work on the PHAs focused on the
simple homopolymer polvhydroxybutyrate (PHB), which
was discovered around 1925. It first became apparent that
PHB was only one member of an entire family of polyes-
ters in the 1970s. Examination of environmental samples
from a CPC International sludge facility indicated the
presence of PHAs containing 3-hydroxybutyrate and 3-
hydroxyvalerate. which had a melting temperature below
that of the PHB homopolymer (2). Interestingly, these
PHAs accurnulated during a specific period of high aero-
bic activity, indicating that they were microbially pro-
duced. Since then, the production of the copolymer of
3-hyvdroxyburtvrate and 3-hydroxyvalerate (PHBV) and,
subsequently, polyhydroxyoctanoate (PHO) by controlled
fermentation has greatly increased the variety of mono-
mers that can be incorporated into PHAs. The ability to
incorporate 3-hydroxy acids with different pendant groups
was just the beginning; a second avenue to variation was
provided by the incorporation of 4-, 5-, and (most
recently) 6-hydroxy acids into the polymer backbone (3).
At last count. a total of 91 different hydroxyalkanoic acids
had been identified as constituents of microbial PHAs (3).

It is useful to divide the different PHA types into two
broad categories based on their monomer compositions.
Those with short pendant vroups——-PHZB for example—are
highly crystalline,
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whereas those with longer pendant groups, such as PHO,
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These diverse properties provide tremendous versatility in
terms of end-use applications.

PHB has melting points similar to those of polypropyl-
ene, better oxygen barrier properties than polyethylene ter-
ephthalate and polvpropylene. mechanical properties
resembling those of polystyrene and polyvpropylene (4),
and a water vapor transmission rate (measured as a lami-
nate) about threefold lower than that of polypropylene. In
addition to these properties, PHB has adequate fat and
odor barrier properties for applications with short-term
storage requirements (5), better resistance to ultraviolet
light than polypropylene, good water resistance. and heat
resistance to ~ 130 °C (5). PHB is, of course, inherently
biodegradable and is also biocompatible (6).

Incorporation of longer pendant group hydroxy acid
units into the PHB backbone can improve PHB’s flexibil-
ity and toughness. For example, in PHBYV, improved flex-
ibility is apparent from a fivefold decrease in Young's
modulus to 0.7 GPa for a PHBV copolymer containing
25% valerate (4). Incorporation of comonomers into the
PHB backbone also decreases the melt and glass transition
temperatures of the resuiting polymer: in some cases it
also increases extension to break. For example, a copoly-
mer of 3-hydroxybutyrate with 16% 4-hydroxybutyrate
has an extension to break of 444%, compared with 3-10%
for the PHB homopolymer (4, 7).

The most studied long pendant group PHA is PHO. which
contains a large percentage of 3-hydroxyoctanoate and
smaller amounts of other 3-hydroxyalkanoates. The meit and
glass transition temperatures of a PHO sample are ~355-
60 °C and —35 °C, respectively, and molecular weights are
1-2 x 10°. Because the polymer is only ~30% crystalline
and the glass transition temperature is below room tempera-
ture, PHO is elastomeric at room temperature; the crystalline
regions in the polymer act as physical cross-links (8).
Although PHOs are structurally very different from other
thermoplastic elastorners (TPEs), their stress-strain proper-
ties and hardness are in the same range as commercial TPEs.
PHOs exhibit a relatively high tensile set (35% after 100%
elongation), but this value is well within the range of com-
mercial TPEs (8).

Synthesis in the cell

Each PHA is produced by a distinct metabolic pathway.
These pathways can be divided into two stages: the biosyn-
thesis of the hydroxyacyl coenzyme A monomers and the
actual head-to-tail polymerization of the monorhers to form
the polymer chains. These cHains can exceed 10,000 units in
length. The best characterized pathway is that for PHB, in
which three enzymes are involved (Figure 1). Thiolase cata-
lyzes a Claisen condensation of two molecules of acetyl
coenzyme A (Ac-CoA) in a carbon—carbon bond-forming
step to give acetoacetyl coenzyme A, which is then reduced
to the chiral intermediate R-3-hydroxybutyryl coenzyme A
by the reductase and subsequently polymerized by a PHA
synthase enzyme. PHA synthase has a substrate specificity
that allows it to polymerize C;—C4 hydroxy acid monomers
including both 4-hydroxy and S5-hydroxy acid units. This
biosynthetic pathway, found in bacteria including Alcali-
genes eutrophus and Zoogloea ramigera, is in fact the same

Biodegradability

One of the properties of PHAs that distinguishes these
biopolymers from petrochemical-derived polymers is bio-
degradability. Produced naturally by soil bacteria, PHAs are
degraded on exposure to bacteria or fungi in soil, compost,
or marine sediment. Degradation depends on several factors,
including the microbial activity of the environment and the
surface area of the item. Temperature, pH, molecular weight,
and crystatlinity are also important factors. Biodegradation
starts when microorganisms begin growing on the surface of
the plastic and secrete enzymes that break down the polymer
into hydroxy acid monomeric units. In aerobic environments,
the polymers are degraded to carbon dioxide and water; in
anaerobic environments, the degradation products are
carbon dioxide and methane (9).

Several reports have described PHA composting. In one
report, PHBV was compostable over a range of temperatures
and moisture levels (70). The maximum biodegradation
rates were observed at moisture levels of 55% and tempera-
tures of ~ 60 °C—conditions similar to those used in most
large-scale composting plants. Up to 85% of the samples
degraded within 7 weeks, and PHA-coated paper was rapidly
degraded and incorporated into the compost. In another
study, the quality of PHA compost was determined by mea-
suring seedling growth relative to a control. Seedling growth
of ~125% of the control was found for a 25% PHBY com-
post, indicating that the PHA compost can support a rela-
tively high ievel of growth (9).

PHA biodegradation has also been tested in various
aquatic environments. In one study in Lake Lugano, Switzer-
land, items were placed at different depths of water and on
the sediment surface (77). A life span of 5-10 years was
calculated for bottles under these conditions (assuming no
increase in surface area); however, PHA films were com-
pletely degraded in the top 20 cm of sediment within
254 days at temperatures not exceeding 6 °C.
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Figure 1. The hiosynthesis of polyhydroxybutyrate (PHB) involves
three enzymes. Thiolase catalyzes a Claisen condensation of two
molecules of acetyl coenzyme A (Ac-CoA). Reductase then.reduces
the product to the chiral intermediate A-3-hydroxybutyryl CoA, and
PHA synthase polymerizes the compound and assists in forming
the intracellular granuies.

pathway used to produce PHBV (also known under the _trac.le
name Biopol) from the feedstocks glucose and propionic
acid. In this instance, the glucose is metabolized by the bac-
teria to Ac-CoA, and the propionic acid provides the C; unit
(propionyl coenzyme A) for the Claisen condensation with
Ac-CoA. The PHA synthase enzyme, which acts as a cata-
lyst, is also thought to play a key role in the assembly of the
PHA granules inside the cell (/2).
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Long pendant group PHAs are produced by Pseudomo-
nas bacteria, a class of bacteria that can metabolize many
organic substrates. The biosynthesis is less well under-
stood with respect to the svnthesis of the hydroxvacyl
coenzyme A monomers. Fermentation and physiology
studies indicate that the degradation of fatty acids by 8-
oxidation and fatty acid synthase pathways are involved in
monomer production (Figure 2). These units are then poly-
merized into PHA granules by PHA synthases with sub-
strate specificities favoring the larger (C¢—C,,) monomers
(13).

The first PHA gene was isolated because of interest in
the mechanism of the carbon-carbon bond formation cata-
lyzed by the thiolase enzyme (/4). Subsequently, the study
of PHAs was advanced because of industrial interest in
biodegradable plastics in the mid-1980s. Genes and gene
products responsible for the production of both categories
of PHAs were isolated by several research groups at that
time (/4-20). It was found that PHA synthase, reductase,
and thiolase. which produce the short pendant group PHAs
in A. eutrophus, are coded by an operon made up of the
phbC-phbA-phbB genes (Figure 3) (/6-18). Researchers
continue to examine the mechanism of the polymerization
reaction (27, 22) and the role of this protein in the assem-
bly of the PHA granules (/2, 22). Particularly notable is
the ability of the isolated PHA synthase enzyme to rapidly
synthesize ultrahigh molecular weight (>107) PHB on
exposure to purified substrate in a test tube (22).

In the Pseudomonas bacteria, the PHA synthases
responsible for production of the long pendant group
PHAs were found to be encoded on the pha locus, specif-
ically, by the pha A and phaC genes, now also referred to
as phaCl and phaC2, respectively (23, 24). Since those
initial reports, numerous PHA genes have been identified
and characterized from a range of bacteria, thus providing
a library of gene cassettes for engineering transgenic PHA
production systems.

Transgenic approaches

The key concepts describing the role of recombinant
engineering for the production of PHAs were described by
Peoples and Sinskey (/4). The approach was straight-
forward. Recombinant gene technology allows the transfer
of genetic information across the species barrier. By iso-
lating and characterizing the genes and gene products
responsible for PHA biosynthesis, it is possible to engineer
entirely new PHA production systems. In these systems,
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basis of their substrate specificity to produce a desired
PHA polymer product. Given the variety of PHA mono-
mers, applying combinatorial techniques to PHAs could
provide an abundance of PHA polymer types.

The breakthrough, however, was the engineering of a
transgenic organism by simpiyv transferring the A. eutro-
phus phb operon into a strain of Escherichia coli that
could efficiently accumulate PHA granules (/6-20). These
pioneering experiments established and defined the basis
for transgenic PHA production in microbial and crop sys-
tems (25).

Transgenic systems can produce several PHA materials
and can be adjusted to fine tune polvmer properties to
end-user needs. We are currently pursuing two transgenic
routes to PHAs that use the same proprietary technology
base. One route involves transgenic fermentation; the
other uses transgenic crops and is expected to provide
PHAs at prices competitive with petrochemical polymers.

Fermentation. Transgenic fermentation will precede
crop production of PHAs and will meet target pricing for
biodegradable and compostable plastics in European mar-
kets. At the same time, this short-term route will allow
other end users in more price-sensitive markets to source
material and begin product development. The latter is
important given the fast rate at which crops can be scaled
up. Moreover, because the same proprietary PHA genes
are used in transgenic fermentation and crop systems, it is
reasonable to assume that good continuity can be achieved
between the PHAs derived from these two systems. This
is a clear benefit to end users.

Using genetic engineering techniques, Metabolix has
been able to transfer suitable gene cassettes required for
PHA production into E. coli K12. This particular strain is
the workhorse of the biotechnology industry and is already
the source of many injectable therapeutic proteiris, food
enzymes, and food additives. The raw materials used for
the transgenic fermentation are widely available sugars
(e.g., dextrose). Relative to nontransgenic PHA produc-
tion, there are several benefits of these new transgenic
systems. First—and most significant from an economics
point of view—is that E. coli K12 is a fast-growing organ-
ism. E. coli production systems can significantly reduce
fermentation times. In the best cases, fermentation time
can be reduced from 3 days in a nontransgenic PHA pro-
ducer to 1 day in a comparable transgenic system. Addi-
tionally, the-ability to select a specific host can be
important if food contact is anticipated or if certain phys-
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Figure 3. PHA synthase, reductase, and
thiolase—which produce the short pen-
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affect downstream recovery. For example. A. eutrophus
used in the PHBV production process is difficult to lyse
and adds additional cost in PHA recovery. E. cofi, on the
other hand, is relatively easy to lyse. The second advan-
tage of the new transgenic systems is the ability to
improve the yield of polymer relative to cellular biomass.
Clearly, the greater the proportion of PHA in the cell rela-
tive to other biomass, the more cost-effective the down-
stream recovery. Purities of >99% can be achieved from
transgenic PHA production systems in just a few routine
steps. A third benefit of the transgenics is the option to
obtain PHA matenal of high molecular weight and, poten-
tially, to control PHA particle size. These properties can be
important in PHA processing.

Depending on structure, the final form and grade, and the
scale of production. PHA prices for the short pendant group
materials are projected to be $1-$2/1b at production levels of
10-100 million Ib/vear. Bv commercial standards, these
capacities would not be unusual. Some of the processes used
for making amino acid feed supplements run at hundreds of
millions of pounds per year. Notably, genetic engineering is
also being applied to some of these processes to reduce
costs. For these amino acids, the cost structure of traditional
fermentation is already relatively low; prices of amino acid
supplements are $1-$1.50/1b. Nonetheless, small improve-
ments made using genetic engineering can make large differ-
ences in the profitability of the amnino acid business.

Prices for the elastomeric long pendant group PHA
materials are expected to be somewhat higher than for the
short pendant group materials, mainly because the feed-
stocks are more expensivé. However, processes using
cheaper, alternative feedstocks can be developed, and in
time, prices for these elastomeric materials could also
come down. Current short-term projections are 34-510/1b.

Crops. Low-cost PHAs priced competitively for use in
global commodity markets, particularly for applications in
single-use disposable markets, will come from transgenic
crops. This approach, which involves transferring suitable
microbial gene cassettes into crops, was first described in
a patent application filed by M.I.T. in 1989 (23) and then
later in a Science editorial (26). Results obtained by

Metabolix in collaboration with others and by other groups
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Metabolix Inc. was founded in 1992 by Oliver Peoples,
Anthony Sinskey, and Simon Williams to produce PHAs at an
attractive cost and scale using the proprietary transgenic
technology, which was pioneered by Peoples and Sinskey at
the Massachusetts Institute of Technology (M.LT.} in the
1980s. Edward Muller (formerly of Halcon International)
joined Metabolix as president and CEO, and Edward Giles of
The Vertical Group serves on the board of directors.
Metabolix holds the exclusive license to the M.LT. patent
portfolio of methods for producing the PHAs in transgenic
fermentation systems and transgenic crops. To date, six U.S.
patents (29) have been issued, and more U.S. and foreign
patent applications are pending. Metabolix is continuing to
develop its proprietary position on transgenic production of
PHAs and is also collaborating with other companies to
commercialize the technology.

In addition to focusing on PHA production by transgenic
fermentation and crops, Metabolix is supplying PHAs to a
select group of companies for applications development in
commodity, specialty, and biomedical markets. Materials
under development include PHA latexes for coating applica-
tions, inciuding PHASs for the manufacture of single-use dis-
posable products such as fast food serviceware, disposable
diapers, packaging, and trash bags. Extrusion-grade PHA
materials, including semicrystailine and elastomeric types,
are also being developed for end-use applications.

Compared with many other new crop products that
could be produced by transgenic techniques, the PHAs
present a particularly promising opportunity. First, the util-
ity of PHAs has been well proven, primarily by Zeneca
(6), and many large end users are willing to move produc-
tion of single-use disposables to biodegradable and renew-
able materials, as long as they are cost competitive.
Second, the size of the target markets for PHAs in single-
use disposable applications is in the billions of pounds per
year. These volumes are large enough to be attractive to
farmers, yet not so large that they affect food production.
Third, PHAs are relatively inert materials despite their
inherent biodegradability. After PHAs are produced inside
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Chemical intermediates

As weil as being industrially useful polymers, PHAs are a
valuable source of hydroxy acids. PHB, for instance, can be
readily depolymerized to 3-hydroxybutyric acid, a highly ver-
satile chemical intermediate (4). 3-Hydroxybutyric acid can
be converted to 1,3-butanediol, crotonic acid, B-amino
acids, butyl esters, lactones. and other compounds.
Although the route is somewhat roundabout, hydroxy acids
derived from plant PHAs could ultimately be cheap enough
to displace more traditional routes to certain chemical inter-
mediates. One obvious chemical target would be 1,3-
butanediol, which currently sells for ~$1.25/lb. World
capacity for this diol was ~ 50 million pounds in 1986 (35).
A still larger opportunity exists among buty! derivatives. The
western block currently produces several billion pounds of
butanols, about one-half of which is used directly or after
esterification, as solvents (35).

In the near term, fermentation can be used to produce
hydroxy acids but not to compete with the low-¢ost bulk
markets. Instead, these intermediates can be sold as chiral
chemicals. PHAs are, after all, chiral polymers comprised of
R-hydroxy acids. The monomer derived from PHB is already
used on a scale of several metric tons as a starting point in
the synthesis of Merck's antiglaucoma drug Trusopt (36).

cellular pH or swell in the presence of water. Perhaps
equally important is the fact that PHAs are naturally
occurring materials with no known toxicity. Fourth. the
infrastructure needed to isolate PHAs from the crops at
reasonable cost can be added to current processing equip-
ment. Finally. the tools necessary for the commercial
development of transgenic PHA crops are currently avail-
able. The PHA genes have been cloned. sequenced, and
characterized. Assays and diagnostics exist for the
enzymes. and numerous techniques are available to ana-
lyze the PHA polvmer products. These pieces have all
been brought together at Metabolix.

Development of commercial transgenic crops still
requires a significant development effort. estimated at 4-7
years. Unknown variables that make precise calculations
difficult include the crop, crop price, scale, location, level
of PHA produced in the transgenic crop, and ease of
extraction. By considering each of these variables individ-
ually, however, it is possible to determine the sensitivity of
each of these factors to the final cost. Given certain rea-
sonable assumptions, the most sensitive factor is the
amount of PHA in the crop. Typical crops yield 10-50%
oil, and the oils sell for ~25-60¢/lb. We believe it is rea-
sonable to expect to produce similar levels of PHAs. The
PHAs would replace some or the majority of the natural
plant product. In the 20-50% range, it should be possible
to produce PHAs at prices competitive with petrochemical
polymers. Clearly, the higher the PHA content, the lower the
cost of PHA production. The analogy, of course, between the
cost of plant oils (25-60¢/1b) and the estimated prices of
crop PHAs serves as a good check on price estimates. It is
also important to note that the estimates for crop PHA pro-
duction do not take into account the value of any byproduct
or any qualifying subsidies and credits.

For industrial use, we can imagine the magnitude of the
new PHA farming opportunities by estimating the amount
of farmland that would be needed to grow enough of a
particular crop to yield commodity volumes of PHA. At a
30% PHA content, three million acres of farmland would
be needed to produce a billion pounds of PHA. To put

these numbers into perspective, a biilion pounds of poly-
mer represents ~6% of the U.S. packaging market. and
three million acres of, for example, rapeseed/canola repre-
sents ~8% of the total worldwide acreage used to grow
this crop (30). Of course, Metabolix’s technology is not
limited to rapeseed/canola. Similar estimates can be made
for other oil and starch crops.

Transgenic fermentation and transgenic crop production
will coexist. Transgenic fermentation can be used as a near-
term production route to test markets and thereby identify
specific PHAs suitable for large-scale production in trans-
genic crops. This route is appropriate for production of
smaller volumes for specialty applications and of some of
the more functionalized PHAs that cannot be produced in
crops. Identification of PHAs for crop production is not a
small task. Even though PHBV is well known and at first
glance might appear a good target for crop productien,
close to 100 different types of PHAs have been identified.
Clearly, not all of these PHAs will be commercially useful.
and the production of PHAs in crops is not amenable to
large numbers of different PHA types. Rather, crop produc-
tion of PHAs is more likely to focus on about four different
PHAs selected from crystalline and elastomeric types. If
necessary. these materials can then be blended with other
PHAs derived from transgenic fermentation. This approach
should provide materials suitable for use in most types of
conventional polymer processing and end-use applications.

Short-term prospects

In the near term. the largest applications for PHAs are
likely to be in the single-use disposable markets. In these
types of end uses, plastics normally become heavily con-
taminated during use, making them difficult to recycle. In
the food industry, plastic packaging and fast food ser-
viceware in the waste stream contain significant quantities
of food. It has been our experience that used diapers are
usually contaminated. Collection of yard waste represents
another large potential market. In the latter case. use of
compostable bags for waste collection eliminates the bag-
emptying step before composting. Such potential uses,
which are well matched with PHA properties, raise ques-
tions regarding composting infrastructure, food contact
approval. and price tolerance.

Composting infrastructure. For biodegradability to be
an effective solution for waste management of plastics—
particularly for single-use items—there must also be a
widely developed composting infrastructure. This type of
infrastructure is already highly developed in Germany and
the Netherlands, where a significant proportion of waste is
sent to composting facilities. Other European countries
seem to be following this lead. Belgium, for example,
recently approved a logo for compostable materials, and it
is estimated that by the end of 1996 ~45% of the popula-
tion will be connected to composting systems (3/). In the
United States, legislation banning the disposal of yard
waste in landfill sites has helped to establish a composting
infrastructure, and this is likely to continue to grow as
landfill sites continue to close across the nation.

Food contact approval. Despite the fact that the PHAs
are natural materials and that the monomer 3-hydroxy-
butyric acid is a natural constituent of human blood, PHA
polymers must be approved by regulatory agencies if they
are 10 be used in contact with food. Approval for food
contact varies by case but involves preparing toxicity data
for the entire polymer product, including any additives,
and measuring migration rates of any components that



Market forecasts

Various sources have estimated the market sizes for bio-
degradable plastics, an important entry market for the PHAs.
BASF recently published a 1993 estimate for the potential
market for biodegradable plastics in western Europe based
on the prerequisites of a price ceiling of DM 5/kg ($1.50/1b)
for the materials and development of a compaosting infra-
structure. The total market was estimated at 374 miilion

Ib/year (37).
Resins, x10° [h/year

Application Conventional Biodegradable
Waste disposal bags for

composting NA 66
Disposable fast food utensils 220 110
Hygiene films 242 44
Paper coatings 924 88
Agricultural sector 143 66
Total 1529 374

When the costs of PHAs come down enough that the
materials are priced competitively with petrochemical poly-
mers, PHA biodegradability will likely remain a key selling
feature for these materials—but not a costly or necessary
one. One way to estimate the future market size for PHAs
under these circumstances is to use price exclusion curves
for commodity and engineering thermoplastics. The price
exclusion curve is a logarithmic plot of the prices of thermo-
plastic resins against their total volumes for a given market;
this curve is given in the figure below for U.S. thermopiastic
consumption. The rationale behind this approach is that the
market will select the lowest cost resin suitable for a given
application. Sales of a new material such as a PHA can grow
initially without the benefit of price reductions, and this
growth will result in a horizontal movement across the graph.
Once near the curve, however, volume can only continue to
grow if the price declines or if a new, unique set of circum-
stances justifies a premium——such as a requirement for bio-
degradability.

transfer from the polymer to the food. By carefully select-
ing processing aids already approved for food contact use,
some of this approval process can be eased. Notably, ICI/
Zeneca initiated the approval process for PHBV products
with the U.S. Food and Drug Administration (32).

Price tolerance. Clear environmental advantages exist
whenever nondegradable single-use disposable products
can be replaced with biodegradable plastics. Despite the
advantages, however, it is still questionable how much of
a premium users are willing to pay. Many end users would
like to simply substitute a biodegradable product for the
petrochemical product, but they do not want to pay more
than a modest premium for the substitution. In certain
parts of the world, however, strict legislation has been or
is being introduced that levies a punitive tax on non-
degradable materials relative to natural materials. For
example, the Duales System Deutschland fees imposed in
Germany levy weight-related charges of around 90¢/b on
plastics versus 5.5¢/lb on natural materials. Currently, bio-
degradable materials get no break in this system, yet the
government promotes green waste composting (33).
Should PHAs qualify favorably in this system or any other
equivalent, the short-term gap that exists between the sell-
ing price of a PHA resin and a nondegradable plastic could

At a price of $2-32.50/lb, examination of the curve indi-
cates that a PHA resin meeting the standard requirements
described above could have an initial market of 10-100 mil-
lion Ib/year. A larger volume at this price could be attained if
a premium is paid for biodegradability or some other unique
feature. In the long term, when PHAs are produced by crops,
the situation forecast by the exclusion curve is very different.
At prices competitive with petrochemical-derived thermo-
plastics, the potential market sizes for PHAs are 1-10 billion
Ib/year for the United States alone. Thus, switching from fer-
mentation to crop production can potentially make PHAs a
billion-dollar component of the chemical industry.
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CEL, celluiose; SAN, styrene/acrylonitrile copolymer; PC,
polycarbaonate; NYL, nylon; ABS, acrylonitnie/butadiene/sty-
rene copolymer; PET, polvethylene terepnthalate; PS, poly-
styrene; PP, polypropylene; LDPE, low-density polyethylene;
PVC, polyvinyi chioride; HDPE, high-density polyethylene.

In the absence of legislation favoring the use of com-
postable plastics, PHA-laminated products suitable for use
in applications such as packaging, trash bags, and fast
food serviceware provide good opportunities for commer-
cial development because of the dilution in costs that
occurs along the manufacturing chain. For instance, a
packager may purchase a PHA laminate at a 50% premium
over a polyethylene laminate but pass on only a 25% pre-
mium to the customer, because the packager’s costs are
split about 50/50 between raw material and processing
costs. As a result, some converters appear willing to toler-
ate short-term prices of $2-33/1b for PHAs.

It is also worth mentioning that in markets such as toilet-
ries and cosmetics, natural materials can command a signif-
icant premium. This relates to not only the product but also
the packaging. A more expensive packaging resin may add a
small amount to the final product cost, yet offers a market-
ing edge in a well-established industry. In this regard, it is
perhaps no coincidence that some of the first PHBV prod-
ucts were shampoo bottles and cosmetics containers.

Long-term oppartunities '
If the current rate of progress in developing transgenic
PHA systems is sustained, during the next decade we will



the large-volume commodity markets. Under these cir-
cumstances. PHA polymers produced by transgenic crops
will compete directly with petrochemical-derived plastics
on price. By nature of the production route. the volumes
of PHA material that can be produced could rival or even
exceed production levels of the most common and widely
used petrochemical plastics. This is not difficult to com-
prehend given that worldwide production of synthetic
plastics is about one-half that of worldwide plant oil out-
put (34).

In addition to their use as plastics, the PHAs also repre-
sent a potential source of hydroxy acid feedstocks for the
chemical industry. In contrast to the introduction of new
polymers, the PHA hydroxy acids and related derivatives
can be readily integrated into existing chemical markets.

Ultimately, the long-term opportunities for the PHAs
are enormous, spanning and benefiting many industries.
The key to success depends primarily on the ability to
engineer transgenic systems for efficient and selective
PHA production.
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REVERSING DIRECTION

.

Yet the fundamental forces at work cannot be ignored. They are
the consequence of a reversal of the historic direction of infor-
mation flow. In the past people came to the information, which
was stored at the university. In the future information will come
to the people wherever they are. What then is the role of the
university? Will it be more than a collection of ... the science
laboratory and the football team? Will the impact of electronics
on the university be like that of printing on the medieval cathe-
dral, ending its central role in information transfer? ... Can we
self-reform the university or must things get much worse first?

Eli Naom
Science

“I should have fired him years ago,
before he became my boss. ...""
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QUPONT

DuPont Chemicals
6160CR Revised 8-NOV-1996 Printed 6-DEC-1996

"TI-PURE" TITANIUM DIOXIDE (R-706 and R-746)

CHEMICAL PRODUCT/COMPANY IDENTIFICATION

Material Identification
"TI-PURE" 1is a registered trademark of DuPont.

Corporate MSDS Number puU008083
Formula T1i02
Grade See Tradenames and Synonyms (Remarks)

‘Tradenames and Synonyms
TITANIA
T102
RUTILE
TITANIUM DIOXIDE

Tradenames and Synonyms (Remarks)
GRADES COVERED BY THIS MSDS INCLUDE:

R-706 (Dry Pigment) and R-746 (Slurry)

Company Identification
MANUFACTURER/DISTRIBUTOR
DuPont
1007 Market Street
Wilmington, DE 19898

PHONE NUMBERS
Product Information 1-800-441-9485
Transport Emergency CHEMTREC: 1-800-424-9300
Medical Emergency 1-800-441-3637

COMPOSITION /INFORMATION ON INGREDIENTS

Components
Material . . CAS Number %
TITANIUM DIOXIDE 13463-67-7 >93

(Continued)

Oeirmianct Arm Do irndoad (Iamemyr



FIRST AID MEASURES

First Aid
INHALATION
If inhaled, remove to fresh air. If not breathing, give
artificial respiration. If breathing is difficult, give
oxygen. Call a physician.

SKIN CONTACT
The compound is not likely to be hazardous by skin
contact, but cleansing the skin after use is advisable.

EYE CONTACT
In case of contact, immediately flush eyes with plenty of
water for at least 15 minutes. Call a physician.

INGESTION
No specific intervention 1is indicated as compound is not
likely to be hazardous by ingestion. However, if
symptoms occur, consult a physician.

FIRE FIGHTING MEASURES

Flammable Properties
Will not burn.

Extinguishing Media
Any media as appropriate for combustibles in area.

Fire Fighting Instructions
None.

ACCIDENTAL RELEASE MEASURES

Safeguards (Personnel)
NOTE: Review FIRE FIGHTING MEASURES and HANDLING (PERSONNEL)
sections before proceeding with clean-up. Use appropriate
PERSONAL PROTECTIVE EQUIPMENT during clean-up.

Accidental Release Measures _
For dry product, shovel into covered container for disposal.
Flush residue to wastewater treatment system.

For slurry product, flush to wastewater treatment plant or
settling basin, or soak up with sand or other absorbent and
shovel into covered metal container for disposal.

(Continued)



PHYSICAL AND CHEMICAL PROPERTIES

Physical Data
Physical Data (dry product)

Boiling Point

Vapor Pressure
Vapor Density
Melting Point
Evaporation Rate
Solubility in Water

pH

QOdor
Form
Color
Specific Gravity

Physical Data (slurry)

Boiling Point
Vapor Pressure

Vapor Density
Freezing Point
Evaporation Rate
Solubility in Water

: Not applicable
: Not volatile
: Not volatile
: Not applicable
: Not volatile
: Insoluble
: 6-9

(water extract)
. None
. Powder, solid
. White
: 3.8-4.3

: 100 C (212 F) @ 760 mm Hg

: Same as water (Liquid
component is water.)

: Not applicable

:0C (32 F)

: Not available

: Solids are insoluble

pH : 7.5-9.5
Odor : Slight amine
Form : Oﬁaque dispersion, liquid
Color : White
Specific Gravity 2.2
STABILITY AND REACTIVITY
Chemical Stability
Stable.

Incompatibility with Other Materials
None reasonably foreseeable.

Decomposition
Decomposition will not occur.

Polymerization
Polymerization will not occur.

TOXICOLOGICAL INFORMATION

Animal Data
"TI-PURE" Titanium Dioxide

Inhalation 4-hour ALC: >6,820 mg/m3 in rats (~96% Ti02)

Skin LD50 : >10,000 mg/m3 in rabbits
(Continued)
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TRANSPORTATION INFORMATION

Shipping Information
Shipping Containers

Tank Cars.
Tank Trucks.

NOT REGULATED AS A HAZARDOUS MATERIAL BY DOT OR IMO.

REGULATORY INFORMATION

U.S. Federal Regulations
TSCA Inventory Status Reported/Included.

TITLE III HAZARD CLASSIFICATIONS SECTIONS 311, 312

Acute . No

Chronic : No

Fire : No

Reactivity : No

Pressure : No

LISTS:
SARA Extremely Hazardous Substance -No
CERCLA Hazardous Material -No
SARA Toxic Chemical -No

CANADIAN WHMIS CLASSIFICATION:
Not regulated.

OTHER INFORMATION

NFPA, NPCA-HMIS
NPCA-HMIS Rating
Health 0
Flammability 0
Reactivity 0

Personal Protection rating to be supplied by user depending on use
conditions.

Additional Information ) ' . ) )
Caution: Do not use in medical device applications (including
products which are implanted, contact internal tissues or body

fluids, etc.) unless specific non-objection has been obtained from
DuPont.

These grades are not recommended for use in food contact
applications. - '

For more specific information on composition and properties,
see DuPont "Ti-Pure" literature.

(Continued)
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TRANSPORTATION INFORMATION

Shipping Information
Shipping Containers

Tank Cars.
Tank Trucks.

NOT REGULATED AS A HAZARDOUS MATERIAL BY DOT OR IMO.

REGULATORY INFORMATION

U.S. Federal Regulations
TSCA Inventory Status Reported/Included.

TITLE III HAZARD CLASSIFICATIONS SECTIONS 311, 312

Acute ¢ No

Chronic : No

Fire : No

Reactivity : No

Pressure : No

LISTS:
SARA Extremely Hazardous Substance -No
CERCLA Hazardous Material -No
SARA Toxic Chemical -No

CANADIAN WHMIS CLASSIFICATION:
Not regulated.

OTHER INFORMATION

NFPA, NPCA-HMIS
NPCA-HMIS Rating
Health 0
Flammability 0
Reactivity 0

Personal Protection rating to be supplied by user depending on use
conditions.

Additional Information
Caution: Do not use in medical device applications (including
products which are implanted, contact internal tissues or body
fluids, etc.) unless specific non-objection has been obtained: from
DuPont. . ‘ ’

These grades are not recommended for use in food contact
applications.

For more specific information on composition and properties,
see DuPont "Ti-Pure" literature.

{Continued)
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UNION CARBIDE CORPORATION
MATERIAL SAFETY DATA SHEET
EFFECTIVE DATE (¢6/21/96

Union Carbide urges each customer or recipiet of this MSDS to study it carefully to become aware of and understand the
hazards associated with the product. The reader should cousider consulting reference works or individuals who are experts in
veadlaton, toxicology. and fire prevention. as necessary or appropriate to use aad understand the data contaioed in this MSDS.

To promote safe handling, each customer or recipient should: (1) notifv its emplovees. agents. contractors and others whom
it knows or believes will use this material or the information ig this MSDS and any other information regarding hazards or safety;
(2) furnish this same information to each of its customers for the product: and (3) reqeust its customers to notify their empioy-
ees. customers. and other users of the product of this informau'{x‘x.

1. IDENTIFICATION

PRODUCT NAME: TRITON GR-5M SURFACTANT “
CHEMICAL NAME: Dioctyi sodium sulfssuccinate
:
CHEMICAL FAMILY: Not Agsiicable (mixture)
FORMULA: Not Azglicable (mixture)
MOLECULAR WEIGHT: Not Applicable (mixzure!
SYNONYMS: 7 r Nore
CAS # AND NAME: See Secuon ill, "Ingredients”

Il. PHYSICAL DATA(Determined on Typical Marerial)

BOILING POINT, 780 mm Hag: 87 ¢C {188 Fj

SPECIFIC GRAVITY(HZO = 1)  1.028

FREEZING POINT: -43C (-84 F)
VAPCOR PRESSURE AT 20°'C: 30.4 mmHg

Copyright 1996. Union Carbide
TRITON is a Trademark of Union Carbide
EMERGENCY PHONE NUMBERS: 1-800-UCC-HELP (NUMBER AVAILABLE AT ALL TIMES) OR (304) 7443487

v
UNION CARBIDE CORPORATION
39 Old Ridgebury Road. Danbury. CT 06817-0001



PRODUCT NAME: TRITON GR-5M SURFACTANT

EVAPORATION RATE {Butyl Acetate = 1): 2.583

VAPOR DENSITY (AIR = 1}:

o
—
w

.

SOLUBILITY IN WATER by wt: 1C0%

APPEARANCE: Transcarent yellow "\
A
QDOR: Pungant >
PHYSICAL STATE: Licuid 5
PERCENT VOLATILES (by weight): 40.0
Il. INGREDIENTS

% MATERIAL CAS# EXPOSURE LIMIT

80 Di-Z-ethythexyl sodium 377-13-7 None established

sulfosuccinate
20 fsforonanc 67-53-C See Section V

20 Water 72732-18-5 Net Applicable

V. FIRE AND EXPLOSION HAZARD DATA

FLASH POINT test method(s)):
72F (22 C}
Tag Closed Cup ASTMD 56

96 F (35 C}
Tag Open Cup ASTM D 131

FLAMMABLE LIMITS IN AIR LOWER: 2.0% (LFL of Most Volatile Ingredient)
% by volume: UPPER: 12.7 (UFL of Most Voiaule Ingredient)

SPECIAL FIRE FIGHTING :

PROCEDURES: Use water spray to cool fire-exposed containers and structures.
Do rot direct a solid stream of water or foam into hot, burning poois; this
may cause frothing ang increase fire intensity.
Use water spray to disperse vapors; re-ignition is possible.

. Use self-contained breathing apparatus and protective clothing.

s



PRODUCT NAME: TRITON GR-5M SURFACTANT

EXTINGUISHING MEDIA:

Apply alcohol-type or afl-purccse-type foam by manufacturer’s recommended
techniques for large fires. Use carbon dioxide or dry chemicai meaia for
small fires,

UNUSUAL FIRE AND
EXPLOSION HAZARDS:

Vapors fcrm from this product and may travel or be moved by air currents anc
ignited by pilot lights, other flames, smoxking, sparks, neatars, elecincal
equipment, static discharges or cther ignition scurces at locations ¢isiant
from product handling point.

Vapers from this materidl may setile in iow or confined areas or wravei a long
distance to an ignition source and flash back explosivaiy,

During a fire, oxides of sulfur may ce croduced.

This material may produce a floating fire hazard.

Static ignition hazard can resuit from hancling and usz. Siectrizaily
bong and ground all containers ancd eauipment before transier or use af
matenal. Use groper bonding anc grounding during praduct transfer as
descrided in Nationai Fire Protecuion Association Document NFPA 77,

See "Ctner Precautions” in Section X,

V. HEALTH HAZARD DATA

EXPOSURE LIMIT(S}:

Isocropanoi: 400 ppm TWA. CSHA & ACGH
300 ppm STEL, CSHA & ACCIE

EFFECTS OF SINGLE OVEREXPOSURE:

.

SWALLOWING:

Mocerately toxic.

May cause abdomina! disccmifort, nausea, vomiting and diarrhea.

Asprration into the lungs may oCSur Surnng INgesuon ¢r vomiting, resuiting in
lung injury.

SKIN ABSORPTION:

No ewvidence of harmful effects from avaiiable informauon.

INHALATION:

High concentrations of vapor or mist cause irritation ¢ the respiratory tract,
experienced as nasal discomfort and discharge, with chest pain and ccughing.
Cizziness and drowsiness may cccur.

Heacache may occur.

SKIN CONTACT:

Causes irritation with discomfort, local redness, and possibie swelling.

EYE CONTACT:

Causes moderate to severe irritation, experienced as ciscomfort or pain,
excess blinking and tear production, with marked excess reaness and swelling,
of the conunctiva.

- B

EFFECTS OF REPEATED ‘OVEREXPOSURE:

Repeated skin contact may cause a dermatitis. Ve

MEDICAL CONDITIONS AGGRAVATED BY OVEREXPOSURE:

A knowiedge of the svailable toxicology informauon and of the physical and
chemical properties of the material suggests that overexposure is unlikely to



PRODUCT NAME:

TRITON GR-5M SURFACTANT

gravate existing medical concitions.

SIGNIFICANT LABORA

TORY DATA WITH POSSIBLE RELEVANCE TO HUMAN

HEALTH HAZARD EVALUATION:

onizins surfactant which, basec cn siucies with r2c2iis involving the

n

susta:ined occiudec contact of the undiluted surfasiant wit

that such conditions may result in the development ¢ inflamm

the lung.

skin, indicate
atery changes in

OTHER EF

n
m

TS OF OVEREXPOSURE:

None zurrently known.-\-
EMERGENCY AND FIRST AID PROCEDURES: a e
SWALLCWING: if cauentis fully conscious, give two g:asses ¢f water. S0 NCTINDUCE ’
VONITING Obtain medical attention
SKiN: Rermcve contaminated clothing. Wasn skin witn sc22 anc water. !f wmiation

persists o7 if contact has Been prolongac, cotain medical altenuon.

INHALATION:

Remove 12 fragh air, Oblain medical aizennon if svmroisms

sersist.

m
-<
m
wy

immaziately flush 3yes with water ang conunue wasmn
Remmzve contect lenses, if worn, Ootain medicai atianucn.

NOTES TO pHYdician:

There is no specific anticote. Trzatment of cverexcosure snaul

the coneroi of svmploms and the clincel sonditien ¢f :
A.nv matenal aspirates dunng vemiting may cause iung ‘P ur
emests shouid not be induced mecnanicaily or pharmacolc

2ontsnr

consicered necessary 1o evacuale ne siomach sonisnts, ©

be cirectad at

s shculd de done by

means least likeiv 12 cause asoiratisn (e.g., gastnc lavage af er endotrachesl

intuonation).

VI. REACTIVITY DATA

STABILITY: Siable

CONDITIONS TO AVCID

Proionged excessive heat may cause procuct deccrmocsition.

INCOMPATIBILITY {materiais to avcid):
Contact with strong oxidizing and/or requcing agents may result
in rapid energy release. Avoid strong bases at nign temperatires, strong

acids, and marterials reactive with hydroxy! comoounds.

P

HAZARDOUS COMBUST«JON ORD \.OMPOSIT!ON PRODUCTS

Burning can produce the following combustion preducts:
Carbon monoxide and/or carbon dioxide. :
Oxides of sulfur.

Carbon monoxide is highly toxic if innaled; carbon cioxide in sufficient

concentrations can act as an asphyxiant.

Acute overexposure (o the products of combustion may resuit in irritation of

the respiratory tract.



PRODUCT NAME: TRITON GR-5M SURFACTANT

HAZARDOUS PCLYMERIZATICON: Wil Mot Ozeur

CONDITIONS TO AVOID: Nene xnown,

VII. SPILL OR LEAK PROCEDURES

STEZPS 7O 22 TAKEN IF MATERIAL IS RELEASED OR SPILLED:
-Mm..axe sources ¢f igmition
Wear ¢ve and skin protection. Floor may o2 sliopery: use car2 1o aveic
failing. Contain soills immediately witn tnert matenais ieg. sang, earthl.
Avoic Zischarge to naturel waters. Transfer iiquids ang soilg Jiking
material to suitasle containers for recovery or disocsal. T avoid gelling .
and icaming prodlems, ¢o not use wazter 1o flusn awey soils.

B

ACUATIC EFFECTS:
“ike most surfactants, tnis product is exCeci=2c 1o e r2auvely toxic
fisn,
NASTE DISPOSAL METHOD
FOR TISPCSAL OF ACUZCUS SUSFACTANT SCLUTICNS: Aerobic bioiogical wasiewater
treatment systems are effective in treating acueous scictions of surfaciants.

Remova!l efficiency wiil depend uzson treatment pian: Soncitions. As with any
wasizwaiar, consultation with lecal treatmenst plant s:zff is recommenced
{anc may be requirec by iawl} before ciszosai.

FOR CISPCSAL OF NEAT, UNUSED SURFACTANT: incinerate in a furnace where
7y perrmitied uncer Feceral, State anc local regunatrons.

VIIl. SPECIAL PROTECTION INFORMATION

ESPIRATCORY PEBQTECTION spscify type!:
Necne required if airdorne concentrauens are maintaines seiow 2 TWATLY
listed for thus materiai. However, wnere misung may occur, wear a8 MSHA/
NIOS= approved (or equivaient! half-mask air purifving resgirator.

VENTILATION: This product should be confined within ciosed equicment, in which case
generai {mechanical) room ventiiation shouid be sausiaz tory. Speciai
venulation is SUQQESnvd at ;.‘o;nts where vapcrs car o2 axpected 1o escape .
10 workplace air. :

PROTECTIVE GLOVES: Nitriie (NBR)
EYE PROTECTION: Monogoggles

OTHER PROTECTIVE EQUIPMENT:
Eye Zath, Safety Shower 7
Fuil Protective Clothing

IX. SPECIAL PRECAUTIONS



PRODUCT NAME: TRITON GR-5M SURFACTANT

PRECAUTIONS TO BE TAKEN IN HANDLING AND STORAGE:

Keez away frem heat, sparks zng flame.

Aveid contact with eves, skin and clotning.

Do not swailow. )

Keez container closed.\

Use with aceguate ventiiation.
Vaoors form from this procust ans may travel or se moves
by air currents ang ignited ov pioi lignts, otner
flames, smoking, soarks, heatars, siecinzai equizmeant,

stetic discharges or othe =

gistant from product hangiing zomnt ans may flasnsach 2xziosivaly., 7

Wasn thorcugniy after hanahing. :
FOR INDUSTRY USZ CNLY

OTHER PRECAUTIONS: Suriaciants can cause foaming problems in biciogical wasiewater reatment
piants and siner high shear opzratons.

Vapcrs may settle in low or zonnneg areas, or ravei @ ior ng SIsiance 12 an
Ignition saurce ang fiasn back exprosivery.

AR UARL AL IR AT AA T ARG, A f
ACDITIONAL INFORMATICN: Aczgitionai ora
\'4

may Ce optained ty cailing your Union Cars
Service contac:

rs FRCCZSS ~,AZA=‘.D Sucaen rei2ase of ot organic chemucal vaoors or musts from
process eguiciment Soerating 21 eievates lemperaiure anc gressure, of suaden

ingress of air into vacuum scuioment. meay result 0 ignitions witnout the
presence of obvious igniticn sources. Pusiished "autcignition” or Tigmiuon”
temperature vaiues cannotl oe treated 2s safe cperaling temoeratures 10 chemical
crocesses withoul anailvsis of Ine aclual orscess consilions.

Any use of this product in elevatad-temperaiure orocesses sNouic Se tnaroughiy
evaluate‘ to estatlish and maintain safe ocperaling conciticns. Further
nformation is avaiiadle in a techmcal bulleun enutled
gmmun Hazards of Orgamic Chemical Vapors.”

X. REGULATORY INFORMATION

STATUS ON SUBSTANCE L!
The concentrations shown are maximum cor celing levels (weight °~- w0 be usac for calcuiztions for regulaticons.
Trade Secrets are indicated by "TS”.

FEDERAL EPA

Comprehensive Environmental Response ..amper'saucn, énu Liapility Act of 1888 (CEZRCLA) recuires notification of

the National Response Center of release of quantiues of Hazardous Substances ecuat 10 Gf greater than the reportable
_quantities (RQs} in 40 CFR 302.4. P

Components present in this produc: at a levei which could require regorting under the statute are:
LR X} NON— [N



PRODUCT NAME: TRITON GR-5M SURFACTANT

A’neﬂC"IEﬂ s and Reauinorization ACt of 1285 (SARA) Titie Il

rgency olanning tasec on Thresnoid Planning Quantities (TPQs) anc reiease recorting based on Reportable

Cs!in 40 CFR 352 {used for SARA 302, 304, 2717 an

Comconents present in this procucst at a ievel wnich could reg
+ e NONE LR N

Superfund Amenaments anc Rsauthaorization Act of 1586 (SARA) Titie Ill

reguires sucrussion of annual reports of reisase of toxic chemicals that aozear in 48 CF3

information must be inciuded in all MSCTSs that are copied anc disiricutes for this material.
Comgonents gresentin this progucs: at a leve! whicn }auld reguire reccrung under tne statute ars

72 {far SARA 313). This

(73]

Toxic Sutstances Centrol Act (TSCA! STATUS:

The ingrecients of this proguct are en the TSCA inventory.

RS

STATZ RIGHT-TO-KNOW

CALIFORNIA Proccsition 82
This groduct contains no listed sutsiances known 12 ne State of Caiifornia
tc cause cancer, birth defects or otner regrogucuve narm, at s
wegld require @ warning uncer the statuts.

MASSACHUSETTS Rigat-To-Know, Suzstance List (MSL) Hazardous Sutstances anc Sxtraordinariy
Hazardous Substances on the MSL mus: de idenufied when present in prosucts.
Ccmpeonents presentin this product at a levei which could require recoring uncer tne statute are:
['4

f HAZARZCUS SUSSTANCES ( => 1%)
UPPER SOUND
CHEMICAL CAS NUMBZR CONCENTRATION %
Iscoropanci §7-563-0 20

PENNSYLVANIA Rignt-to-Know, Hazardous Substance List Hazarcous Substances and Speciai Hazarcsus
Supstances ¢n the List must be identifiez when present in products.
Components presentin this product at a level which could require reporuing unger tne statute are:
HAZARDOUS SUEBSTANCES ( => 1%)
UPPER BOUND

CHEMICAL CAS NUMBER CONCEINTRATICN %
Isopropanol 57-63-0 2C
CALIFORNIA SCAQMD RULE 443.1 VOC'S: .

Vazor Pressure 30.4 mmHg at 20°C
VQC 208.24 g/l
VCC 258.36 g/L less exemptec ccmopounds

OTHER REGULATORY INFORMATION:
E2A HAZARD CATEZGORIES: Immediate neaith, Delayed heaith, Fire

NOTE - . ’ '

-The opinions expressed herein are those of gualified experts within Union Carbide. We believe that the information



PRODUCT NAME: TRITON GR-5M SURFACTANT

contained herein is current as of the date of this Matenial Safety Data Sheet. Since the use of this information
and tne conditions of the use of the procuct are nat under the contrel of Union Carbide, itis the user's cciigation
to deterrmine conditions of safe use of tha product.
REVISED SECTICNS:
Ravisions in this MSTS occurrad in the following secuans:
Secten Vil SPILL CR LEAK PRCCEZOURES
Waste Cisposal Methed
Section X : REGULATCRY INFCRMATICN

PRODUCT: 8gs33
F NUMBER: NCsasc
.
ryr
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’EA} Bruce Ramsay ( professeur agrégé )

w25 ECOLE Département: Génie chimique

MONTREAL ;
el o teleplione Télécopieur: (514) 340-3913

A2 LRI 5 A4 SE A N4

ke Courrier électronique: Druce. ramsayv-gmatisrv. polvimtica

sty 1 TS

Principaux domaines de recherche:

Compostage

Microbiologie appliquée
Biorestauration des sols
Technologies de fermentation
Plastiques biodégradables

e

Unité(s) de recherche:

I e I T T S P PR SRR SIS LSO Pac ie byl m < DRINND

1. Centre de recherche en ingeniene de l'environnement et des biotechnolouies i BIOPROS
A Mt e crialla O CNET an Rimireesda aceainccamans & -

4. UG3IIE INdUsiiehe L i VU €N 210pTraCedSs J 4354iNissemeenl 3Ges8 3iics

faden A3 €0/ des domames d'experuse (un fichier de 10K par lettre)
Taden A=/ des downines d'expertise (un fichier de 120K avee recherche plein lexte)

T T O
R L L

[ pise RECHERCHE ]

S des prgioeenr, o chorchours
Aewly L AATIR A Y e il w Laletdd S

Ces informations sont compilées par le Bureau de la recherche.

Adresse: C.P. 6079. succursale Centre-ville. MONTREAL (Québec) CANADA H3C 3A7

URL = http : // www . polymtl . ca/ p232 . htm
Mise a jour: 1996-12-16 par Pierre Lavigne



Session Name: utkux 1

Date: Wed, 19 Feb 1997 09:53:52 -0500

From: Bruce Ramsay <Bruce.Ramsay@mail .polymtl.ca>
To: "[Katie Lehnert]" <lehnert@utkux.utcc.utk.edu>
Subject: Re: research interest in biodeg.latex

[The following text is in the "IS0-8859-1" character set]
[Your display is set for the "US-ASCII" character set]
[Sore characters may be displayed incorrectly]

I doubt that I can help you. I have a small quantity of latex here
but it is very old and has undoubtedly lost much of its amorphous
character. I have been trying to contact somecne else who may have a
supply (or may not) but he is not answering his phone.

As far as I know, there is no real camrercial commercial source of
the latex at present. As you probably know, Monsanto has purchased
the rights to Biopol from Zeneca (formerly ICI Biologicals) I believe
that Biopol is still produced by Zeneca ) in England for Monsanto.
Biopol is sold in the form of pellets but at one point in the

Page 1
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production process, it is in the form of a latex. If you asked the
producer for a small amount of this latex, they may cblige you, ut
they may ask you to sign some sort of research agreament. All this
could take a long time.

I will continue to search for the person I know who may have some
of this material but even if he has some, he may not be allowed to
give you ary because of some research agreeament that he may have
signed. Sorry to be of so little help and good luck in your work.
The latex paper coating really works quite well, whereas, the
traditional approach does not, even with plasma-treated PHAsS.

Yours sincerely,

Bruce Ramsay
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Date: Mon, 24 Feb 1997 18:04:01 -0600
From: SPSORLEmonsanto.com
To: MALCOIM W FORSYTH <MANFORSEmonsanto.coms,
"lehnert (a)utkux.utcc.utk.edu" <lehnert@utkux.utcc.utk.edu>
Subject: Re: Biopol questions

Katie,

Thanks for your interest in Bicpol ... I am sending you a packet of
literature and forwarding your response for a product sample to
Malcolm Forsyth in Brussels.

Stacey Soble
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From: MAWFORSEmonsanto.com
To: STACEY P SORLE <SPSOBLEmonsanto.com>,

"lehnert (a)utkux.utcc.utk.edu" <lehnert@utkux.utcc.utk.edu>
Subject: Rel[2]: Biopol questions

Katie,

I am afraid we cannot help with a sample of BIOPOL emilsion - this
product is still under develcpment with another comparyy, and we do not
have material that we can make available to outside parties yet. If
you have any further questions after you have read the literature,
please feel free to send them to me at either :

fax : +32-10-471-232
email : MWFCRS @ ccmail.monsanto.com
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I wish you well with your research,

Malcolm Forsyth

BIORCL Marketing Manager
Louvain-la-Neuve
Belgium
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From: MNFORSEmonsanto.com
To: "lehnert (a)utkux.utcc.utk.edu" <lehnert@utkux.utcc.utk.edu>
Subject: Re[4]: Biopol questions

Malcolm being out travelling I would like to help you with this
request please advise what kind of product you would like and the
deadline for reception, What I can offer you is following :

- COATED CUPS

- PLANTS CONTAINERS

- MOULDED BOTTLES LOW CAPACTTY
- POSTERS AND PHOTOGRAPHS
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Please advise

Regards,

C"Bciel Sprimont
Marketing Assistant

Page 1
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ate: Tue, 01 Apr 1997 14:21:03 -0800

From: Roger Hewitt <roger.r.hewitt@ukbla7l.zeneca.com>
To: lehnert@utkux.utcc.utk.edu

Subject: Your Internet message to Zeneca

Thank you for your enquiry, as you state, we have sold the Bicpol
business to Montanso and the contact name and address is:

Malcolm Forsyth,

Marketing Manager,

Monsanto Ltd.,

The Technical Centre,

Rue Laid Burniat,

B1348 Louvain-La Nauve,

Belgium.

Tel: (Belgium) 1047 1336
Fax: (Belgium) 1047 1232



Research Centres - Page # 3

Nutrition and Food Science Centre

Nutrition and Food Science Centre
Director: E.B. Marliss

687 Pine Avenue West

Montreal, Quebec

H3A 1A1

Tel: (514) 842-1231

Fax: (514) 982-0893

The Centre coordinates the activities of the Faculty of Agricultural and Environmental Sciences, the Faculty
of Medicine, McGill's teaching hospitals and other faculties concerned. It promotes the development of basic
and clinical nutrition and food science research; provides postgraduate training for nutritionists; teaches
nutrition to undergraduate students and postgraduate trainees in medicine; develops nutrition consulting
services within the teaching hospitals; and disseminates information to all nutrition and food science
professionals both within the University and in the community at large.

- Pulp and Paper Research Centre

Pulp and Paper Research Centre
Director: T.G.M. van de Ven
3420 University Street
Montreal, Quebec

H3A 2A7

Tel: (514) 398-6177

Fax: (514) 398-8254

A university-industry collaboration focused on postgraduate research and education, including a non-thesis
Master's level programs in pulp and paper engineering and chemistry. The collaborating centre is the Pulp and
Paper Research Institute of Canada (PAPRICAN), a partnership of university (McGill and U.B.C.), industry
and government (federal). Principal fields of research, in cooperation with appropriate academic departments,
encompass organic, physical and polymer chemistry, chemical engineering and biotechnology. Thesis topics
are generally related to the interests of the Canadian pulp and paper industry.

“'Royal Victoria Hospital Research Institute

Royal Victoria Hospital Research Institute
Director: H-M. Shizgal
687 Pine Avenue West, H4.17
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Pulp and Paper Research Centre
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February 17, 1997

Ms. Katie Lehnert
310 Cheshire Drive
Apt. 159

Knoxville, TN 37919
U.S.A.

Dear Ms. Lehnert:

Reference is made to your recent e-mail. [ am enclosing herewith reprints of the papers to which you
refer. | am also including one which is entitled “Direct Electrostatic Coating” and other “Novel
Biodegradable Microbial Polymers™. These should give you extra background on the subject of
“powder coating”.

The coating could also be done using a “PHA latex” which would require special preparation in a
microbial fermentation laboratory. The powder coating approach is much simpler and would give
you a pretty good imitation of a *“biodegradable paint”.

I am not clear what you plan to do with the biodegradable paint? We used an electrostatic spray gun
to deposit the powder on paper and subsequently fused it with heat and pressure.

Sincerely,

//’ i \"L ) | / » . 74,
S et

R.H. Marchessault

E.B. Eddy Professor

Tel: (514)398-6276

Fax: (514)398-7249

E-mail: ch21@musica.mcgill.ca

RHM/sa



>Marchessault, R.H. Dr ?
Pulp and Paper Research Centre
3420 University Street
Tmail: CH21@MUSICA.MCGILL.CA

. <Pulp and Paper Research Centred>

Tel:627¢6
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July 22, 1996 -- New Biodegradable Plastic

A Cambridge company working with scientists are M-I-T are a big step closer to producing plastic that quickly
biodegrades.

Membolix of Cambridge has been awarded a patent to produce a bioengineered plastic called
"polyhydroxyalkanoates" (P.H.A_s)...that could decompose in just a. few months...compared to 200 hundred
years for many plastics today.

I asked Metabolix Vice President Dr. Simon Williams to explain the major ingredients in that new plastic:

"P.H.A.'s are produced from glucose, typically starting with corn, the com is converted into the glucose and
the glucose is fermented to make the P.H.A. in bacteria.” And does Dr. Williams agree that this new product
could revolutionize the plastics industry around the world:

"Yes. I think that is a very true statement that there is no doubt that this technology could be a large component
of the chemical industry. And the ability to change that industry is fairly significant." Dr Williams says the new
biogradable plastic could be on the market in the form of diapers, trash bags and food containers in just a few
years.

Inquiries should be addressed to: Metabolix, Inc., 303 Third Street, Cambridge, MA 02142 USA. Telephone:
617-492-0505, Fax: 617-492-1996.

Click for an index of Previous reports

Check out Innovations: The Spirit of New England

© MCMXCVII CBS Inc. All Rights Reserved



Born from nature. Back to nature.

Properties and Processing
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BIOPOL™ rexin i3 a unique range of ruly Hiodeoraduble polvmers produced from
agrreuitural feedstocks. Thev are thermoplastic poivesters composed of
hvdroxvbunirate (HB) units with hvdroxyvalerate < HVD units incorporated

randomiv throughout the polvmer chain, The chemical structure of PHB VY
copoivimers s shown in Figure 1.

¢
&

AR /N P /N v
p \\\ s NoA S N
24 '
CH, o CH-» O
Xi Y
Hudroxvbutvrate «HI3) Hyvdroxyvalerate (H\D

Figure I -« bepo ol Nouciaee 0 0HE U poiemers

Produced Dy e fermentation of @ sugir feedstock by naturadiv occurring micro-
ormuinisms, these polvmers have muny of the properties of radidonal plasties and
cuan be processed using conventional techniques. Thev dre stabie. durable and

MOSUre resisiant n use.

Physical properties vany with the HV content of the polvimer. The homopolvmer
(PHB is relatively sttt and brittle but Hlexibilinv and toughness can be introduced
by increasing the HV content. This allows a variery of copolvmers to be produced
with flexibilities and tensile strengths in u range encompassing those of
poivethviene and polvpropvlene.

In addition to being compatible with conventional waste disposal svstems such as
recveling. incineration and landfill thev are fully biodegradable and compostable.
‘BIOPOL resin provides customers and industry svith a new choice. a polvimer
which combines many of the properties and characteristics of tradition:l
thermoplastics with the added values of full biodegradabilin and manutacture
from renewable resources.

KEY POINTS
‘BIOPOL’ resin — Nature’s Plastic

e is fullv biodegradable and compostable on disposal
« is adaptable to a variety 6f waste/disposal systems
is made from renewable resources

* is stable, durable and moisture resistant in use

» can be processed using conventional techniques

* ‘BIOPOL ' is a trademark. the property of Monsanto plc.

PO



THE 'BIOPOL’ CYCLE

STRIKING A BALANCE WITH OUR ENVIRONMENT

O

PHOTOSYNTHESIS

BIODEGRADATION  ©

<o, e
HO as INCINERATION

- CoMPOSTING "7}

A

Carbonycdrate rom 4 Extracted polymer
phetesynthesis

5  Plastic products

2 Sugar feedstock
Disoosal ns
3 Farmentation 8 sposal optio
process
7 End products
continue n
naturai cycle
FERMENTATION
4
3
POLYMER

Figure 2 - lliustrates the "BIOPOL” Cicle.




‘BIOPOL’ Production — Working With Nature

The manunoiuring process for ‘BIOPOL resin \r;L o owith suniicht, During

T
Hnotosviathesis i crops such as sugar beet and cereal crops, carbon Ui

1 the ammosphere s converted into carbobvdrutes. These carbonvdrutes are the

natericis from which "BIOPOL resin s muade.

This Innovanve fermeniiion process atilises the numuradd »‘<‘1i'zv'1r*<m
Anterns, The curbohvdrate ceurrentiv clucose is converted into
Cmicro-corenism Alcaligenes eutropius. wWhich cocurs wideh i ol

ol e The HY content of the poiviner cuain be varied by adding conmroticd

cunis of o shmpbe oreanic soid,

Af the end of the fermentation. the micro-orgunisins have accumulared up o <o
of their dnv weight as "BIOPOL resin. It i~ then harvested by breaking open the
cerds and extracting and purifving the poivimer,

AL this stuge the polvmer powder can be granulated prior o conversion into plastic

articles suchy as bottles, mouldings, tibres and rilms, ail of which are stable and

Jurabie under normal conditions of storaze and use.

Back to Nature

A mndunmiental propert of BIOPOL resin is that while suble under normuad
conditons of storage und use. it can biodegrade when deposited in microbiadly

i1
active enviromments, Just as naturally occurring micro-orgunisms produce PHIB as
an energy tood store, a wide variety of living organisms in the environment cin
consume “BIOPOL resin as a source of carbon. The material erodes progressively
as these micro-organisms metabolise the polvmer (Figure 30,

The final products of degradation in aerobic conditions are carbon dioxide «(CO
and water. exactly equivalent to the final decomposition products of any other
organic matter. The material will also degrade tully under anaerobic conditions.

‘BIOPOL polvmers can be incinerated satelv. vielding an energy vulue comparable
with rraditional plastic materials. Whether biodegraded or incinerated. the amount
of carbon dioxide released on disposal is the same as that fixed during
photosvnthesis right at the beginning of the cvcle.

Figure 3 - Biodegradation After Disposal N

N



BIOPOL rexin s available ina range of grades with various nhvsical nroneries
and s supplied s granudes fpellets) All grades contin o fully compounded

. et v . e : creond L d - FPETC G ™ & SN
RUCICUNT T give TUster processing cvcles. Grades with tow HVY content ur

1

-y CoeEieE em T iy ey By ey e rin P ! e e . V- N
dvely st and have high rensile strengths, bur have fower impact resistunce
1
i

and ductilinn Grades svith higher HV contents are more flexibie, have oreater

INPUCT resistinee and duc'zlity. lower tensile strengthy and lower crvstad!
rates. The addition of plasticiser to the copolimers improves flexibifinv, Jduct
and impact strength, particularls ar lower temperatures. Hy lowering the alass

wition emperatuve. The addition <'>r' plasticiser resulls in o decrease in tensile

\Il'ci‘;;fil and areducton in the melt viscosity of the poivmer during processing,

‘BIOPOL’ Grade Range

Grade Code Description

Low HV copolvimer granules suitable for applications reqguiring

D3iGG )
qioh stittness and <irength

Plasticised low HV copoelvmer granuies suitabic for general

DAL )
injection mouiding ;appnutl()m
G Medium HV copolviner granules suitabie for iniection mouldings
e -
requiring greater toughness and for exrusion blow moeulding
DL11G Plasticised medium HV copolvmer granules suitable for general
: IDE SN . . . ' N
i extrusion blow moulding
D600G High HV copolymer granules suitable for extrusion processes

Plasticised high HV copolymer granuies suitable for extrusion

DollG e
; Processes
{

Grade codes are sihiect to modification G fine with cur policy of conrinuons product improvement.

Tvpical Phvsical Properties of ‘BIOPOL' resin are shown in Table 1: comparative
dara with other materials is shown in Tuble 2.

vy
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Table 1 - Tvpical Phvsical Properties of ‘BIOPOL' resin

DROPERTY CUNITS D200G DALIG - D4nGi D411G - DanG -+ DOLIG
. “C 162 151 133 JE ST Y 130
Meing Point Ty : .
- °F 323 A b 307 291 ¢ 291 27T
LIFLCASTM Method ) Q ;
Sy 13006 216 ke g 10 q - ‘ [ R A 2 —
No 1238 Lf,() F_.lo KZ e 3 P oL
oud ar 190°CH |
SIFT ASTM Method % ;
e meme v = a 10 - ! ! - 5
2238000 3 ke oo - 5 : - - R
AN j—" S .’)‘, b 1\5 mins i f ; A
ioad ar 17070 | ! !
' GPa 1.0 08 0 09 . 0- 0.3 0.4
Youngs Modulus T - - : - —
; Kpsi 145 Llo 1 131 102 3 35
MPa 3 S 23 20
Tensile Strength : — — - -
- psi +500 +100 1 2100 1 3000 3300) 2000
Slonzation at Break 3 16 13 20 33 42
, . GPa 2" 1.8 2 1.0 1.4 0.3
Flexural Modulus . - - -
Kpsi 392 261 290 I+5 203 116
, I'm 00 1ol N 1938 200 300
Tzod Impact srrength S — - s -
e e f-ih inchy 1,12 202 ot b 371 375 0.7+
Specitic Gravity g cc foL2s
Thermal Conductivity Wm=C | 015
P lgcC |
i - t
. - . 30°C 142
sSpecific Heut N |
| 80°C 1 1.97
: Lo180°Cc 20
T -
| |

. Shrinkage

16 |

Table 2 - Comparison of ‘BIOPOL’ Properties with those of other

Thermoplastic Materials

| PROPERTY UNITS

‘BIOPOL

LDPE

PP

MFI

mins | 170°C/5kg

| Melting Point °C 136 -162 105-110 160-168
(Tm) °F 277-323 121-230 320-334
g/10 5-8 0.1-22 0.3-40

190°C/2.16kg

230°C/2.16kg

Gpa 0.4-1.0

0.1-0.2

1.4-1.8

Youngs Modulus

58-145

15-29

203-260

Tensile Strength

20-31

8-10

25-35

psi 2900-4500

1200-1400

3600-5100

Elongation
04
at break 0

8-42

150-600

400-900




3.1 Melting Point

BIOPOL homopolvimer
(PHB is a highly crvstlline
polvmer with 1 meliing point
(T in the range of
172-180°C (340-355°F) and 1
aluss ransition emperature
(Tgr of S°C(+40°F). The
meiting point of the
copolvmers decreases with
increwsing HV content as
shown in Figure +.

27

3.2 Crystallisation

BIOPOL's crvstallisation rate

is dependent on emperature.

The muximum rate of
crvstatlisation is in the range
oF 33-60°C (130-140°F). Tt is
essential. theretore. that the
temperature of the mould or
wuter hath used to crvsullise
the polvmer is within this
range. This will ensure
shorter ¢vele times and
superior mechanical
properties.

3.3 Stiffness/Toughness

‘BIOPOL resin is flexible and

tough. toughness increasing
with increasing HV content
as shown in Figure 5. The
properties of ‘BIOPOL' resin
can be modified by the
addition of plasticisers.
impact modifiers. reintforcing
fillers and nucleating agents.

Tensile Strength

Tensile strength decreases
with increasing HV content
(Figure 6).
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MELTING POINT (°C)

Figure +

(psix 10%)
{GPa)

7h
v

FLEXURAL MODULUS
48

Figure 5

30

20

TENSILE STRENGTH (MPa)

Figure 6

Eitect of HY Cuntent on Melting Poine

T 1 7 1T 7 T 1
/

o
IN

3 12
HV CONTENT (%)

16

n
o

Effect of HV Content it Flexibility and Tunginess

LX e . —>

r - ! 1 ! 15

0 4 8 12 16 20
HV CONTENT (%)

Effect of HV Content on Tensile Strength

- 3

! ! ! ! ] g

0 4 8 . 16 20
HVY CONTENT (%)

4 (1-1bin)

1ZOD IMPACT STRENGTH (Notched)

300

10

4.000
5.500
5.000
4500
4.000
3.500
3.000
2.500
2.000

1.500

MELTING POINT (°F)

TENSILE STRENGTH (psi)




R TIT 1

3.4 Chemical Resistance

The BIOPOL range of polymers exhibit good oxveen. moisture and aroma barrier

nroneriies.
LT

BIOPOL resin is stable in oils. can be slowly hvdrolvsed in some aqueous
covironments and s rapidly hvdrolvsed in some acids and buases.

-

Tuble 3 presents the chemicul resistance of injection moulded copolvmer when
cvaludated in an accelerated laboratory test carried ourt at 40°C (1037F) for 12
weeks. intended o simulite one vears storage at 20°C (TOF). The mechanical
aroperties were determined ar 2 week intervals,

Litde change in mechanical properties wus observed for bars stored in chemuculs
such us oils. selected organic solvents. detergents. water and butter (pH 3-10).
However, bars stored in some acids and bases did show a reduction in mechanical
aroperties. The results shown in tble 3 are for guidance onlv und compaubilite

sesting s reconumended for specific applications.

Table 3 - Chemical Resistance of Injection Moulded Copoivmer after 12 weeks at
H0FC L TUSTE

Youngs Maximum Weizht Chunge
Modulus | S[ress " (")

~Wiped | Owven
- Chemical (GPw) | (kpsi) | (MPw) [ tpsih b drv ) dried

. Conurol (0 weeks)| 0.92 133 341 4900 1~ .
- Motor Ol 0.75 109 32 1 4.000 | 20 =006 | -0.03
| Turpentine 0.76 110 32 +.000 21 =014 | 08
- Acetone 0.03 91 b 3.900 18 | <390 | -0.03
' \egetable Oil 0.79 113 33 800 | 1T 1 -0.06 | -0.09
| Heptane 075 | 109 2 4600 | 22 =005 | -0.15
| Olive Ol 072 | 104 2 4600 | 20 | +0.07 | -0.01
| Water 088 | 128 34 4900 | 21 ' +09 | -0.15
' Citric Acid 0.79 113 33 1 4800 | 19 | <088 | -0.16
Detergent 0.68 99 32 4600 | 19 | +1.25 | +0.02
| 294 Na,CO. 0.81 117 33 +.800 18 | +0.63 | -0.37
1% Soap Solution | 0.84 121 33 +.800 19 +0.79 -0.28
pH3 0.74 107 32 +800 | 18 | +095 | -0.13
pH3 0.75 109 33 4800 | 14 | +0.95 | -0.05
pH~ 0.75 109 33 4800 | 18 | +0.95 | -0.06
pHS8 0.81 .| 117, 32 4600 | 19 | +0.83 | -0.17
pHY  : 077 | 112 | 32 4600 | 18 | +0.9 | -0.18
5% CH.COOH 0.72 104 31 4300 | 13 | +1.68 | +0.18
10% HCl 0.68 99 29 4200 | 11 | -0.18 | -1.02
3% H,0, 0.76 110 31 43500 | 12 | +0.96 | -0.64
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BLOPOL rexin is fuily hiedegradubie in a wide ru nfw of microbialhy acuve

environments. The rate of degradation is influenced by o ranue of environnie

material parameters and is partculariy dependent on the microbial RIGEARIANEE
environment and the swrace wren of the product. Other factors infuending e rute of

E\imic;r;lcmn<>n are temperature, molecular weizht. covsailinin and pH.

Biodegradation is initiated by the acton of micro-organisms growing on the surtace of
the polvmer and secreting enzvmes which degrade BIOPOL resin into individuu!

molecular fragments of HB and HV. These frauments wre immedintely ransported into
the colonising cells where thev are used as 2 carbon source tor rowin, Under aerobic

conditions. the polvmer chain is broken down into CO. and witer und under anaerobic

conditons into CO, and metinine.

The tollowing researchers luve demonstrated the biodegradation of ‘BIOPOL resin
under a range of environmenta! conditions occurring in a vivielv of waste disposal
SUSIEMs,

¢ ENVIRONMENT DEMONSTRATED BY

EAnderobic Sewage ©ICT «Brixhanw

- Acrobic Sewage . PIRA Internutiond
P Chemicals Inspecton und Testing
P Institute, Jupan

[CI ¢« Brixhann

Estwdrine Marine Sediment University of Newcastle upon Tvne, UK

L ICL Brixhamy

¢ Luke Pond Water Gent University, Belgium
University of Stuttgart, Germuny

Seu Water Gent University. Belgium
Tokvo Institute of
Technology. Japun

ICI (Brixham)

soil University of Newcastle upon Tvne UK
Minnesota University. USA

Gent University. Belgium

ICI t Ag Division & Plant Protection)

Compost Gent University. Belgium
University of Stugart. Germany
Hechingen Compost

Works. Germany

Simulated Managed Landfill University of Stuttgart. Germany

3

.
-

NOTE: Gent University have isolated 270 Bacteria. 120 Streptomycetes and 100
moulds which degrade BIOPOL' resin.
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Tl oHowing resUits were observed:

+.1 Tests in Sewage

Nt e i i -
Ler e conditons, The rate o

NS determined Hy
Cevolution et

conmrel gt 28z R R Fy

VTer s davs, s evolution ws
R S feenl = :
Do T D cglivient fo Syt of

L s erearioeyd a1 es { herrae ( )
% e TiCL Vallle frgure g

DLUNed oM negative

is have been deducted from
T eSS N sepurite
cxrernnent pertornmed ander
Linieronic conditions. gis

sanon was found o be

St TS of the

T Tenicad Ve after 30 Guvs

Citoere Tebon,
+.2 Tests in Soil

Biodeuradation tests were per-
formed under zerobic conditions
Al TCON [emperature Using two
varieties of soil: a sandy loum soil
with neutral pH (peur tree) and o
more alkaline soil with u high
content of organic matter (gore ).

When samples of radioactively
lubeiled "BIOPOL were buried in
soil. up 1o 90" biodegradation
wus observed at T-3 months
tmeasured by CO, evolution). The
samples did not biodegrade in
humid air alone (see figure 8).

In a separate test in a slightly
acidic loam soil. ‘BIOPOL' film
was buried for 72 davs at 25°C
(T7°F). Scanning Electron Mitro-
scopv (SEM).photographs show
how the surface has become pitted
and eroded as a result of
degradation. High numbers of
Actinomycetes and rod bacteria
which are associated with poly-
mer degradation are visible on the
surface. (See figures 9 and 10).
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Gas Evoiution During Aerobic Degradation
of "BIOPOL resin in Varous Soils
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+.3 Tests in Waste Water

PR Soties e Wasie Wner

Poeeretcdeio:

BIOPOL botties und SIS o W O e ons
narerial cut from bottles were EFFLUENT RIVER WATER INXTURE AT 20°C [T0°F)
o . Lo SURFACE AREA GF STRIP BOTH SIDES: 30cm
teslee 1 MICTODIY AChve wWisie SURFACE AREA OF BOTTLE. INSIDE AND QUTSIDE: 852¢m-
: 02
water under derobic conditions.
An aerated aquarium wimh a _sor
. Sy e . f )
auxoure of biologicailyv reuted S oob
o : = T
Wasteo wWiler and fver waler was 5 STRIPS
. - a0
Used. uw
E
o 20 +
Al room wmperature the bottle
degraded over a period of weeks L e T T I B T TR

such that after 23 weeks a S0 TIME (WEEKS)
welzht loss wus observed

tsee Figure 1o Figure 11

Craph reprodieced < gTesy of the Einreny iy of Nt
4.4 Behaviour in Compost

Tests were carried out on "BIOPOL bottles at an industrial composting plunt under
aerobic conditions at a temperature of T0°C (138°F).

At this temperature. the bottles became very brittle and broke up. This wus further
enhanced by the turning of the compost heap. which mechanicaily broke up the
botties. thereby increasing the rate of microbial attack by increasing surfuce area.
Weight losses of up to 80% were

observed over 15 weeks. Degradation of ‘BIOPOL Bottles
in Managed Landfill Simulation
4.5 Behaviour in Managed 100
Landfill o -
. 9
‘BIOPOL battles were tested S0 b
under simulated munaged landfill  §
o T or
conditions at a temperature of S
35°C (95°F). A weight loss of 20
approximately 50% was observed 0 : : : :
over a period of 40 weeks ° ° 2 > “ %
verdap TIME (WEEKS)
(see Figure 12). '
- Figure 12

Graphb reproduced courtesy of the University of Stutigan.




5.1 Bottle Blow Moulding

Conventional equipment can be used tor the extrusion blow mouiding of ‘BIOPOL
pottfes. The rollowing processing guidelines are recommended:

Setting Up

In order to minimise residence time in the melt. it is best to use the smullest suitable
muachine. Try to martch the screw output to the size of the bottie to e produced. The
use or a polvethvlene tvpe screw and head is recommended. The head should have a
compression zone ufter the spider 1o ensure that the melt rejoins 1o avoid weak
seams in the bottle. The die gap should be at a wider setting than thas used for
potvethviene. If possible. start with a clean machine. or purge out the machine with
fow density polvethvlene before use. The polvethvlene can then be purged out with
BIOPOL' It is essential that the blow pin and mould can be temperaure controlled
At o = STC 140 = O°F),

Moulding

BIOPOL processing requires caretul temperature conrol. The exiruded tube should
be examined: if the surrace is verv shiny and smoking. the meit temperature is 1o
highe i the surtice is matand lumpy. the melt temperature is 200 low. Usually, only
snudii adjustinents o the temperature dre necessary o vet:d goend meit which is

th a semi-gloss surtace. Tt is important that the melt emperature is
correct to ensure that mouldings can be produced with reasonable cvcle times. To
produce good quality bottles it is better to have no time delay for the blow pin entrv
and blow. The blow should be in the donwnward direction. High blow pressures (6-9
har' tend to produce a better surface tinish than los Hlow pressures. Slightly longer
cooling times mav be required than with conventionu! thermoplastics. It is essental
that the mould and blow pin are heated to 00 = 5°C + i40 = 9°F). Reducing the mould
temperature will increase the cvcle time and lead to the blow pin sticking.

homogeneous wit

Process Control Requirements

‘BIOPOL resin should be processed at the lowest possible temperature and residence
time in the machine keptat a minimum. It the machine is stopped for 2 short time (3-
15 minutes). the degraded "BIOPOL  resin must be purged out with fresh material
before moulding can be started again. If the machine is to be shut down for longer
periods. it is berter to purge out with low density polvethvlene. Regrind material can
be incorporated at up to 20%. It should be thoroughly mixed with virgin material of
the same grade.

Recommended Blow Moulding Processing Conditions

For standard blow moulding, the following conditions are recommended:

Grade |Temp| Zonel | Zone2 | Zone3 Die Blow Pin E Mould
D411G | °C 140 *| 160 170 -0 605 | 60%5
D411G | °F 285 320 340 340 | 140+9 | 140%9 J

The minimum screw speed compatible with the cycle time should be employed.

Processing temperatures should not exceed 180°C (355°F). These settings should
be used as a guideline only and may require adjustment.

13
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5.2 Injection Moulding

A wide ranue of conventonal injection moulding equipment can be used [© process
BIOPOL resin. The foilowing processing cuidelines are recommended:

Setting Up

standard machines with polvethvlene twpe screws (L D = 20:1) are suitable tor
moulding 'BIU POL resin. [Uis advisable to v to match the shot size or the machine o
the wetght of the part to be mouided in order o reduce the time that the pelvmer is in
the medt. IF possible, stut with o clean machine. or purge out with fow density
polvethvlene betore use, The polvethviene can then be easiy purged out with
BIOPOL resin. [t is not necessury to use a shut off nozzle when moulding ‘BIOPOL
resin das drooling cuan be prevented by using decompression between cveles. 1t is

essentid it the mould temperature s controlled at o £ 37°C o140 Z 97 F)

Moulding

The remperature \\'imiu\\' for ‘BIOPOL resin is relutivels narrosw, T‘mc nelt should be

! .
examined w establish if the correct temperatures are deing used. If the mielt has avery
[ow viscosity, has a shiny surtace and is smoking. then the melt remperiiure s oo high.

IF the surrtce s matt and lumpy, the melt temperature s oo low, Usaaliv, only smad!

'

Adjustments o the temperdiuie dre Nedessary o produce 2 good melt with reasonabie

viscositv. Tty maportant that the mell iemperdtures e correct to ensure that mouldings
can be produced with recsonable ovele ames.

IF multi-stige injectnon mouiding is available. @ high first mjection prc«m'c o rapidly till
the mould is recommended. This should be foilowed by low tiest hold pressure 1o
prevent Hashing then an increuse o o higher second stuge pressure o prevent sinking.
Verv nigh injection pressures and injection speeds shouid be avoided o minimise tflash.
Fligh screw speeds should also be avoided o minimise Jdegradianon. There t~ usually no
need to retract the nozzle diter decompression us sprue breuk s usually achieved by
mould opening. The length of the cooling time will depend upon the thickness of the
part being moulded and the grade of "BIOPOL'. It is es<ential that the mould is heated
to 00 £ 5°C 1140 £ V°F): reducing the [cmpcr:xturc will reduce the rate of crystallisation.
This will lead to the parts stucking to the mould or longer cycle times.

Process Control Requirements

BIOPOL' resin should be processed at the lowest possible temperatures and residence
time in the machine kept at @ minimum. If the machine is stopped tor a short time (5-15
minutes). the degraded "BIOPOL resin must be purged out with fresh material before
moulding can be started again. If the machine is to be shut down for longer periods. it
is better to purge out with low densitv polvethvlene. Regrind material can be
incorporated at up to 20%. It should be thoroughly mixed with virgin material of the
same grade.

- -




Recommended Processing Conditions

T .

e tollowing processing temperatures are recommended:

Grade Zone 1 5 Zone 2 ; Zone 3 Nezzie
ol N S R R B I BTN B - *C oF
DG 150 300 . 170 330 130 | 335 180 353
DAIIG | 140 © 235 0 160 | 320 1 170 | 340 170 340
D40G | 130 300 0 170 L 3400 180 233 150 353
D41IG 140 ' 285 1 160 | 320 | 17O 300 170 340
DOOOG | 140 | 285 | 160 | 320 | 175 | 345 17 343
DOIIG | 140 | 285 | 160 | 320 | 170 | 340 170 340

[n all cases it is recommended that the mould temperature is maintained at ot = 3

(140 = 9°F).

These settings should be used as a guideline only and may require adjustment.

General Process Control Requirements

Like most polvesters. ‘BIOPOL resin is not particularly melt stable at high

remperatures. At temperatures above 1935°C (385°F) the polymer can degrade rapidly.
However. as HV content increases. melting point decreases. allowing higher HV
content materials to be processed at lower temperatures with less risk of thermul

degradation. Care should be taken to minimise the time in the melt. especially it it is

intended to regrind scrap material. Temperatures of 170°C (340°F) or less and

residence times of less than 3 minutes are therefore preterable for most applications.

3.3 Other Processes

The following processes are currently under development:

Film Processing

Extrusion Coating and Lamination
Fibre Making

Thermoforming




Further information. including Heulth and Safen Dara. may be obtained from:

Monsanto Europe S.A.
Technical Center

Parc Scientitique

Rue Laid Burniat

B-1345 Louvain-la-Neuve

Monsanto Company

300 N. Lindbergh Boulevard
St Louis

Missouri 03167

USA

Belgium Tel: - 001 - 314 - 694 - 3274

Teli-32-10 - 471 - 404 Fax:- 001 - 314 - 09+ - 4228
Fax:-32-10-471-232

Monsanto (Deutschland) GmbH
Immermannstrasse 3
D-+40210 Dusseldort

Monsanto Japan Ltd
Nihonbashi Daini Building
+1-12 Nihonbashi

Germany Hakozaki-cho
Tel: - 49 - 211 - 3675 - 260 Chuo-ku
Fax:-49-211-3675- 213 Tokvo (103)
Japan
Tel: - 81 - 3 - 30644 - 1048
Fax:- 81 - 3 - 3604+ - 1631
?
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13. Appendix 5: Tensile
Test Results



Tensie Test 550
Tensile 350
For 550 elass 1997
Using 2000 Gm load call
Test type: Tensile Instron Corporation
Cperator name: Haibin Tang
Sarnpie [dentificationr  PAINTB
Interface Type: 1120

Sample Rate (pts/secs): 2.2758

Crosshead Speed: 2.0000 mm/mm
2nd Crosshead Speed:  0.0000 mmémin
Full Scale Load Range: 2.000 kgf

Humidity { % ): 50

Temperature: 73 F

'i S\ Lommecia

l

Sample comments:  Pamt Sample B (Flat Pamt) b M

pr— |

Sertes [X Autemated Matenals Testing System
Test Date: Wednesday, March 19, 1997

Maxmum  Tensde Energyto Displcment  Stress Stramn Stress  Displemtent Stram
Percent  Swrength Break at user at user at user atoffset  atoffset  at offset
Strain urs Point Break Break Break Yield 1 Yield 1 Yieid 1
8 Gkeffmm™D)  (kef-mm) @n  kegfmm) (o/mn)  efmm™) (o) (mm/mm)
1 12.655 0238 0215 5443 0 0.109 0016 1201 0.024
2 28.151 0011 0183 4920 0 0098 0.063 1582 0032
3 27536 0.005 0.306 13768 0.005 0275 012 2.109 0.042
4 61.135 0276 0374 30568 0.005 0411 0.062 1.567 0.031
5 44321 0292 0298 22.160 0.005 0.443 0.059 1992 0.040
Mean 34759 0.160 0275 15373 0.003 0307 0.065 1.69%0 0034
SD. 18.517 0.150 0.076 11.037 0.003 0221 0033 0365 0.007
Maximum Yield Grip
Displement Point Digtance
Elongation
o) () ()
1 6327 - 50.000
2 14075 - 50.000
3 13.768 - 50000
4 20563 - 50000
5 2.160 - 30.000
Mean 17380 0 50.000
SD. 9259 0 0

7.27.00



Load kgf

0.08

0.06

0.04

0.02

0.00

Sample 1D: PAINTB l

.............

Displacement mm
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Tenstie 550
For 550 class 1997
Using 2000 Gm load c=i

Test type: Tensile
Operator name: Habin Tang
Sample Identification:  PAINTA
Interface Type: 1120

Tensile Test 550

Instron Corporation
Series [X Autornated Matenals Testing System  7.27.00
Test Date: Wednesday, March 19, 1997

Sample Rate (ptsfsecs): 2.2758 Hurmidity ( % ): 50
Crosshead Speed: 2.0000 nm/min Temperature: 73 F
Ind Crosshead Speed:  3.0000 mm/min
Full Scale Load Range:  2.000 kgf
: |
VAN VT
(’JJ N \ P\ O LJ ;
Sample comments:  Paint A (Semn Gloss) Very elastic Near 100% Recovery
Maxmum  Tensile Energyto Displement  Stress Strain Stress  Displement  Stran
Percent  Strength Break at user at user xt user atoffset  atoffset  atoffset
Strain uTS) Point Break Break Break Yield | Yield 1 Yield 1
@9 kef/mm™2)  (kef-mnp (@)  Gefmm™d (movmm) (efmm™D)  (om (m/mm)
1 234238 0.237 2.166 117.144 0237 2343 0.004 0015 0.000
2 234288 0.289 2586 117144 0.289 2343 0002 0337 0007
Mean 224283 0.263 2376 117.144 0263 2243 0001 0.176 0.004
SD. 0.000 0.037 0297 0.000 0.037 0 0.005 0228 0.005
Maximum Yield Grip
Displement Point Distance
Elongation .
Cmnb. @) g (e
1 117.144 7519 50.000
2 117.144 8.166 50.000
Mean 117.144 8.043 50.000
SD. 0.000 0.175 0




Load kgf

0.030

Sample |D: PAINTA l

0.024

0.018

0.012

0.006

0.000

Displacement mm
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