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FOREWORD

Emulsification of vegetable oil-based resins was a daunting task when
the author began his research, but the subsequent technology spawned a
generation of stable emulsions for waterborne coatings based on vegetable
oil-based alkyd resins, oils and fatty acids. Autoxidative polymerization of
emulsified alkyd resins is an innovative and original contribution to emulsion
technology, because conventional emulsion-polymerization is not applicable
to alkyd resins.

Emulsified alkyd particles are polymerized while dispersed in stable
aqueous media—an original and patented innovation. Smooth and fast-
drying alkyd coatings are generated from non-polymerized emulsions and
air-dried with conventional metal driers, and have met with marketing
success. The pre-polymerization innovation for emulsified alkyd particles
provides very fast air-drying coatings that have potential markets for interior
architectural latex coatings and waterborne pressure-sensitive adhesives and
inks.

The author demonstrates his knowledge of chemical reaction kinetics
by employing a combination of oxygen concentration, internal reactor
pressure and other reactor variables to finely control the rate and degree of
autoxidative polymerization. He meticulously calculates surfactant chemistry
by measuring hydrophile-lipophile balance values, and solubility parameters
to emulsify characterized resins. The relationship between hydrophile-
lipophile values and solubility parameters is shown in explicit equations.

Homogenization equipment used during the course of this research to
generate emulsions is shown in detailed drawings together with concise
particle size and distribution data.

The author reports research spawned internationally by his research in
the fields of alkyd-acrylic hybrids, polyester and oil-modified urethane
resins.

Emulsification and Polymerization of Alkyd Resins contains a wealth of
emulsion science, alkyd technology and autoxidative reaction kinetics that
will benefit researchers, students and manufacturers studying and working
with alkyd emulsions.

F. Joseph Schork
School of Chemical Engineering
Georgia Institute of Technology
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PREFACE

The primary goal of this research and development effort was the
utilization of renewable (non-petroleum-based) raw materials such as
soybean oil in the next generation of waterborne surface coatings. Vegetable
oil-based coatings are renewable natural resources, and they are “green
technology” materials that are environmentally friendly in the workplace and
home. These organic solvent-free coatings are commercially economical
from both a manufacturing and a raw materials availability viewpoint, and
they reduce the dependency on petroleum products and unpredictable erratic
prices. The reader will benefit from the novel treatment of resins, synthesis
and techniques of emulsification. The book consists of the following main
subjects:

Alkyd resins and oils and autoxidative polymerization
Synthesis and polymerization of alkyd resins
Emulsion and kinetic studies of autoxidative polymerization
Experimental results, continuing research and applied
research

The research and development was successful, and those innovations
were patented by Gooch, Bufkin and Wildman (U.S. Patent 4,419,139) and
the technology applied to commercial “emulsified alkyd” products, originally
by the Cargill Corporation, but later by other resin manufacturers. Individual
segments of the above work were applied to products involving the
emulsification of alkyd resins, without autoxidative polymerization, and
allowed to form a cured hard film on a surface using a metal drier. This has
been referred to as a “green” technology because it is an environmentally
friendly material and the materials utilized are renewable.

Alkyds, oils and oil-alkyd mixtures have been emulsified and
subsequently autoxidatively polymerized (crosslinked) in the emulsion form
to a near-gel or gelled state within the polymer particles. During the
emulsification, the emulsifier type was carefully selected such that a stable
emulsion was generated. The particle size of the emulsion droplets was then
reduced to less than 1.0 micron and maintained at this size during the
autoxidative process. The autoxidative process was continued until the
maximum crosslink density that allowed proper flow, which was a function
of the crosslink density, particle size and polymer and polymer type, was
achieved. During coalescence, a small amount of further crosslinking, as
well as flow, generated a dense uniform film.

vii
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viii Preface

This technology produced vegetable oil and alkyd resin-based
emulsions which dried to touch rapidly and allowed water clean-up
equivalent to that of acrylic and vinyl latex coatings. The many
emulsification techniques may be applied to different resins and oils, and
they are described in detail within the book. This is a valuable handbook and
formulation guide for the coatings manufacturer, a cosmetic product
formulator, and anyone interested in emulsifying a material in water.

Paints have been used to improve aesthetic properties and protect
almost all surfaces imaginable in the home, office and industry. Paints
comprise a pigment (color), a vehicle or binder (resin or polymer) and a
solvent (mineral spirits or other). The pigment functions primarily, although
not always, for aesthetic purposes such as appearance including color and
gloss, but also for practical purposes such as hardness and corrosion
protection and, generally, outdoor durability. Indoor durability is important
as well, and involves such details as washable surfaces and scuff resistance
as well as aesthetic appearance. The polymer (or resin as it used to be called)
binder was developed for its properties pertaining to a specific application.
The term “paint” is an older, but widely used, term referring to materials
made from natural materials such as vegetable oils. A “coating” is a more
widely used term (urethanes, vinyls, etc.) since the 1950’s pertaining to
synthesized materials used in high performance materials not usually
formulated from natural sources. Either term refers to a wet applied
protective film for a substrate such as wood or metal.

The earliest paints were from Europe and Australia (Boatwright,
2000) and were created 20,000 years ago, when natural pigments (clay,
carbon, ochre, and others) were mixed with natural binders such as vegetable
oils (soya oil, linseed oils, etc.) and animal fats. The oily binders hardened by
reaction with the oxygen in air to autoxidatively polymerize (also called
drying) the chains of oil to each other, a process now referred to as
crosslinking. The Greeks and Romans designed paints containing drying oils
extracted from linseeds, soybeans and sunflower seeds. It was not until the
thirteenth century that protective properties of drying oils began to be
recognized in Europe. Oils usually consist of three fatty acids connected to a
tri-functional alcohol called glycerol. It is the fatty acids that dry and harden.
In the first part of the twentieth century, polyester resins were modified with
the fatty acids from drying oils to form a resin called an alkyd. The term
alkyd comes from the combination of the terms alcohol and acid. Alkyds
demonstrate the same drying mechanism as drying oil, but have the
advantages of higher molecular weight and harder dried films. However, due
to the high viscosities of alkyds, they must be dissolved in solvents such as
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mineral spirits. Alkyd paints (or coatings) dominated the decorative and
industrial markets for the first half of the twentieth century and continue to
enjoy a large share of the total coatings market.

The disadvantages of alkyd-solvent coatings are the objectionable
solvents which produce volatile organic compounds (VOC) that are restricted
by the Environmental Protection Agency. Everyone wants the objectionable
organic solvents out of coatings but also wants the use of the desirable alkyd-
type coatings. Acrylic dispersions in ordinary non-toxic water (latex
coatings) are widely used, but they do not have the tough, resilient and
aesthetic properties of alkyds that outperform acrylics for protecting wood
and metal. So, how can alkyds be dispersed in water and wet applied to a
substrate without using solvents? This question was answered in two parts,
both equally difficult. First, the alkyd resins were dispersed in water by
carefully selected surfactants and then mechanically homogenized to form a
stable emulsion. Then, the alkyd-water emulsion was oxidatively
polymerized to crosslink; this caused it to form gel-like particles that flowed
together during evaporation of water forming a continuous film. The aqueous
dispersion was practically applied to a substrate, and it dried quickly and
formed a continuous alkyd film. Commercialization of this process has been
successful at least in part.

Preface            ix 
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Chapter 1

ALKYD RESINS, VEGETABLE OILS AND
AUTOXIDATIVE POLYMERIZATION

1.1. Goals of Research and Development in Alkyd
Emulsions

The primary goal of this research and development effort was the
utilization of renewable (non-petroleum based) raw materials such as
soybean oil in waterborne emulsion-type surface coatings. These coating are
commercially economical from both a manufacturing and raw materials
availability viewpoint, and they reduce the dependency on petroleum
products and unpredictable erratic prices

Alkyds, oils and oil/alkyd mixtures have been emulsified and
subsequently autoxidatively polymerized (crosslinked) in the emulsion form
to a near-gel or gelled state within the polymer particles. During the
emulsification, the emulsifier type was carefully selected such that a stable
emulsion was generated. The particle size of the emulsion droplets was then
reduced to less than 1.0 micron and maintained at this size during the
autoxidative process. The autoxidative process was continued until the
maximum crosslink density that will allow proper flow, which was a function
of the crosslink density, particle size and polymer and polymer type, is
achieved. During coalescence, a small amount of further crosslinking, as
well as flow, generated a dense uniform film.

This technology produced vegetable oil and alkyd resin based
emulsions which dried to touch rapidly and allowed water clean-up
equivalent to acrylic and vinyl latex coatings.

1.2. Historical Background of Alkyds, Oils and Emulsions

1.2.1. Vegetable Oils and Resins

During the past one hundred years, the coatings industry has
employed large quantities of fats and oils. The information in Table 1.1

1
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demonstrates that the coating industry used larger quantities each decade
until the 1950’s when their use began to decline (Cowan, 1975). The decline
in fats and oils has largely been a result of the substitution of petroleum
products for the vegetable oils. Alkyd resin contains a large percentage of
fatty acids and has been the predominate binder used in the trade-sales and
industry for over thirty-five years. Petroleum based product usage increased
dramatically over the past decade, but it is evident from information in Table
1.2 that alkyd resins are still employed in large quantities. A large
percentage of the trade sales market has switched to water-borne latex
coatings based on petroleum- derived materials. The major reason for this is
consumer convenience in clean-up, short dry times, and low odor. As
coatings based on these products further penetrate the existing market, the
usage of vegetable oil-based coatings will continue to decline.
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The demand for fatty acids in paints and coatings is expected to rise
2.5 percent per annum to 390 million pounds in 2002, according to Fatty
Acids to 2002. Fatty acids, either in free form or in the form of derivatives,
are suited to a wide range of applications due to their versatility,
functionality, biodegradability and derivation from renewable resources.
New markets include plastics, detergents, paints, cosmetics and toiletries,
surfactants, lubricants, food and rubber, among others. Overall growth will
be limited by the move toward water-based coatings in a number of
applications traditionally reserved for oil-based coatings. Competition from
systems based on synthetic resins, urethane polymers, silicones and other
synthetic intermediates offering superior drying speed and other performance
advantages will further reduce demand. Nevertheless, fatty acids will remain
an important constituent of many coatings such as alkyd resins and
emulsifiable linseed bodied oils. In addition, the shift to latex will increase
demand for fatty acid-based latex paint modifiers, compensating somewhat
for the decline in oil-based applications. Suppliers of fatty acids and
derivatives to the United States paints and coatings industry include Arizona
Chemical (International Paper), Georgia-Pacific, Henkel, Hercules, Twin
Rivers Technologies, Unichema North America (ICI), Union Camp,
Westvaco and Witco, and distributors such as Ashland.

Environmental factors have contributed to the reduction of the
utilization of vegetable oil-based products. The need has been to employ
coatings that tend to pollute the environment, i.e., water-borne, higher solids
and powder types. Petroleum based products have been acceptable as the
solution to the environmental problem, and, consequently, vegetable oil-
based materials have lagged behind, still being employed largely in solvent-

iranchembook.ir/edu



4 Chapter 1

borne paints. The major method of every oil-based polymer in non-polluting
coatings has been in “exempt” solvent systems as specified by Los Angeles
Rule 66. However, the Environmental Protection Agency has stated that all
organic solvents pollute the environment even though some are less reactive
than are others and thus, began the decline of organic solvents in paints and
coatings (McCarthy, 1979).

Most organic solvents are derived from petroleum, and the costs of
solvents are linked with the market prices of petroleum. Hannesson (1998)
provided a fundamental understanding of how petroleum is priced and a
review of the Oil Producing and Exporting Countries (OPEC) regarding their
historical influence on the market. Hannesson explained that that the price of
petroleum in real terms has followed an unusual pattern over time, a pattern
that includes significant price fluctuations. There is not a short answer to
why the price of oil cannot be fitted around a trendline, although one reason
given is that there are few petroleum companies and the demand for
petroleum is elastic (price changes do not substantially affect demand).
Petroleum can be stored and resold at a later date, and petroleum prices
fluctuate due to speculation regarding future prices. For example, during the
Arab oil embargo of 1973-74, crude petroleum prices more than doubled, and
the supply was limited to the United States creating rationing lines, but the
supply was completely severed in some European countries. In another
example, a decision by OPEC countries to limit production in the year 2000
sent oil prices soaring to $37/barrel, a level not seen since the Persian Gulf
War (New York Times - 2001 Almanac). The price per barrel is a
benchmark indicator of energy costs, and affects everything from the price of
a gallon of gasoline (which topped $2.00 in some states) to the cost of
delivering natural gas and electricity. These factors are one answer to the
question of why petroleum prices may appear unpredictable. The historical
markets for petroleum have been in North America, Western Europe and the
Western Pacific, whereas most petroleum is produced in the Middle East.
However, vegetable oils are abundantly produced domestically in the United
States, and their prices are more consistent and predicable than petroleum.

As solvents become more expensive due to petroleum price increases
and shortages, the need for water-borne and/or higher solids products will
become more acute. This research effort was directed toward the generation
of water-borne latex coatings from vegetable oils or vegetable oil derived
materials as opposed to the more commonly used water reducible, water
dispersible or water soluble products which normally require significant
quantities of petroleum derived solvents. The figures in Table 1.3 represent
the supply and demand of petroleum for 1965-2000. It is obvious from these
data that the U.S.A. is becoming increasingly dependent on imported
petroleum. The figures in Table 1.4 represent U.S. land use for annual crops
and primary sources of vegetable oils. The total land use of 336.3 million
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acres with 470.0 million acres available if needed literally “paints” a more
optimistic picture of the future than does continued and accelerated
dependence on foreign petroleum. Referenced total land use of 334.3 million
acres, there are an additional 133.40 million acres available in needed. This
indicates an opportunity for expansion of vegetable oil utilization compared
to one of conservation and restriction with imported petroleum expected in
the future.
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The oils used in the coatings industry during the year 1999 in all paint
systems, i.e., solvent-borne, water-borne and others are represented in Table
1.5. The total figure of 200 million pounds per year for 1999 indicates a
continuing major market for vegetable oils and derivative resins in the
coatings industry, but at the same time lagging the petroleum products, i.e.
acrylics, market significantly (Table 1.2). Petroleum derived solvents have
increased in cost over a ten year span as represented in Table 1.6, but
vegetable oil product costs increased at a slower rate as represented in Table
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1.7 and decreased for soya and linseed. Furthermore, costs of the same
solvents in Table 1.6 over the previous twenty years (1969 to 1979) increased
by 306, 328, 414, 100, 63, 76, 113 and 323 percent, respectively (American
Paint Journal, May 1969 and May 1979). It is obvious that the prices of
petroleum-derived solvents have and continue to drastically and
unpredictably increase. Observing a twenty-year history, vegetable oil
product cost increases are expected to lag significantly behind those of
petroleum-derived products, and the source can be expected to be available at
far more predictable prices.

A successful and competitive generation of new water-borne
coatings based on vegetable oils could shift the usage of coating materials
toward vegetable oil products in the future. Resins derived from vegetable
oils are renewable-resource materials (Carraher, Jr., and Sperling, 1983) that
are grown on farmlands in all agricultural countries and independently of
increasing foreign petroleum imports and price fluctuations.
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1.2.2. Autoxidative Polymerization of Vegetable Oils and Resins

The autoxidation conditions, mechanism and the reactions involved
have been discussed by researchers including Lundberg (1950), Mattiello
(1945), Novak (1934), Long (1950), and Taylor (1950). It is generally
agreed that there is an induction period that is a function of the type and
amount of antioxidants in the oil and the temperature at which the oil is
blown. The autoxidation process once initiated is an exothermic reaction and
generally requires temperature control in the early stages. As the reaction
proceeds, the exotherm diminishes and the system must be heated to
maintain the desired temperature.

Auer (1945) discussed preliminary bodying of a fatty oil by heating,
blowing or ultra-violet light treatment and then emulsifying the oil. The
emulsion absorbs atmospheric oxygen to effect “agglomeration” of the
emulsion. Cummings (1966) discussed emulsification of prebodied dying oil
and alkyd. Curtis et al. (1965) discussed a method of manufacturing low
acid value non-oxidizing alkyd resins in emulsions. Kraft et al. (1965)
prepared stable aqueous emulsions from short oil and medium oil alkyd
resins by heating the resin with an emulsifying agent and slowly adding the
aqueous phase, which also contained an emulsifying agent in order to bring
about an inversion of phases.

The autoxidation of oils and alkyds has been employed by Austin
and Zetterberg (1963) to “pre-shrink” oils and alkyds and reduce the
blistering tendencies of surface coatings prepared from them. Catalysts for
the blowing process were discussed by Austin and Zetterberg.

To the author’s knowledge, no one has attempted to emulsify an oil
or alkyd, autoxidize the emulsion to the particle gel state or near the gel state
of the emulsion particle and subsequently prepare surface coatings utilizing
the blown emulsion as the binder.

It is expected that the autoxidation reaction proceed via the classic
production of peroxides as reported by Farmer et al. (1968). As indicated in
Table 1.8 (Martens, 1974), soybean and linseed oils contain lenoleic and
oleic fatty acids with their respective percentages in each oil. Martens (1974)
described in Table 1.9 each fatty acid with respect to its molecular structure.
The number of double bonds in each acid is indicative of reactivity, i.e.,
lenolenic, lenoleic, and oleic. Therefore, it is expected that oils and alkyds
containing a larger percentage unsaturation will autoxidize at a greater rate
than oils and alkyds containing a greater percentage of saturated oil.
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Muizebelt et al (1998) studied the autoxidative crosslinking of alkyd
resins using ethyl linoleate and methyl riconoate as model compounds. The
first step in the oxidation is formation of the hydroperoxide via the
resonance-stabilized pentadienyl radical, the double bonds becoming
conjugated because this product is energetically more stable. No double
bonds disappear in this first step. However, double bonds react away in later
stages of the oxidation, mainly as a result during formation of epoxides and
endoperoxides. Also, addition to double bonds may lead to crosslinking.
With quantative carbon -13 nuclear magnetic resonance ( NMR) it was
established that ether-and peroxy-crosslinks were formed in roughly equal
amounts. Double bonds reacted to give epoxides, endoperoxides and

(cleavage) into aldehydes. With the use of secondary ion mass
spectrometry (SIMS), it was established that dimmers through pentamers
were formed have included several oxygen atoms. After reduction of
peroxide (crosslinks) with stannous chloride, the higher oxygen homologues
decreased. In the NMR spectrum of the reduced material, peroxide and
epoxide signals completely disappeared. High-resolution electrospray
ionization mass spectra (ESI-MS) yielded evidence regarding the
mechanisms of crosslinking. The non-conjugated linoleic acid was found to
crosslink by combination of radicals: dimmers were detected in masses of
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2(M-1). The conjugated linoleic acid crosslinked by addition of radicals to
the double bond and disproportionation, yielding masses 2M as well. The
results of the work on the model compound indicated that drying of alkyds
proceeds by ether-and peroxy-crosslink formation. A hydrogen atom of the
methylene group separating the double bonds of linoleate was abstracted.
The resulting radical after reaction with oxygen yielded a hydroperoxide with
conjugated double bonds. Using quantitative NMR it was established
that the conjugated double bonds decreased owing to epoxide formation and

(cleavage) into aldehydes and acids. The double bond
concentration could be followed independently with iodine monochloride
titration. Epoxide and acids may react to form esters compensating for the
loss of crosslink density due to cleavage. However, this could not be seen
with NMR. Mass spectroscopy (SIMS, ESI-MS) indicated the
homologous oxygen derivatives comprising the various oligomers. ESI-MS
gives high-resolution spectrum enabling mechanistic interpretation.
Generally, it appeared that a combination of radicals occurred in linoleate
crosslinking and addition to double bonds with recinoate. However, the
formation of higher oligomers took place via addition in both systems
presumably because the double bonds have become conjugated in the dimers.

1.2.3. Emulsified Oils and Resins

Bufkin and Grawe (1978) discussed most of the principal
concepts that have been employed to develop thermosetting or crosslinking
emulsions based upon different chemistries including a discussion of drying
oils and alkyd resins in emulsions. This six-part review was designed to
serve as an introduction to a series of publications describing research and
development of crosslinking emulsions.

El-Aasser, et al. (1974) was able to successfully emulsify
polyurethanes and epoxies by using a surfactant combination of sodium
lauryl sulfate and cetyl alcohol. They were able to reduce these systems by
mechanical sheaf to about 2-3 microns and further reduce the particle
diameter to about 0.5-micron by utilization of ultrasonic vibration or
homogenization.

Crews, Wildman, and Bufkin (1974) conducted an in-depth study of
the swelling ratio of crosslinked latex particles. Bourne (1978) conducted a
study of crosslinked thermosetting emulsions containing various silicon
moieties. These studies by Crews, Wildman, Bufkin, and Bourne have
focused on the swelling ratio theories as a concept useful in emulsion science
together with an analytical tool to measure crosslinking density within
emulsified particles. Leggett et al (1977) applied the swelling ratio technique
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for measuring the relative crosslinking density of polymer particles to three
commercially available thermosetting acrylic emulsions: Arolon X801
(Ashland Chemical Company); Rhoplex AC-604 (Rohm and Haas
Company); and Ucar 4510 (Union Carbide Corporation). The crosslinking
agent was Cymel 303 (American Cyanamide Company).

Dong et al (1999) and Gooch et al (2000) developed novel products
by grafting oil modified polyurethane resins onto acrylic polymeric moieties,
via hydrogen abstraction mechanisms, in miniemulsions. Draw-down films
on glass demonstrated acceptable hardnesses and adhesion. Wang et al
(1996) prepared miniemulsions by grafting alkyds resins onto acrylic
polymeric moieties. Miniemulsion polymerization offers some advantages
over conventional emulsion (macroemulsion) polymerization systems.
Among the advantages are a process that is more tolerant of contaminants,
and a product with more uniform copolymer composition, narrow particle
size distribution, and high shear-stability. The miniemulsion polymerization
is a “batch” reaction compared to emulsion polymerization which is a
continuous feed operation and subsequently, continuous. More specifically,
each emulsified particle in a miniemulsion is an individual reaction separate
from all other particles and with no continuous feed of monomers.

In some ways, the preparation of autoxidative polymerization of
alkyd resins and vegetable oils was one of the first miniemulsions, possibly
with the exception that the average particle size of the typical miniemulsion
particle is significantly smaller. Miniemulsion polymerization involves the
use of a more effective emulsifying system to produce very small monomer
droplets (<500 nm). Particle nucleation occurs primary via radical entry into
the small monomer droplets. These must be stabilized against coalescence
and diffusional degradation. Coalescence may be precluded by the addition
of an appropriate surfactant. Diffusional degradation, or Ostwald ripening
can be eliminated by the addition of a small amount of a water-insoluble
(hydrophobe), monomer-soluble stabilizer. Polymers, comonomers, and
chain transfer agents have been reviewed as hydrophobes. Miniemulsions
have some unique and desirable properties: They are far more robust to
variations in the recipe or to contaminant levels than conventional emulsions.
Particle number is less sensitive by at least an order of magnitude to changes
in initiator, water-phase retarder, and oil-phase inhibitor concentrations than
macroemulsion polymerizations from which typical latex paint dispersions
are derived. Perhaps because of this robustness, it was possible to produce
latex with a narrow polydispersity. Hydrophobic comonomers have been
used successfully as hydrophobes. It has been found that such systems will
give a more uniform copolymer composition since the supply of hydrophobic
comonomer is not mass-transfer limited than in macroemlsion
polymerization. Miniemulsion polymerization also can be used to produce
copolymers in which one of the comonomers (i.e. macromers) is almost
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completely insoluble in water. Such copolymers are often not possible with
macroemulsion polymerization. Finally, graft copolymers with alkyds,
polyesters, urethanes, etc., can be made by hybrid miniemulsion
polymerization, and may be the basis for a new generation of low volatile
organic compound (VOC) alkyd coatings. A major effort in the development
of miniemulsion technology is the Reaction Engineering Group directed by
Dr. F. Joseph Schork in the School of Chemical Engineering at the Georgia
Institute of Technology.

1.3. Theoretical Considerations

1.3.1. Intrinsic Viscosity

Staudinger (Billmeyer, 1973) was the first to report that the viscosity
of polymer solutions was related to polymer molecular weight. Later work
by Mark-Houwink and Sakurods (Billmeyer, 1973) modified Staudinger’s
equation to

The k and a constants are determined from a plot of vs.
is the curve intercept and a is the slope of the curve, usually an

expression for the degree of branching along a polymer chain.
Measurements of solution viscosity are usually made by comparing

the efflux times for a specified volume of polymer solution to flow through a
capillary tube with the corresponding solution and the solvent is the relative
viscosity The specific reduced and inherent

viscosities are derived as follows, where c is the concentration of polymer in
solvent:
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The intrinsic viscosity vs. concentration and the viscosities are extrapolated
to zero concentration, which is the intrinsic viscosity.

1.3.2. Hydrophile-Lipophile Balance (HLB)

The numerical, but non-theoretical Griffin (Beerbower, 1971)
hydrophile-lipophile concept is based on an experimental method assigning
numbers to emulsifiers by observation of emulsion stability. The resulting
HLB numbers reduce a vast amount of experimental work to a single
numerical scale and express a hydrophile-lipophile balance in an emulsion
system.

The following procedure is used: A specified test oil and pure water
are to be emulsified. Oleic acid and Potassium oleate are the primary
reference emulsifiers. The oleic acid is assigned the arbitrary HLB number
of 1.0 as the lipophile component and potassium oleate is assigned the
arbitrary HLB number of 20 as the hydrophilic component. All subsequent
HLB numbers are derived from these primary standards, even if determined
from secondary reference emulsifiers. It is then assumed that the two
primary reference emulsifiers and all subsequent emulsifiers, can be blended
in various ratios on a weight fraction basis in a linear and additive manner to
give a continuous series of HLB numbers according to the following
equation:

where:

Finally, it is observed that the HLB number of the ratio of reference
emulsifiers that gives the most stable emulsion with a given oil, as
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determined by experiment, may be designated as the “HLB requirement” for
that oil when used with any combination of emulsifiers (McCutheon’s
Detergents & Emulsifiers, 1977).

There is a continuous range of liquid phase mixture types, from true
solutions which are fully dispersed at a molecular level, through clusters or
aggregates of relatively small numbers of solute molecules in miscelles, and
translucent colloidal dispersions ( to ) up to opaque solid-liquid
suspensions, liquid-liquid emulsions, and liquid-vapor foams. All can be
discussed in terms of cohesion parameters (Barton, 1983).

The dispersal efficiency of surfactant or emulsifier molecules is a
function of the relative interactions of their polar, hydrophilic “heads” with
the aqueous phase and nonpolar, lipophilic “tails” in the hydrocarbon phase.
Surfactants may be nonionic or ionic, but high polarity is achieved only in
the ionic surfactants. The original HLB value was a concept by Griffin
(1949) to devise a quantitative, but empirical hydrophile-lipophile (HLB)
scale, on which oleic acid has and potassium oleate has
to describe this behavior.

The emulsion stability of hydrocarbons in water may be correlated
with the cohesion parameters of the hydrocarbons, while the solubility and
aggregation characteristics of surfactants may be related to the cohesion
parameters of the surfactants and of the solvents on which they are dispersed
(Atwood et al, 1974). This localized segregation or structuring is not
confined to aqueous systems or to liquids: microdomains occur in block and
graft copolymer (Hefland, 1975; Hefland and Wasserman 1977).

Little and Singleterry (1964, 1970 and 1975) used Hildebrand
parameters, pointing out that the aggregation number (the number of
surfactant molecules per micelle) of dinonylnaphthalene sulfonate surfactants
is an approximately linear function of the Hildebrand parameter of the oil.
Also, there is a clear correlation between HLB data for surfactants and their

values (Barton, 1983). These data conform to the relationships:

A related hydrophile-lipophile balance function,
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has been used in assessing the efficiency of phase transfer catalysts in the
benzene-water system in terms of Hilderbrand parameters (Fukunaga, Shirai
and Kimura, 1980). Such expressions obviously suffer from using only
single-cohesion parameters, and progress has been made with
multicomponent parameters.

Beerbower (1972) and co-workers were among those who discussed
the dispersing tendencies on the oil and water interfaces of the surfactant or
emulsifier region in terms of the ration of the cohesive energies of the
mixtures of oil with the lipophilic portion of the surfactant and of water with
the hydrophilic portion. They used Hansen parameters (Hansen and Skaarup,
1967), and for situations where and match for oil/lipophile and for
water/hydrophile, their expression takes a simplified form. This can be
related to the hydrophile-lipophile balance (HLB), for which Beerbower’s
definition is:

where is the molecular weight of the hydrophilic portion of the

emulsifier (including the CO group if an acid is involved) and is the
molecular weight of the lipophile starting with the first carbon not attached to
oxygen. It is possible to relate this to the cohesive energy ratio (Winsor,
1954) in the form

where
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Correlation of literature data for the optimum value of for oil (o)

in water emulsions yields the optimum HLB value for the emulsifier:

Other criteria for the selection of the emulsifier are

A plot of log against HLB was found to be approximately linear, and it

proved convenient to define and extended hydrophile-lipophile balance scale,

This allows the estimation of and subsequent correlation with the

cohesion parameters of emulsifiers with values covering a wider

range than the original definition. The method of Section 6.5 is used to
determine and

Marszall (1976) has proposed an alternative to the cohesive energy
ratio, called the cohesive energy balance,

Relative advantages and disadvantages of these approaches are not clear.
Cohesion parameters have been applied to various other commercial

emulsions, dispersions and suspensions.
Water-based paints
Aqueous emulsions of cellulose nitrate/acrylic polyblends
Suspensions of drug compounds
Hansen parameter maps of commercial pastes
Extraction of organic colloids from soil
Correlation with of the sedimentation of the inorganic pigment

ultramarine blue from organic liquids
Pigmented polymer compositions
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Degree of aggregation of Tween ® (polyoxyethylene sorbitan aliphatic

ester) and Span ® (sorbitan aliphatic acid ester) commercial detergents
Properties of alkyl polyglycol monoethers
State of aggregation of poly-(-benzyl-L-glutamute

Foaming behavior may also be correlated by means of cohesion
parameters. At the beginning of this chapter it was pointed out that there
could be an abrupt transition from defoaming (foam inhibiting behavior) to
profoaming (foam stabilizing behavior) in a series of surfactants, associated
with an insolubility-solubility transition. The same effect occurs with a
single surfactant if its solubility is strongly temperature dependent, illustrated
by sodium stearate which is much more soluble in hot water than cold, and
which foams only at higher temperature. Block copolymers containing
polyethylene oxide act in a similar way. It follows that the spherical Hansen
solubility surfaces for polymers and others materials represent polymer-
solvent combinations, which are likely to exhibit foaming. Solvents that
readily dissolve polymers do not form foaming solutions, solvents that
dissolve no polymer do not foam, but solvents that exhibit limited solvent
action exhibit a maximum in foaming ability. This has been illustrated by
plotting foam stability as a function of the distance between the solvent and
solute points in Hansen three-dimensional solubility space for
polymethylmethacrylate, the chlorinated polypropylene Parlon® P10
(Hercules, Inc.) and the epoxy-resin Epikote 1001 (Shell Chemicals).
Foaming behavior appears to be a more sensitive indicator of the limits of
polymer-solvent interaction than solubility or swelling.

The optimal selection of surfactants for emulsification of materials
(with or without solvent) involves an understanding of HLB values and
solubility parameters with respect to chemical relationships between each
resin and/or monomer and the chemistry and conditions (pH, conductivity,
etc.) of the continuous phase, usually an aqueous phase. Arbitrary selection
of surfactants (soaps, detergents, etc.) for emulsification of monomers and
resins will usually produce unacceptable results.

1.3.3. Diffusion of Oxygen in an Emulsion

Fick’s Law (Barrow, 1973) describes the relationship between
dissolved oxygen or air diffusing through the aqueous phase of an emulsion.
Fick’s Law is expressed as follows:
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where: w = mass of diffusing oxygen
t = time
D = diffusion coefficient
A = area of aqueous boundary
C = concentration of oxygen
X = distance in aqueous phase.

Experimentally, the rate of diffusion is proportional to the concentration
difference across the boundary of aqueous phase, dc/dx concentration
gradient. The diffusion rate is also proportional to the cross-section area, A,
of the aqueous phase. If the diffusion rate is written dw/dt, mass of oxygen
transferred across the aqueous boundary per second, then the expression
becomes equation (6). The proportionality constant, D is called the diffusion
coefficient and the negative sign is introduce so that D will have a positive
value. The diffusion coefficient can be recognized as the amount at the
amount of oxygen that diffuses across a unit area in one second under the
influence of a unit concentration gradient. The diffusion coefficient is
characteristic for a fluid at a given temperature.

The diffusion constant, D, is described as follows:

where: D = diffusion constant, per mole
R = ideal gas constant
T = absolute temperature
R = radius of diffusing molecule (oxygen)
0 = viscosity of solvent (water).

1.3.4. Solubility of Air and Oxygen in Aqueous Phase

Oxygen gas concentration in the aqueous phase of an emulsion
increases with oxygen pressure. This statement is based upon Henry’s Law
(Barrow, 1973), which states that the concentration of a slightly soluble gas
increases with increasing partial pressure of that gas. Therefore, in order to
increase the concentration of oxygen in the aqueous phase of the emulsion, it
is necessary to increase the oxygen partial pressure. If the oxygen
concentration, in grams of oxygen per liter of aqueous phase, can be
correlated with oxygen pressure, then controlling the oxygen pressure can
control the oxygen concentration. It is necessary to draw a correlation curve
from which oxygen concentration can be derived by knowing the oxygen
partial pressure under various conditions of temperature and pressure.

iranchembook.ir/edu



Alkyd Resins, Vegetable Oils and Autoxidative Polymerization 23

Henry’s Law expresses the partial pressure and concentration of oxygen as
follows:

Henry’s Law constants (in the Appendix) represent constants for
oxygen at temperatures of 0°C to 100°C. Since the autoxidation reaction
proceeds at 55°C, the Henry’s law constant is  Table A.2
represents Henry’s Law Constants for air. At 55°C the Henry’s Law constant
is Since the last figure indicates that atmospheres per
mole greater partial pressure is necessary to dissolve one mole of air in one
liter of water relative to elemental oxygen, it is apparent that elemental
oxygen is more soluble than air. Air is 20.946% oxygen by weight.
Therefore, the concentration of oxygen from air (Table A.3) at the same
partial pressure is not equal to the equivalent partial pressure of elemental
oxygen in water as described in Table A.4 in the Appendix.

1.3.5. Swelling Ratio

The solubility behavior of polymers has been interpreted by Cragg
and Manson (1951) in terms of two different phases of different structures.
The sol phase is the portion completely soluble in solvents of similar
solubility parameter. The gel phase is insoluble in all solvents, although the
gel-phase is capable of swelling in some solvents to a degree.

A three-dimensional network polymer such as a vulcanized rubber
will not become completely dissolved but may absorb a large quantity of an
appropriate solvent. Flory (1953) stated that swelling occurs under these
conditions for the same reason that the solvent mixes with the same linear
polymer to form a polymer solution. If the polymer swells with solvent, then
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it is described as a swollen gel solution, elastic rather than a viscous one. An
increase in entropy accompanies the swelling phenomenon due to the added
volume of the polymer throughout which the volume may spread. As the
network is swollen by adsorption of solvent, the chains between networks are
required to assume elongated configurations and a force similar to the elastic
retractive force in rubber develops in opposition to the swelling processes.
As swelling proceeds, this force increases and the diluting forces decrease.
A state of equilibrium swelling is ultimately reached in which the two forces
are in balance similar to osmotic equilibrium.

There are numerous techniques for studying the network structure in
crosslinked polymers. An excellent technique involves the swelling of
polymer in solvent. If a crosslinked polymer is added to a solvent for the
uncrosslinked polymer, then the crosslinked polymer will swell, but it will
not dissolve, the total volume will increase. The soluble fraction of the
polymer material will dissolve and diffuse out of the swollen polymer. The
uncrosslinked matter is the sol fraction of the total polymer matter. The
crosslinked material will swell in the three-dimensional polymer gel phases
until the solution of osmotic forces are balanced by the forces due to the
stretched segments of polymer chains. These elastic retractive forces are
inversely proportional to the molecular weight of polymer between
crosslinks. A highlinked polymer will not swell as much as a lightly
crosslinked polymer.

Flory (1953) has discussed the theory of crosslinked polymers. The
equation relation the extent of swelling to the molecular weight between
crosslinks is as follows:
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Swelling is expressed as the swelling ratio, which is equal to the

ratio of the volumes of the swollen to unswollen gel. The swelling ratio

is the reciprocal of in the equation above, Substituting

for in the following equation , it becomes

Albert Einstein derived a relationship (Crews et al, 1977) between
the viscosity of a suspension, the viscosity of the fluid phase, and the
volume fraction of the particles in suspension This relationship is
expressed in the equation

If the unswollen volume fraction of the polymer is known, the above
equation can be used to determine the swelling ratio of the latex particles
providing a solvent would be employed for the external phase that is capable
of swelling the polymer gel. However, a problem exists, because volume
fraction, N, is limited to a maximum of 0.02 due to particle interaction at
higher concentrations. Therefore, at corresponding concentrations of polymer
particles, the viscosity change of the solvent upon addition of particles would
be very small and inaccurate to measure. In order to circumvent this
problem, researchers including Guth, Simha and Gold (1936) have expanded
Einstein’s equation into a power series to linearize the function of volume
fraction and the hydrodynamic measurements. The general form of this
equation is

Guth calculated the value of a on theoretical grounds and arrived at the
equation

which increases the validity of the equation to lower values on down to
approximately 0.06. This equation can be solved for the internal phase
volume fraction, swelled polymer, by equating it to zero and applying the
quadratic formula.
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Equate to zero.

Apply quadratic formula.

Cancel terms.  

Rearrange the equation.

1.4.        Justification for Research and Development

The major justifications for water-borne coatings based on vegetable
oils are

1. Economics
a.
b.

Continual increase in cost of petroleum
Continual increase in costs of processing, e.g., heating

2. Energy
a.
b.

Water-borne resins processed at temperatures below 60 °C
Solvent system resins processed at temperatures above
300°C

3. Pollution
a.
b.
c.

Solvent vapor from drying coatings are pollutants
Malodorous solvent vapors
Water vapor evaporated from water-borne coatings during
drying.
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Because of the above advantages attributed to water-borne coatings systems,
research on water-borne coatings based on vegetable oil was initiated.

The emulsification of an oil or alkyd in water by mechanical shear
usually gives an average particle size of 2.0 to 3.0 microns. Under the best
conditions, the average particle size is still above 1.0 micron and the
distribution is typically broad. In contrast, emulsions generated via emulsion
polymerization usually have more narrow particle sizes distributions and
average particle sizes of 0.1 micron to 0.3 micron. The three to five fold
difference in particle size between the systems generated by emulsion
polymerization and emulsion polymerization and emulsification is critical.
For example, Vanderhoff (1970) and Vanderhoff, Vanderhul, Tausk, and
Overbeek (1970) reported that a monodisperse polystyrene latex of 0.2
micron diameter will never settle.

The tendency of colloidal particles to settle upon standing is offset
by their Brownian motion and the convection currents arising from small
temperatures gradients in the sample. The motion, which results from the
unbalanced collisions of liquid molecules with colloidal particles, is more
intensive the smaller the particle size. The convection currents depend on the
sample size and storage conditions such as temperature. The rate of
sedimentation of spherical particles according to Stoke’s Law is

One criterion proposed for settling is that a sedimentation rate of 1.0
mm per 24 hours will be offset by the thermal convection and Brownian
motion in a sample (Overbeek, 1952). Substituting this sedimentation rate
into the equation for a typical alkyd in a water medium

it is found that the largest particle size that will not
settle is 0.46 micron in diameter, assuming the viscosity of the medium is 1.0
centipoise. The resins in this project will range in density from 0.9 to 1.2 g/c

and thus, particle size can be critical.
Particle size is also an important consideration for coalescence and

film formation of an emulsion. The forces exerted on the emulsion or latex
particles during drying are those arising from the water-air and polymer-
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water interfacial tension (Vanderhoff, 1966 and 1970) that bring the particles
into close contact and initiate the coalescence. The maximum shear modulus
of a polymer particle then that can coalesce upon drying of its aqueous
dispersion is calculated to be about for a particle diameter of
0.1 micron at 30-dynes/cm surface tension (Vanderhoff, 1973). This
maximum shear modulus decreases inversely with increasing particle size,
i.e., the maximum shear modulus for coalescence for a particle diameter of
1.0 micron and 10.0 microns are and respectively.
Thus, the larger the particle size of the dispersion, the softer the polymer
must be in order for the particles to coalesce upon drying. If the shear
modulus of the polymer is too high for the emulsion particle, the particle
coalescence will be incomplete and the film properties will be diminished.

From the above discussion, it is clear that the particle size and the
crosslink density within the latex particle are critical. In this research the
emulsification technique and the selection of proper emulsifying agents have
controlled the particle size of the alkyd, oil or oil/alkyd mixture. The
crosslink density was developed by autoxidation (oxygen blowing) of the
emulsion.

Particle size of the emulsions was measured with optical microscopy
and spectrophotometric methods. Scanning electron microscopy and
spectrophotometric methods. Scanning electron microscopy was used to
examine the films formed from the reacted emulsion in order to examine the
films formed from the reacted emulsion in order to examine coalescence of
the particles.

Although there are numerous procedures for autoxidation of oils
available, none of them involve the utilization of emulsions, i.e., aspiration a
flow of air or oxygen into an emulsion. Thus, a range of temperature
between 40° C and 95 ° C was employed with no catalyst added. From these
data, the need for catalysis was concentrations to choose the best one(s).
Since both particle size and crosslink density are critical in these systems, an
optimum temperature and catalyst combination was established by
minimizing particle size increases due to agglomeration and maximizing the
crosslink density within the particles.

The agglomeration of particles during the autoxidation process was
observed via optical microscopy in the early stages of polymerization and by
scanning electron microscopy in the latter stages.

The following parameters have been involved during the
autoxidation reaction on the emulsion particles.

1.
2.
3.
4.

Rate of flow of air or oxygen
Temperature of the emulsion
pH of the emulsion
Rate of agitation (emulsion/oxygen).
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An independent study was conducted on each parameter to obtain optimum
set of conditions for reaction of the emulsion.
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SYNTHESIS AND POLYMERIZATION OF
ALKYDS

2.1. Alkyd Synthesis Procedure

Alkyd polymers used for experimentation were short, medium, long
and extra-long. In addition, an oil modified urethane alkyd was used. These
alkyds were synthesized from dibasic acids, polyols and vegetable oils. The
short, medium, long and extra-long alkyds contained 30, 52, 60, and 75
percent vegetable oil by weight, respectively. The urethane alkyd was
synthesized from toluene diisocyanate, polyol, dibasic acid and 62 percent
vegetable oil. The percent composition of each component is listed in Table
2.1.

The alkyds mentioned above were synthesized by charging the
polyol and dibasic acid into a 200 milliliter four-neck resin kettle equipped

31
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with a mechanical stirrer, nitrogen inlet, 0-250°C thermometer and a steam
jacketed condenser, barrett trap, water cooled condenser assembly. Xylene
was added as solvent and the temperature was raised to 100°C, at which time
the polyol was added. Upon continued heating, the temperature reached
160°C and water began to be evolved as the esterification proceeded. The
reaction temperature was held below 180°C until the appropriate acid value
(See Table 2.1) was reached. The acid value is related to the molecular
weight of the alkyd as described by Patton (1962). The acid value is
calculated by titrating the alkyd with an aqueous solution of base and
calculating as follows:

2.2. Emulsification Procedure

The oils and alkyd materials were emulsified by the following
procedure:

1.
2.

3.

The emulsifying agent was dissolved in distilled water at 25.0°C.
The oil (or alkyd) was mixed with the emulsifier solution while
being dispersed with the Ultrasonic Vibrator that
formed a pre-emulsion.
The pre-emulsion was stable enough to remain intact during
transfer to the Sub-micron Disperser and Homogenizer.
The emulsion was recycled until the desired particle size
reduction was achieved. The Homogenizer was
operated at a normal 3500 pounds per square inch of shear force.

Table 2.2 lists the components of the formulation that was found to
be suitable for the emulsification of alkali refined soya oil emulsion. Table
2.3 lists the components for the formulation of the medium soya/linseed
emulsion. The emulsifier for emulsification of medium soya/linseed was a
combination of emulsifiers as observed in Table 2.3.
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2.3. Autoxidation Procedure

The autoxidation of oil and alkyd emulsions were conducted in the
Bench pressure vessel illustrated in Figure 2.1. The vessel was
pressure, temperature and agitation controlled. The cross-section view of the
pressure vessel is illustrated in Figure A.1 in the Appendix. It can be seen
that the turbine agitator controlled by a tachometer is capable of thoroughly
circulating the emulsion within the vessel. The temperature sensor rests
within the liquid adjacent to the turbine agitator that produces a continuous
signal to the proportional temperature controller. The proportional
temperature controller pulses heat to the vessel proportional to the difference
between the desired temperature setting in the controller and the actual vessel
temperature. The oxygen (or air) pressure is controlled by a pressure
regulator connected to a delivery tube beneath the surface of the emulsion as
shown in Figure A.1 in the Appendix. The autoxidation is thus controlled
while periodic samples are taken from the interior of the vessel, beneath the
surface of the liquid and through a sample valve.
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The apparatus shown in Figure 2.1 was suitable for studying the
effects of parameter variances during autoxidative crosslinking of emulsified
particles.

The autoxidation reaction was conducted by the following
procedure:

1.

2.

3.

4.

5.

The emulsion was charged into the pressure vessel under
atmospheric conditions.
The oxygen (or air) pressure regulator was adjusted to the
predetermined vessel pressure.
The temperature controller was adjusted to the predetermined
vessel temperature.
The turbine agitator was engaged to the predetermined
revolutions per minute.
Samples were taken on a periodic time basis in order to monitor
the progress of the reaction.
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2.4. Materials

Vegetable oil derived materials used for experimentation are listed in
Table 2.3. These oils and alkyds were originally provided by the Research
Center, Cargill Corporation, Minneapolis, Minnesota, but presently supplied
by Eastman Corporation in year 2000 acquired the McWhorter Technologies
plants in Chicago Heights, Illinois. Alkyds were prepared by esterification of
vegetable oils with phthalic anhydride and multifunctional alcohols to obtain
the correct oil length within the structure of the alkyd molecule (Patton). The
raw soya oil was refined with sodium hydroxide to remove free fatty acids
and purify the oil.

The conjugated oils used for varying the percent conjugation of
alkyds for autoxidizable emulsions were synthesized by the formulation
described in Table 2.4. The vegetable oil derived fatty acids with varying
percent conjugation were provided by the Hercules Corporation and the
Sylvachem Corporation. The percent conjugation of the oils (for
synthesizing alkyds of varying percent conjugation) are contained in Table
2.5. These alkyds were emulsified, autoxidized and results are reported in
section 3.6.

Solvents used for dissolving alkyd III are listed as follows: 2-
butoxyethanol, mineral spirits, and xylene. The 2-butoxyethanol and mineral
spirits were of technical grade quality and xylene was of reagent grade
quality.
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2.5. Characterization

The emulsification of vegetable oil and vegetable oil derived alkyds
was characterized by determining the particle size of the emulsified material
which is indicative of shelf stability of the emulsion together with the freeze-
thaw stability of the emulsion. The progress of the autoxidation reaction was
followed in order to ascertain the kinetic nature of the reaction.

The polymer can be characterized by solution techniques when
soluble, but a different technique must be employed when the polymer has
become crosslinked to the point of insolubility. The autoxidation reaction
increases in rate and therefore the method of determining crosslinking must
be faster in order to control the reaction. Film properties are directly related
to the crosslinking of the emulsified oils and alkyds.
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2.5.1. Emulsion Particle Size

The stability of an emulsion has been related to the particle size or
diameter. Thus, it is necessary to know the particle size and particle
distribution in order to assure emulsion stability. The change of particle size
during autoxidation of the emulsion has also been measured in order to
determine the stability of the processed emulsion.

2.5.1.1. Microscopic Measurement

The microscopy method consisted of diluting a one-milliliter
emulsion sample to one hundred milliliter’s with distilled water at 25°C and
placing approximately 0.1 milliliter (one drop) sample of the dilution on a
glass microscope slide with cover slide. The microscope possessed a grating
positioned in the ocular component of the microscope. The grating was
calibrated with a 1.0 micron American Optical Company micrometer. An oil
immersion lens increased the magnification power to 2000 x. The basic
advantage of the microscopy technique is a fast inspection of the sample and
an approximation of the average particle size and distribution. Table 2.6
represents the homogenizationi of emulsion samples and an average particle
size approximated with the microscopy method. It is obvious that this
method suffers from an inability to accurately measure particle size below
1.0 micron and to detect small differences in particle size distribution.

2.5.1.2. Spectrophotometric Measurement

Referring to Table 2.7, an emulsion sample of alkyd III was diluted
with distilled water to a concentration of 0.2 grams per liter of water. The
percent transmittance varies from 49.1 to 46.7, which gave an
undistinguishable change under microscopic analysis. This change in
transmittance was studied further in Figure 2.2 where concentration is
expressed on dry weight alkyd basis. It can be seen from Figure 2.2 and
Figure 2.3 that percent transmittance decreases with increasing alkyd
concentration. It can be seen from Figure 2.3 that increasing average particle
size decreases percent transmittance.

A second alkyd, VII, was employed to determine a correlation
between different types of alkyd materials and percent transmittance with
concentration. Figure 2.4 is a percent transmittance and concentration curve
for the alkyd VII. The curve has a greater slope than the alkyd III, but the
curve is as linear, which indicates consistency. Both of these curves were
reproduced and the same correlation was obtained.
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Tables 2.6 and 2.7 and Figures 2.2 - 2.4 were constructed utilizing a
Bausch and Lomb Spectronic 710 Spectrophotometer for transmittance
measurements. The average particle size of each emulsion sample was
approximated with a Bausch and Lomb Polarizing Microscope. The
accuracy of the average particle size specified in Table 2.4, Figures 2.2 – 2.4,
was checked with a and found to be accurate within about
1.0 micron for average particle size measurements.

2.5.1.3.  measurements

A model TAII was used with a M3 Data Converter
(43) and a 15-micron aperature to measure particle size diameter. The
limiting particle diameter for this instrument is 0.20% NaCl electrolyte
before measurement. The data were reported in particle diameter distribution
by volume and population. Cumulative and differential curves were
constructed from the data points for emulsion particle percent by volume vs.
diameter.
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2.5.2. Emulsion Characterization

The emulsions were tested for shelf stability with the accelerated
shelf stability method described in ASTM D 1849-1987. The stabilities of
the emulsions were reported in days.

The emulsion mechanical stability was determined by agitation in a
Waring Blender and is reported in minutes that the emulsion withstood being
agitated at a rate of 1800 revolutions per minute before demulsification
began.

The emulsions were tested for freeze-thaw stability by freezing the
emulsion samples at -9.4°C and thawing at 25.0°C as described in ASTM D
2243-90.

The emulsion viscosity, in centipoise (cps), was determined with a
Brookfield Viscometer, model LVI. Relative viscosities of the emulsions
were determined using a capillary Cannon-Fenske Viscometer, size 100. The
relative viscosity was determined by flowing the emulsion through the
viscometer and obtaining a ration between the efflux times for the emulsion
and distilled water, which represents the aqueous phase of the emulsion.

2.5.3. Film Characterization

The films were prepared by drawing down a two-milliliter sample
for the emulsion on a smooth glass panel with a doctor blade with 3.0 to 6.0
mil openings. The thickness of the dried film was measured with a
micrometer after the film was freed from the glass panel.

The hardness of the film was determined with a Sward Hardness
Rocker Tester, Model C, (Paint Testing Manual, 1972) by the procedure
described in the Paint Testing Manual.

The tensile strength and percent elongation of the free films were
determined with an Instron 1130 Tensile Tester. The specimens possessed a
width of 1.0 centimeter, a thickness of 1.0 to 3.0 millimeters and gauge
length of 2.0 centimeters. The crosshead speed was 2.0 centimeters per
minute.

The scanning electron microscopy (SEM) samples were prepared by
adhering thin samples of dried film to the aluminum sample pedestal with
double-stick tape. A layer of carbon was deposited on the samples and they
were shadowed with gold-paladium alloy in a vacuum evaporator. The
micrographs were taken directly from these samples with an AMR scanning
electron microscope at a magnification of fifty to fifty thousand times.
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2.5.4. Intrinsic Viscosity Measurement

Determination of intrinsic viscosity is directly related to the
determination of viscosity average molecular weight. Therefore, monitoring
intrinsic viscosity is directly indicative of viscosity molecular weight
development. The intrinsic viscosity for the polymers that will be discussed
in following chapters was determined using the theory for dilute solution
viscosity and procedure for the Cannon-Fenske viscometer as described by
Collins, Bares, and Billmeyer (1973) in section 1.3.

2.5.5. Swell Ratio

The swelling ration is the volume ration of the swollen to unswollen
polymer. The volume of a polymer in water, hydrodynamic volume, may be
obtained by density measurements. This may be expressed as mass-density
quotient, where m is the weight of particle solids per cubic centimeter

of suspension and is the dry polymer density.

When is substituted in the above equation in terms of and
then

The variables in the equation are measurable by viscometric and gravimetric
methods. About 0.2 grams of solids were added to a deciliter of acetone to
dissolve the aqueous phase and swell the polymer. Acetone was selected
because it is a water and alkyd miscible solvent which is useful for diluting a
water borne soya alkyd latex. A suspension will appear as a very dilute latex
and will exhibit a Tyndal effect. It is necessary to keep this sample covered
to prevent evaporation, which would change the concentration.

Accuracy is essential in the viscometric measurements of the
suspension and the fluid phase of the suspension. A Cannon-Fenske #50
viscometer in a water bath is controlled at Densities are required
of both the suspension and the fluid phase. These densities are determined
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by use of a 25-milliliter pyconometer. Temperature control is essential
during these measurements, there being one temperature held constant
throughout the experiments. After viscosity and density measurements have
been completed on the initial suspension, a 5-10 milliliter aliquot must be
utilized for a percent solids determination.

The remaining suspension sample is then centrifuged (14,500 rpm at
10°C). The supernatant (fluid phase) is then decanted, thermally stabilized
and density, viscosity and percent solids measurements are performed. With
these measurements completed, the equation for the swollen volume fraction,
N, can be applied in the following equation:

The viscosities of the suspension and fluid phase are determined by

In the above equations, A and B are calibration constants of the #50 Cannon-
Fenske viscometer. The constants A and B are the intercept and slope of the
curve resulting from ploting from Figure A.4 and Table A.5 in
the Appendix. The flow times for the suspension and fluid phase are to

The densities of suspension and fluid phase are represented by and
The correction factor for buoyancy in air is added by the expression

containing the air density, as follows:
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The pycnometer tare weight is represented by and pycnometer gross

weight by Measurements and are utilized to determine the
weights of the samples. The weight is divided by the pycnometer volume, V.
A correction factor, k, is used for buoyancy factors and is defined in the
following equation.

It is then necessary to determine the unswollen volume fraction of the
polymer by the following equation:

And polymer density, can be determined directly or the undiluted latex

density can be measured and by applying the percent solids, the unswollen
polymer (dry) density can be calculated. The mass, m, of the particles in
suspension is calculated by

Where is the solids content of the suspension (grams of solids per ram of
suspension) and is the solids content of the fluid phase (grams of solids
per gram of fluid phase). The swelling ratio is calculated by

A summary of the above calculations,

  Where:  centipoise viscosity latex dilution
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2.5.6. Turbidimetric Measurement of Swelling Ratio

Due to a two-hour analysis time to obtain the swelling ratio of
crosslinked emulsion particles, it was necessary to utilize a faster method of
determining degree of crosslinking during the progress of the reaction. The
autoxidation reaction under 80 pounds per square inch (p.s.i.g.) of oxygen
pressure required less than ten hours. Thus, it is necessary to measure the
swelling ratio with the aid of a technique, which requires less than fifteen
minutes.

An emulsion sample will increase in crosslink density with
decreasing swelling ratio and will decrease in swelling ratio with decreasing
solubility in solvent as shown in Table 2.8.
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The critical period of the reaction occurs while the swelling ratio is
decreasing rapidly, and the solubility of the emulsion particles is decreasing
as rapidly. The autoxidized emulsion with crosslinked particles was
dissolved in a series of solvents to determine the most preferable media for
measuring turbidity of the emulsion particles. Naturally, the best solvent
would create the greatest solubility of the polymer due to maximum polymer-
solvent interactions. In a good solvent, the particles would exhibit turbidity
due only to significant crosslinking and not due to a lack of polymer-solvent
interactions.

Acetone was found to be the best solvent for the emulsion sample.
The polymer particles and aqueous phase dissolved easily and quickly in
reagent grade acetone. Turbidity developed in the form of reduced percent
transmittance in a spectrophotometer. The emulsion sample was dissolved
directly in acetone as taken from the pressure reactor.
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2.5.7. Dissolved Oxygen in Aqueous Phase

Table A.6 in the Appendix represents a tabular correlation of oxygen
partial pressure in convenient and useful terms with oxygen concentration,
grams per liter of water. Figure 2.5 represents a calculated graphical
correlation curve between oxygen in water, grams per liter. The pressure
regulator actually used in these experiments was calibrated in pounds per
square inch, psig (pounds per square inch, gravity).
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Table A.4 in the Appendix represents convenient and useful tabular
correlation between psig and oxygen concentration, oxygen grams per liter
and moles per liter of water. These correlations were useful for interpreting
the influence of oxygen concentration of the autoxidation reaction.
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EMULSION AND KINETIC STUDIES OF
AUTOXIDATIVE POLYMERIZATION

3.1. Emulsifier Studies

The emulsification of vegetable oils and vegetable oil derived alkyd
polymers requires suitable emulsifying agents. The selection of an
emulsifier for stabilization of vegetable oil material will not necessarily be
the most favorable emulsifier for a vegetable oil derived alkyd.
Emulsification experiments must be conducted after determining solubility
parameters of the emulsifier in the aqueous and polymer phases such that
the hydrophile-lipophile balance (HLB), which is related to the solubility
parameter (McCutheon’s Detergent, & Emulsifiers, 1977), may be obtained.

Properties of films prepared from emulsions with a standard drying
agent will be examined in the following pages in order to demonstrate the
influence of emulsifiers on film formation.

3.1.1. Emulsifier Sources and Chemical Structures

Emulsifiers were selected on the basis of the general characteristics
that appeared to be necessary for emulsification of vegetable oils and
vegetable oil derived alkyds. McCutcheon’s Detergents and Emulsifiers
(1999) was reviewed for this general purpose and the emulsifiers and
manufacturers for selected compounds are specified in Table A.7 in the
Appendix. Table A.7 in the appendix contains only nonionic and anionic
emulsifiers. Cationic emulsifiers do not appear (from experimentation) to be
as useful for emulsification of vegetable oils and derived alkyds.

The chemical structures of the emulsifiers from Table A.7 are
described in Table 3.1. The chemical structures were obtained from the
manufacturers and are presumed to be correct.
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3.1.2. Emulsifiers and Emulsion Stability

An initial study was conducted to determine the emulsifying
capability of the general types of emulsifiers contained in Table 3.1. The
emulsions were prepared by pre-emulsifying alkyd IV, a medium
soya/linseed product. The emulsifier was dissolved in distilled water and in
concentration of 4.0 percent by weight of the dry alkyd. It was
predetermined that 4.0 percent emulsifier was adequate for emulsification.
The concentration of the emulsifier is important since emulsifier for
stabilization must adequately surround each alkyd particle surface. The
alkyd, in mineral spirits solution at 50.0 percent by weight was pre-
emulsified with 48.0 percent distilled water. The emulsifier concentration
by weight was 4.0 percent dry weight of alkyd. Table 3.2 represents
preliminary screening emulsifier and emulsion studies. The accelerated
stability test was employed to evaluate the performance of the emulsifiers.

The pH term in Table 3.2 represents the pH of the pure emulsifier.
The hydrophile-lipophile balance (HLB) is indicative of the pure emulsifier
only. It can be seen from inspection of Table 3.2 that the maximum stability
for emulsifiers employed in the pure state was only about four days. It was
observed that when Dupanol C (dodecyl sodium sulfate) was combined with
a nonionic emulsifier that the average HLB value was greater than any of
the nonionic emulsifiers. Therefore a combination of selected nonionic
emulsifiers was studied for emulsion stability. The lower portion of Table
3.2 represents an emulsifier combination study and it can be seen that the
stability of emulsions was improved significantly. A combination of 75.0%
Igepal CO-430 and 25.0% Dupanol C dramatically increased the emulsion
stability to fourteen days of heat accelerated stability.

3.1.3. Emulsifiers and Freeze-Thaw Stability

Freeze –thaw stability is representative of the ability of the emulsion
to withstand repeated freezing and thawing cycles. Practically, the shipment
of emulsions to cold areas of the nation could result in freezing of the
emulsion. Therefore the emulsion must withstand freezing and thawing,
preferably five cycles.

Table 3.3 represents the freeze-thaw stability of selected emulsifiers
from Table 3.1 and demonstrates that Gafac RE-960 stabilized emulsions
possess superior stability for freeze-thaw cycling.
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Mechanical stability: All samples unaffected by 5 minutes of agitation,
Waring blender (laboratory model)

3.1.4. Emulsifiers and Film Characterization

In subsequent emulsifier selection study, films were formed on glass
panels from emulsions that contained 0.04% cobalt naphthenate. Cobalt
naphthenate is a preferred catalyst for curing an alkyd in mineral spirits.
The catalyst was added to the aqueous phase of the emulsion prior to film
formation. The tensile strength and percent elongation properties of the free
film were determined. Table 3.4 presents the emulsifiers, film tensile
strength, elongation and stability of the emulsion when no catalyst was
employed. Referring to the hydrophile-lipophile balance (HLB) of the
emulsifiers in the pure state, together with their pH in water, it can be seen
in Table 3.4 that Gafac RE-960, T-Det A026 and T-Mulz 596 engender
superior tensile strength properties to films of alkyd III compared to the
remaining emulsifiers. Gafac RE-960 and T-Mulz 596b are oxyethylated
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3.2. Phase Ratio and Co-Solvent Study

The optimization of the polymer phase is important because a
maximum amount of polymer phase is desired within the emulsion. The
polymer phase is the film forming component within the emulsion and the
greater the polymer phase fraction, the less total emulsion is required to
form an identical thickness film. The economic factor would dictate that the
percent solids or polymer fraction be as great as possible in order to reduce
freight costs of shipping water.

Co-solvent utilization within the polymer phase has been a
stabilizing factor (Becher, 1965). Thus, the optimization of co-solvent type
and amount needed with the polymer phase of the emulsion for optimal
stability and lowest pollution was sought. The selection of a co-solvent for
the alkyd polymers was studied with respect to stabilizing effects.

3.2.1. Solvent Alkyd Emulsions

Emulsions were prepared by homogenizing medium soya alkyd
without any co-solvent present in an attempt to avoid hydrocarbons or other
petroleum derived material in the preparation of the emulsion. Table 3.5
lists the emulsifiers and their concentrations expressed in emulsifier weight
per weight of alkyd. The emulsifier combination of dodecyl sodium sulfate
and T-Det A026 was unsuccessful for stabilizing the homogenized particles
for even one day. The Gafac RE-960 emulsifier successfully stabilized the
emulsion for a period of more than four days, but the emulsion sample did
not autoxidize when reacted with oxygen at one atmosphere of pressure.
This emulsifier is an oxyethylated alkyl phenol ester of phosphoric acid and
is suspected of retarding autoxidation of scavenging oxygen effectively as it
diffuses into the emulsified particles.
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3.4. Studies of the Autoxidative Crosslinking of Emulsified
Alkyd Particles

Utilizing the results of autoxidative crosslinking of soya oil as a
guideline for processing, the autoxidative crosslinking of emulsified alkyd
polymer was initiated. The progress of crosslinking was followed and the
degree of crosslinking was compared to that accomplished using soya oil.

3.4.1. Autoxidation Reaction of Emulsified Alkyd Resins

Alkyd III, after emulsification, was used to conduct an airflow rate,
temperature, and agitation rate study similar to those described for AR soya
oil. The results of these studies are presented in Tables 3.16, 3.17, and 3.18.
Airflow rate was found to be optimal at 708.0 cubic centimeters per minute
as is demonstrated by the data in Table 3.16. This flow of dry compressed
cylinder air was the maximum flow rate attainable without producing foam
within the emulsion. A processing temperature of 55.0°C for 48 hours
produced the best overall emulsion stability and sixty revolutions per minute
produced the best emulsion stability for processing the emulsion at
atmospheric pressure.
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Table 3.19 summarizes the results from the processing studies
mentioned. The conditions listed will be utilized in all following
autoxidation reaction of alkyd emulsions at atmospheric pressure.
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Air autoxidation of the alkyd emulsion produced significant
improvements relative to air-autoxidized soya oil emulsions. Intrinsic
viscosity was increased beyond the highest intrinsic viscosity obtained with
air autoxidation of the soya oil emulsions and the drying time was
dramatically reduced. The improved properties were expected because alkyd
III possessed a higher viscosity-average molecular weight before
autoxidation and higher functionality available for reaction.

3.4.2. Non-catalyzed Autoxidation Reaction

This emulsion was air autoxidized under a variety of conditions
(Table 3.22). Initially, the intrinsic viscosity of the alkyd polymer phase of
the emulsion was determined in order to detect viscosity-average molecular
weight increases during autoxidative crosslinking. Table 3.20 represents the
autoxidation reaction time as related to intrinsic viscosity and dry time of the
films formed from the emulsion. It can be seen from these data that intrinsic
viscosity increases to a significant degree and the drying time of films
formed from the emulsion decreases rapidly with increasing autoxidation.
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3.4.3. Benzoyl Peroxide Catalysis in the Alkyd Phase

In subsequent air autoxidation experiments, benzoyl peroxide was
dissolved in alkyd III in concentrations of 0.5 and 1.0 percent of weight of
polymer and emulsified. The emulsions were autoxidized under the standard
conditions and samples were taken at hour intervals during the blowing
process. As indicated in Figure 3.1, the results of benzoyl peroxide catalysis
with regard to intrinsic viscosity and reaction time, is that as the benzoyl
peroxide concentration increases, the intrinsic viscosity increases more
rapidly. Benzoyl peroxide was chosen as the catalyst for this experiment
because of its “temperature of decomposition value” and half-life to produce
radicals being near the temperature of represents processing. The
improvement in rate of reaction definitely indicates that benzoyl peroxide
does catalyze the reaction.
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3.4.4. Cobalt Naphthenate Catalysis in Aqueous Phase

Cobalt naphthenate, a commonly used autoxidation catalyst, was
utilized to catalyze, was utilized to catalyze the autoxidation of an alkyd IV
emulsion. Figure 3.2 represents stress-strain relationships for catalyzed and
uncatalyzed alkyd IV emulsions. The unreacted emulsion, catalyzed with
0.04% by weight cobalt metal, possessed a greater tensile strength than
autoxidized emulsions, catalyzed and non-catalyzed, although the air
autoxidation reaction was expected to increase the tensile strength of the
films to a value comparable to that of the catalyzed alkyd/mineral spirits
system.

The films of the cobalt-catalyzed systems were examined with the
scanning electron microscope. Figure 3.3 shows an SEM photomicrograph
of the alkyd IV emulsion system catalyzed with cobalt naphtehnate after 168
hours dry time. Sparsely distributed air inclusions can be seen within this
film. However, upon inspection of Figure 3.4, air autoxidized and
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uncatalyzed, a large degree of air entrapment can be observed. The large
amount of void space within this film contributes to the decrease in tensile
strength compared to the film formed from the non-autoxidized emulsion.
Figure 3.5 represents the air autoxidized, but non-catalyzed, emulsion film,
which contains voids of air inclusions, but less than Figure 3.4. The tensile
strength of the film in Figure 3.4 is also greater than the film illustrated in
Figure 3.5. The only difference between the two films is that the last film
was non-catalyzed. It is obvious from inspection of the micrographs why the
tensile strengths of the films differ considering the significant voids
contained within the films. The films discussed were oven-cured for 5.0
hours at 80°C. Oven drying was a fast method of curing the films and
observing results, but air-drying at 20.0°C allows more air inclusions to
escape from the film and form a more consistent film. In addition, the tensile
strength of an oven-dried film is significantly greater than that of an air-dried
film as will be demonstrated by following experiments. Therefore, ambient
air-dried films are tensile strength tested in all further experiments herein to
obtain accurate results.
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The utilization of pure oxygen instead of air to process alkyd III
eliminated the large voidage volumes within the dried films and, therefore,
oxygen was employed to autoxidize the emulsion. An additional advantage
of using oxygen that was expected was to enhance the rate of the reaction
due to a greater solubility in the aqueous phase of the emulsion compared to
air solubility.

The alkyd IV emulsion was autoxidized in two experiments. The
first experiment consisted of 0.04% by weight of cobalt naphthenate in the
aqueous phase of the emulsion and the second experiment consisted of
autoxidation of the alkyd III with no catalysis. Table 3.21 represents the
reaction time and subsequent dry times found for the catalyzed and non-
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catalyzed systems. The solvent-alkyd system without emulsification is also
represented in Table 3.21. The dry time of the catalyzed solvent-alkyd
system was two hours, as expected, but the same alkyd, emulsified and
catalyzed, did not dry for more than five hours. The emulsifier was
suspected of plasticizing the film and preventing proper drying. The same
emulsion was prepared again without emulsifier and the dry time was
comparable to the solvent-alkyd system. The emulsifier and film property
study will be further described herein, but it was found that Igepal CO-430,

expected The tensile strength increased with autoxidation
time, both catalyzed and non-catalyzed. The percent elongation increased
with tensile strength. Tensile strength and percent elongation increased with
cobalt naphthenate added to the emulsion after the autoxidation reaction.

Table 3.23 represents reaction time with dried film hardness as
determined by the Sward Hardness Test. On inspection of Table 3.23, it can
be seen that hardness increases with reaction time. The hardness from this
table corresponds to the same reaction time for the previously discussed film
properties. It can be seen by reviewing the emulsifier studies contained in
Table 3.1 that Igepal CO-430 contains a phenolic ring, which is often capable
of scavenging free radicals. This could retard the autoxidation of the drying
film and appear to be doing so here.

In addition to the measurements discussed, the percent solids value
of the emulsion, with reaction time, was determined for each sample. Table
3.24 represents the percentage of dry alkyd by weight in each emulsion
sample with respect to reaction time. The percent of alkyd increases due to
loss of water and/or co-solvent, mineral spirits, during the autoxidation
process.

nonylphenoxypoly alcohol, produced poor tensile strength
even when catalyzed with 0.04% cobalt naphthenate (Refer to Table 3.1).
This emulsifier was responsible for the slow rate of drying even when
catalyzed. Table 3.22 represents the tensile strength and percent elongation
for the samples from Table 3.21. The solvent-alkyd system produced the
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3.4.5. Autoxidized Emulsion Characterization

Alkyd III was oxygen autoxidized at atmospheric pressure and
samples were taken hourly in order to characterize the change of percent
solids, pH, particle size, relative and absolute viscosity with respect to
reaction time. Table 3.25 represents the result of this characterization.

Percent solids of alkyd increased again with increasing reaction time
as expected and discerned above. The emulsion pH decreased with
increasing reaction time and this observation will be investigated further in a
later study. The particle size was estimated by the microscopic examination
of a diluted emulsion sample. The particle size did not change significantly
until 30 hours of reaction time and then thereafter. The relative viscosity
decreases slightly initially, and then begins to increase again after fifteen
hours of reaction. The absolute viscosity steadily decreases. It is important
to note at this point the difference between the two viscosity methods. The
relative viscosity is obtained by effluxing the emulsion through a capillary
viscometer and obtaining a ratio of its efflux time to that of distilled water or
the aqueous phase of the emulsion. The capillary is very sensitive to percent
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non-volatile and since the percent non-volatile changes by more than eight
percent, relatively speaking, during the process, one would expect the
relative viscosity to increase. At the same time, the particles crosslink and
become more dense thereby reducing the emulsion viscosity. The non-
volatile change is the over-riding parameter here.

examination utilized for the above oxygen autoxidation
reaction of emulsion.

The absolute viscosity is determined by measuring the resistance to
rotation of a cylindrical spindle within the emulsion. As the crosslinking
increases within the particle with time and the particles eventually become
hard “spheres” in the water. A decrease in centipoise (absolute) viscosity
was with reaction time is observed thereby demonstrates that the particle
crosslinking overrides the percent solids increase with reaction time. After
40.0 hours reaction time, the viscosities change dramatically. At this point in
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the reaction, the percent transmittance in acetone decreased significantly,
indicating that the polymer is highly crosslinked. After 45 hours of run time,
the emulsion is visibly unstable and sedimentation is observed. Thus, the
viscosities, relative and centipoise, demonstrate the onset of instability.

Table 3.26 represents the dry times of films formed from emulsions
processed in Table 3.25. Dry time decreases rapidly after 30.0 hours of
reaction. Time required for the film to become tack-free (surface dry) is
usually smaller than total film dryness or set time. It is obvious after
inspection of Table 3.26 that the film qualities develop during the final stages
of crosslinking of the emulsified particles. The solubility of the particles with
reaction time is described by percent transmittance in acetone. As the
solubility decreases, as shown by turbidity in the sample and decreasing light
transmittance, the crosslink density increases with decreasing swelling ratio.
The clean-up or washability with soap (10% dodecyl sodium sulfate in
water) was rated from one to ten as shown in Table 3.26. The trend is that
the ease of cleanup is greatest during the advanced stages of reaction.

The alkyd phase within the emulsion particle was increased in order
to study this influence on the emulsion characteristics during reaction. Table
3.27 represents reaction of the emulsion containing 74.4% alkyd in the alkyd
solution phase or 37.20% alkyd in the total emulsion. These data
demonstrate that the percent solids of alkyd increases with reaction time.
The pH of the emulsion decreases with reaction, as previously observed (See
Table 3.25). The particle size was estimated to be an average of 1.0 micron.
The relative viscosity unexpectedly (based upon observations in Table 3.25)
decreased slightly with reaction time until 35.0 hours, then increased. The
region of 40.0 to 45.0 hours of reaction time appears to be the time frame in
which emulsion instability begins and therefore drastic changes of all
parameters occur.

However, observing relative viscosity from 0.0 to 35.0 hours of
reaction demonstrates a decrease in both relative and absolute viscosity
together with a decrease in centipoise viscosity. The change of percent
solids is smaller than the percent solids observed in Table 3.25. Therefore,
increasing crosslink density or decreasing swelling ratio with reaction time
decreases the viscosity of the emulsion when the percent solids are at about
74.4 percent of alkyd solution phase. The diffusion of co-solvent from the
alkyd particle changes the percent solid per unit volume of emulsion, but
with higher percent solids in the alkyd polymer phase there is a
proportionally greater influence of crosslinking influence on viscosity
compared to percent solid change with reaction time.

iranchembook.ir/edu



88 Chapter 3

iranchembook.ir/edu



Emulsion and Kinetic Studies of Autoxidative Polymerization 89

Table 3.28 represents the film properties previously discussed in
Table 3.27. The 15.0-hour sample possesses a greater tensile strength than
the more advanced stage films. The flowability of the 15.0-hour film was
greater than during the advanced stages of reaction, but the amount of
crosslinking was lower compared to 40.0 hours of reaction. Elongation was
greater at 15.0 hours and elongation increased again at 45.0 hours, but with
lower tensile strength. The flowability with tensile strength merits further
study later in this chapter. The emulsion stability of the emulsion after
processing is reported in Table 3.28 together with freeze-thaw stability. The
mechanical stability represents exposure to agitation of the reacted emulsion
in minutes before instability occurs.
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3.4.6. Post pH- Adjustment of Autoxidized Emulsion

The post-adjustment of pH of the 45.0-hour sample increased the
tensile strength of the drawn film but drastically reduced the emulsion
stability. From this observation, it is apparent that pH effects require further
study. Table 3.29 represents a study to determine pH adjustment effect on
emulsion stability of the 45.0-hour sample. It can be seen that emulsion pH
of less than 7.0 improves stability. However, the tensile strength improves
near 7.0.
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3.4.7. pH Adjustment Prior to the Autoxidation

A study was initiated to observe the effect of pH adjustment prior to
autoxidation. Table 3.30 represents the emulsion system from Table 3.27,
but with the pH adjusted to 7.29 before reaction as shown in Table 3.30. It
can be seen from inspection of Table 3.30 that the pH continues to decrease
with reaction time and the percent solids continues to increase with reaction.
The relative viscosity does not change significantly until the region of
emulsion instability is reached, at about 40.0 hours of reaction. The
centipoise viscosity decreased with reaction time.

Table 3.31 represents the film properties of the emulsion processed
in Table 3.30. The tensile strength did not develop at the same rate as in
Table 3.27, which represents the identical reaction without post-pH
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adjustment of the emulsion. Therefore, increasing the pH closer to 7.0
retarded the autoxidation reaction. The elongation of the films was
comparable to those from Table 3.27. Mechanical stability was similar to
those of Table 3.27.

3.4.8. Cobalt Naphthenate Catalysis in Alkyd Phase

An attempt to catalyze the reaction from Table 3.32 was initiated for
the purpose of improving the film integrity and reducing the reaction time.
Cobalt naphthenate, 0.04% by weight alkyd, was dissolved in the alkyd
solution phase and then emulsified as discussed. The reaction is
characterized in Table 3.32. The percent solids increased significantly with
reaction time, the pH decreased with reaction time and centipoise viscosity
decreased with reaction time. The relative viscosity increased with reaction
time. The particle size was estimated by the microscopic method.

The tensile strength of the 25.0-hour sample was greater than the
same sample with cobalt naphthenate catalysis. The film tack-free dry time
was 0.5 hour, which was unexpectedly fast. The stability of the emulsion
was comparable to stability of uncatalyzed reactions, Table 3.33.

3.4.9. Post-Addition of Emulsifier

A study of “post-addition of an emulsifier to greatly enhanced the
stability of the alkyd prior to autoxidation,” that was destroyed by the
autoxidation process, was utilized in an attempt to increase the stability of
autoxidized emulsions. The emulsifier, Gafac RE-960, was post-added to
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each autoxidized emulsion in the amount of 20.0 grams per liter of emulsion.
Table 3.34 represents the resulting stabilities. It can be seen by comparing
these data with those in Table 3.33 that post addition of Gafac RE-960
enhanced the heat accelerated shelf stability by about two days, but the
freeze-thaw stability was not changed.
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3.4.10. pH Effect on Reaction Rate

The effect of pH on the autoxidation reaction is described in Table
3.35. The progress of crosslinking with time at a constant pH is monitored
by the percent transmittance method of measuring crosslinking. Changes in
percent solids were corrected in order to measure 1.00 gram of dry weight
alkyd from an emulsion sample and dilute to 200.00 milliliters of acetone. It
is obvious from inspection of Table 3.35 that only acidic conditions enable
the autoxidation reaction to proceed.

The decreasing pH with increasing reaction time from previous
reactions merited further study. The acid values of the unreacted alkyd,
autoxidized emulsion and the separated dried alkyd from the autoxidized
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emulsion were determined by titration. From inspection of Table 3.36, the
medium soya emulsion increased in acid value with autoxidation.

3.4.11. Increased Oxygen Concentration and Catalysis

In another study of medium soya alkyd emulsion autoxidation, the
oxygen pressure was increased to 20.0 pounds per square inch, which
increased the oxygen concentration from 0.029 to 0.069 grams per liter,
Table A.6 in the Appendix. The alkyd III was catalyzed with 0.02% by
weight cobalt naphthenate and 0.02 percent by weight 0.02% by weight
cobalt naphthenate and 0.02 percent by weight zirconium naphthenate.
Theoretically, the combination of increased oxygen and catalysis should
decrease the drying time and data in Table 3.37 demonstrates that the drying
time decreases with time on an accelerated basis as expected. Crosslinking is
again followed with percent transmittance of an acetone solution. Tensile
strength and percent elongation are optimal at 10.2% transmittance. From
this study and Table 3.37, it can be seen that film properties go through an
optimum and then decrease. Monitoring the percent transmittance, which is
referred to in Chapter 2 as the turbidimetric method of measuring
crosslinking, identified this optimum point or reaction time. Therefore, by
measuring the crosslinking by percent transmittance produced by the
emulsion in acetone, the point during the reaction that produces optimal film
properties has been detected. The only remaining action is to stop the
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reaction at this point by releasing the oxygen pressure and lowering the
temperature to ambient conditions.

3.4.12. Scanning Electron Microscopy

The film from Table 3.37, taken at 10.2% transmittance, produced
the greatest tensile strength and a fast drying time. A free film was prepared
and examined by scanning electron microscopy. Figure 3.6 represents the
film surface magnified 5000 times. The particles appear to be coalescing and
forming a continuous film. Coalescence is necessary for film formation and
the degree of coalescence with further autoxidation determines the integrity
of the final dried film. Figure 3.7 represents the same film surface, but
magnified 13,000 times. The outlines of the original particles are vaguely
visible. The individual particles can be seen to be coalescing with each other
and forming a continuous film. If the particles had been too highly
crosslinked prior to film formation, the particles would not coalesce as well
as in Figure 3.6. However, if the particles had been too lightly crosslinked,
then complete coalescence would occur, but the resultant film would require
an excessive drying time. The phenomenon is evidence by Table 3.37.

iranchembook.ir/edu



98 Chapter 3

Controlling the crosslinking reaction is imperative if one is to maintain
optimal film integrity.

iranchembook.ir/edu



Emulsion and Kinetic Studies of Autoxidative Polymerization 99

3.4.13. Water Clean-Up of Emulsion

The emulsion from Table 3.37 was brushed on a wood surface with a
two-inch width paintbrush and then cleaned by rinsing with mild detergent.
The results of the brush cleaning operation are described in Table 3.38. The
emulsion is less sticky and far more cleanable after having been reacted 7.0
hours by autoxidation.
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Emulsion: Alkyd III, Plurafac RA20, Sodium lauryl sulfate, autoxidized at
80.0 psi with 0.02% Zirconium naphthenate and 0.02% Cobalt naphthenate

3.4.14. Comparison to Alkyd-Solvent System

Alkyd III in a 50.0% mineral spirits solution was compared to an
autoxidized emulsion sample. The solvent-alkyd solution was catalyzed by
0.04% cobalt naphthenate by weight of alkyd III. The film was dried at
ambient conditions for 7.0 days. The autoxidation reacted emulsion film was
processed at 80.0 psig pressure for 7.0 hours and the film was dried for 7.0
days.
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Table 3.39 represents a direct comparison between the two films for
drying of the films and their tensile strengths. The solvent-alkyd system
possesses a higher tensile strength than the autoxidized emulsion, but the
autoxidized emulsion possesses a shorter drying time.

3.4.15. Effect of Emulsifier Structure on Reaction Rate

Many emulsifier variations have been used during the course of this
research effort. The effect of emulsifiers has been observed on numerous
properties of the emulsions generated. This study was conducted (see pages
63-73) which ascertained that film properties varied as a function of the
emulsifiers employed to stabilize alkyd III. A subsequent study was also
initiated to determine the effect of emulsifier structure on the autoxidation
rate of reaction. Figure 3.8 represents the oxygen pressure variation during
successive reactions as a function of the time required to reach a densely
crosslinked state. The Gafac RE-960 system is dramatically slower relative
to the autoxidation rate when T-Det and dodecyl sodium sulfate or Igepal
CO-850 and dodecyl sodium sulfate surfactants are employed. The chemical
structures of these compounds are found in Chapter 2, Table 3.1.

Referring to Chapter 2, Table 3.1, one finds that Gafac RE-960
contains a phosphoric acid group together with an aryl group. Both of these
groups are capable of stabilizing a radical through resonance. The Igepal
CO-850 structure contains an aryl group. The T-Det AO26 does not contain
any substituent or groups capable of stabilizing a radical. Since the diffusion
of oxygen through the emulsifier region surrounding the polymer particle is
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necessary if autoxidation within the polymer particles is to occur, the
emulsifying agent should not characteristically possess an ability to retard
oxygen diffusion. If it does, the crosslinking reaction will proceed at a
slower rate than expected as evidenced in Figure 3.8. Figure 3.6 illustrates
the geometrical configuration of the particle in relation to the emulsifier
layer, which presents a barrier to oxygen diffusion. It can be seen that the
lipophile segment of the emulsifier is soluble in the alkyd particle phase and
the hydrophile segment is soluble in the aqueous phase.

As indicated in Figure 3.6, the oxygen must diffuse from the aqueous
phase through the emulsifier region and into the alkyd particle phase in order
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to initiate autoxidation. If the emulsifier is capable of retarding the diffusion
of oxygen by radical stabilization or a formidable intermolecular reaction,
then the crosslinking reaction by autoxidation is slowed. A total explanation
of how emulsifiers retard the reaction is not within the scope of this
dissertation, but demonstration that the factor exists is clearly made here. A
discussion of possible mechanisms may be found in references Lenz (1967)
and Odian (1970).

3.5. Kinetic Study

3.5.1. Oxygen Concentration Relationship

By controlling the oxygen partial pressure, the influence on the
autoxidation reaction of oxygen concentration can be studied. If all other
variables are constant within the reaction, the oxygen concentration can be
varied and the swelling ratio method of determining the degree of
crosslinking can be measured per unit time. Figure 2.1 represents the
apparatus for accomplishing this purpose. From inspection of Figure 2.1, it
can be seen that the rate of agitation within the reaction vessel is controlled
by a tachometer. An electrical heating mantle that is controlled by a
proportional temperature-controller generates the heat within the reaction
vessel. The oxygen pressure within the reaction vessel is controlled by an
oxygen pressure-regulator that is attached to a cylinder of dry oxygen.

The Bench pressure reactor is illustrated in cross-section in
Figure A. 1 in the Appendix section of this dissertation. Figure A.2 illustrates
the top view of the pressure vessel. Figure A.3 represents the assembly that
seals the drive shaft from the vessel (stainless steel, ). Table A.8 in
the Appendix describes in detail each numbered component of the pressure
reactor. By utilization of this vessel, the autoxidation reaction can be
controlled for the variables of oxygen concentration, agitation rate, and
temperature. The Bench Scale pressure reactor is here as a “batch” type
reactor (Levenspiel, 1972).

It is important to understand the influence of oxygen concentration
on the autoxidation reaction. Methods to monitor the progress of the
autoxidation reaction with time have been discussed by measuring percent
transmittance as a function of swelling ratio. The relationship of oxygen
concentration to oxygen partial pressure has been discussed as being a linear
relationship. It is now possible to determine the oxygen concentration
influence on the rate of reaction by varying oxygen concentration for each
reaction and monitoring the percent transmittance.
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3.5.2. Correlation of Swell Ratio and Percent Transmittance

Correlation of percent transmittance with swelling ratio is illustrated
in Figure 3.9. One gram of polymer sample was diluted to with
acetone and the degree of turbidity was determined with a 710
Spectrophotometer, Bausch & Lomb Mfg. One hundred percent acetone was
calibrated at 100.0% transmittance at 509 nm. Because 509 nm is the
wavelength of maximum transmittance for acetone, it was chosen for the
turbidity analysis. A percent solids of the sample must be known prior to
measuring 1.0 gram of polymer in emulsion in order to compensate for the
mass of the other constituents of the emulsion, surfactant and water. This
method of measuring swelling ratio requires ten minutes, nominally.
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Figure 3.10 was constructed from data collected in Table A.9 in the
Appendix for percent transmittance of autoxidized emulsion samples and
swelling ratio of the dry alkyd polymer phase as discussed. Figure 3.11 was
constructed from identical data in Figure 3.10, and was analyzed with linear
regression. The resulting linear curve in Figure 3.11 consists of data from
the same three-autoxidation experiments in Figure 3.10 and the data is listed
in Table A.10 in the Appendix.

It has been discussed that the turbidimetric method of measuring
swelling ratio is more sensitive and faster than the direct hydrodynamic
volume method of measuring swelling ratio. Therefore, the turbidimetric
method of measuring swelling ratio was utilized to monitor the crosslinking
development of the emulsified alkyd polymer particles.
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The autoxidation reaction was studied in the Bench
laboratory pressure vessel, 1.0-liter capacity. Figure A.1 represents the
apparatus and configuration of materials and direction of material flow for
studying the influence of oxygen concentration within the emulsion by
controlling oxygen partial pressure. The oxygen pressure regulator requires
manual adjustment for a specific oxygen pressure that was controlled at the
system. The temperature was constant at 55°C and was controlled by the
proportional temperature controller in Figure 2.1. The rate of agitation was
controlled at 300 rpm for each reaction. Therefore, the only variable present
within this system, illustrated by Figure 2.1, was oxygen pressure. For the
following series of autoxidation reactions, the oxygen pressure was varied at
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10.0-psig increments over a range of 10 psig to 80 psig. The
maximum safe pressure for the Bench pressure vessel is 100 psig

Samples were taken hourly and Figures were plotted for each
autoxidation reaction. The emulsion composition was exactly the same for
each sample. Table 3.40 represents the formulation for the emulsion. It is
important to understand that the quality of the dodecyl sodium sulfate is
important. It will be shown later that a technical grade (95% purity) of
dodecyl sodium sulfate will increase the total reaction time.

The influence of oxygen concentration on autoxidation of alkyd III
emulsions was studied by observing the percent transmittance change of the
emulsion dissolved in acetone that has been discussed as the turbidimetric
method of measuring swelling ratio. This study was conducted by
autoxidizing the emulsion at a fixed oxygen pressure for each reaction while
taking hourly samples for crosslinking measurements. Figures A.5 – A.12
(in the Appendix) represent the autoxidation reaction of 10, 20, 30, 40, 50,
60, 70, and 80 psig of oxygen pressure with respect to percent transmittance.
Figure 3.12 represents a composite curve for Figures A.5 -A.12. Points for
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Figure A.10 were plotted as hours required as to reach 10% transmittance.
Significant autoxidation beyond 10% transmittance produces instability
within the emulsion. It can be seen from Figure A.10 that autoxidation time
required to reach 10% transmittance decreases exponentially with oxygen
pressure.

Referring again to Figures A.5-A12, it can be seen that the same
shape of curve exists in each figure. There is an initial slope that continues
for some period of time, and a greater slope that continues for another period
of reaction time. The intervals of reaction for the initial slope were
determined by observing the time before the second and greater slope began.
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The interval of time required for the greater or second slope was measured by
measuring the time from the first point of the second slope to the point
represented by 10% transmittance. Since the initial slope is gradual and
represents a very low rate of crosslinking, this period is generally before a
rapid rate of crosslinking occurs. The functions of this induction period are
shown in Table 3.41. The crosslinking period obviously occurs during the
second time interval as evidenced by the rapidly decreasing percent
transmittance in Figures A.24 – A.31. The sum of the induction period and
crosslinking period is equivalent to the total reaction time. Table 3.42 lists
these values for Figures A.5-A.12. A plot of induction time and oxygen
pressure, form Table 3.42 and is illustrated by Figure 3.13. It is apparent that
increasing oxygen pressure reduces induction time. A plot of crosslinking
time from the same figures is shown in Figure 3.14. The crosslinking time
decreases with increasing oxygen pressure to 40.0 psig. After 40.0 psig, the
time does not change with increasing oxygen pressure. However, after this
same point of oxygen pressure as related to oxygen concentration, induction
time does decrease with increasing oxygen pressure. Therefore the net result
of increasing oxygen pressure above 40.0 psig is to reduce the induction time
of the reaction.
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The induction period consists of more than a period of radical
formation for initiation in a typical free radical polymerization. The
induction period in this reaction includes the time required for oxygen to
diffuse through the aqueous phase, the emulsifier barrier on the surface of the
alkyd particle and the viscous alkyd particle.

After these significant mass transfers occur, then the formation of
radicals occurs for initiation of the autoxidation reaction as summarized in
Table 3.41. Fick’s Law (Barrow, 1973) use mass transfers as a function of
mass per unit area per unit time. Summarizing, the induction period includes
the total time before significant crosslinking occurs.

Intrinsic viscosity of the dry polymer particles indicates that
crosslinking begins before the polymer becomes insoluble and before a
significant decrease in light transmittance occurs. Light transmittance

iranchembook.ir/edu



Emulsion and Kinetic Studies of Autoxidative Polymerization 113

decreases only after crosslinking has significantly developed. Figure 3.15
illustrates more accurately the change of intrinsic viscosity with reaction
time. The initial increase in intrinsic viscosity marks the beginning of the
reaction time or initial crosslinking period. During this period, molecular
weight is increasing by virtue of crosslinking and as evidenced by the
increase in intrinsic viscosity, which is related directly to viscosity molecular
weight by the Mark-Houwink Equation (Collins, 1973). However, a
significant degree of crosslinking does occur before insolubility of the
polymer particle and intrinsic viscosity measurements describe this trend in
Figure 3.15. Therefore, a more accurate determination for induction period
is performed. The emulsion autoxidized for the construction of Figure 3.13
was the material from the previous 80.0 psig oxygen experiment (Figure
A.12) for determination of total reaction time dependence on oxygen
concentration.
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Emphasis is placed most heavily on the swelling ratio with respect to
reaction time because the polymer film properties develop after the swelling
ratio reaches less than ten. Control of the swelling ratio by the rapid
turbidimetric method enables accurate control of film properties.

The relationship of oxygen concentration and total reaction time can
be expressed in a kinetic equation where the concentration of oxygen and
alkyd polymer are expressed with their respective reaction orders. The
concentration of alkyd polymer is constant for all reactions and will react to
constant percent conversion for all reactions. The alkyd polymer
concentration cannot be utilized to control the autoxidation reaction.
Therefore, it is of utmost importance to control the oxygen concentration and
have knowledge of the oxygen concentration and reaction order with respect
to the constant initial alkyd polymer-concentration and the constant final
alkyd polymer-concentration. A kinetic relationship can be developed
employing the reaction data from Figure 3.12. Equations were developed
from the basis of a constant conversion of polymer material. The following
kinetic treatment of the data from Figure 3.12 is based on the assumption that
the alkyd polymer is initially of the same concentration and that the final
degree of crosslinking is the same for each reaction as measured by the
swelling ratio method. By allowing the reaction conversion to remain
constant for each reaction, the concentration differential of alkyd polymer
becomes a constant, m. Temperature and agitation rate are controlled at the
same values for each reaction. Therefore, the existing variable in the series
of autoxidations represented in Figure A. 5-A.12, and combined in Figure
3.12, is oxygen concentration. Referring to Figure 3.12, the points on this
curve represent time required to autoxidize the alkyd polymer particles to
10% transmittance and the following equations develop as shown.
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and solve for b by plotting the equation

and

From Table 3.43, the order of reaction with respect to is

and

Conversely, can be constant and [A] may vary in order to compute a,
order with respect to [A].
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To solve for a, plot the equation

To find k, plot the equation (Levenspiel, 1972)

where and
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It is not within the scope of this dissertation to study the kinetic
relationships beyond those pertinent to the immediate processing of the
emulsion. However, the possibilities for additional and more thorough
investigation of kinetic relationships will be discussed in Chapter 4.

3.5.3. Catalysis Effect

The effect of catalysis was studied at an oxygen pressure of 80.0 psig
The catalysts selected for this study were

catalysts that were successful for catalyzing the alkyd in a solvent system.
Cobalt naphthenate catalysis in concentrations of about 0.04%
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(weight/weight alkyd) produced instability within the emulsion and therefore
this catalyst was not used singularly, but in combination with zirconium
naphthenate, which does not degrade the stability of the emulsion. Figure
3.14 represents an autoxidation reaction catalyzed by 0.02% cobalt
naphthenate and 0.02% zirconium naphthenate (weight/weight alkyd). The
time required to crosslink the emulsion particles to 10.0% transmittance is
about two hours less than non-catalyzed autoxidation.

It would be obvious to increase the catalyst concentration in order to
further reduce autoxidation time required to densely crosslink the alkyd
polymer particles. Figure 3.15 represents the formidable effects of
increasing the concentration of zirconium naphthenate to 0.05% and cobalt
naphthenate to 0.05%. When the emulsion was subjected to 80.0 psig, the
autoxidation reaction was uncontrollable as illustrated in Figure 3.15.
Therefore, the concentration of catalysts is critical.

Zirconium naphthenate does not impart instability to the emulsion as
cobalt naphthenate does. Considering reduction of autoxidation time and
emulsion stability, zirconium naphthenate was selected to study catalyst
concentration with autoxidation reaction time. Figure 3.16 represents the
effect on reaction time with increasing zirconium naphthenate concentration.
After 0.05 grams/1000 grams alkyd polymer, instability within the emulsion
occurs. Therefore, concentrations below 0.05 grams zirconium naphthenate/
1000 grams alkyd should be employed to catalyze the reaction. Table 3.44
represents a plot of zirconium naphthenate concentration and log reaction
time to reaction 10.0% transmittance (10% T). The correlation coefficient of
this curve is acceptable and therefore the relationship of zirconium
naphthenate concentration to reaction time to reach 10.0% transmittance is a
logarithmic relationship described by the slope and intercept of the curve
from Table 3.44.
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3.5.4. Temperature Effect

The effect of temperature on the autoxidation reaction was studied at
80.0 psig of oxygen pressure and uncatalyzed. The study was designed to
include an emulsion autoxidized at 20, 30, 40, 50, and 60°C at 80.0-psig
oxygen pressure. Each reaction would be considered complete at 10.0%
transmittance. Figure 3.17 represents the decreasing reaction times to reach
10.0% transmittance with increasing temperature. Table 3.45 represents a
plot of temperature with log hours to reach 10.0% transmittance. The
correlation coefficient is acceptable, which is indicative of the quality of the
curve. Therefore, the best fit of the data form Figure 16 is represented by the
data described in Table 3.44 and by the slope and intercept form linear
regression of Reaction Temperature vs. Log Reaction Time.
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3.5.5. Agitation Rate Effect

The agitation within the autoxidizing emulsion is responsible for
circulating the alkyd polymer particles within the aqueous phase and
constantly exposing peripheral surfaces of the polymer phase to oxygen
dissolved in the aqueous phase. The effect of agitation rate on oxygen
diffusion into the particle was studied with respect to autoxidation time
required to convert the alkyd polymer to a percent transmittance of 10.0,
which is near 100% reaction conversion of the alkyd polymer.

The effect of agitation rate was studied by observing the time
required to autoxidize the alkyd polymer to 10.0% transmittance with respect
to revolutions per minute of the turbine agitator within the pressure vessel.
The oxygen pressure was controlled at 80.0 psig. Figure 3.18 represents the
reaction described utilizing a reagent grade of dodecyl sodium sulfate and
Figure 3.19 represents the same reaction utilizing a technical grade (95%
purity) of dodecyl sodium sulfate in combination with T-Det AO26. The
total emulsifier concentration was 4.0% by weight of the alkyd solution
before emulsification. Attempts to linearize these curves were not successful
due to the lack of a sufficient number of data points. The curves illustrated
in Figure 3.18 and Figure 3.19 are representative of general strands of
reaction time and agitation rate.
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In summary, the reaction increases with increasing agitation rate
above zero agitation rate. The technical grade of dodecyl sodium sulfate
contained impurities that slowed the autoxidation reaction compared to
emulsification by reagent grade dodecyl sodium sulfate. Therefore, the
emulsifier purity is significant together with the proper agitation rate of the
processing emulsion. It is important to understand that the emulsion host
stability above approximately 300 revolutions per minute and therefore this
rate of agitation has been a standard throughout these studies.
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3.5.6. Molecular Weight Effect

Gel permeation chromatography (GPC) was used to evaluate
molecular weight and observe the effects of autoxidative polymerization. The
weight-average molecular weight of unreacted alkyd resins ranged from
789-934 grams/mole and between 2550-3500 grams/mole after autoxidation,
but not completely crosslinked or gelled that would have made the alkyd
only swellable and not soluble in the hydrofuran carrier phase. The K and a
constants (Mark-Houwink Equation) used to generate the GPC
chromatograms were developed for medium oil linseed alkyd resins. In all
cases these molecular weights, before and after autoxidation, were similar,
regardless of the reaction conditions and catalysis. After about 3500
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grams/mole the polymerized resin was insoluble, as evidence by the swelling
data discussed above, and actually was lightly crosslinked. The GPC
chromatograms showed less retention time and a more narrow single peak for
the polymerized alkyd emulsions compared to a bimodal peak for the
unpolymerized emulsions. The polymerized alkyd particles flowed into each
other and coalesce to form a smooth continuous film on glass plates, but
further crosslinking produced more viscous particles that dried to form rough
films. As proven previously in swelling experiments, the polymerization
mechanism proceeds via crosslinking of alkyd molecular chains which
quickly increases the viscosity of an alkyd particle compared to chain- or
step-polymerization mechanism.

3.6. Studies on Emulsion Particle Size

The emulsion by itself is not defined without specifying the average
particle size and particle size distribution of the polymer within the emulsion.
The particle analysis of these emulsions will be determined individually in
studies consisting of series of samples. The first study will consist of particle
size change with respect to reaction time (Figure 3.20). The second study
(Figure 3.21) will determine particle size change with respect to
homogenization, which will ascertain the minimum amount of energy needed
to disperse the oil or alkyd phase. The third study will examine particle size
after one year of shelf storage to yield actual shelf stability data.

3.6.1. Particle Size with Reaction Time

A model TAII was used with an M3 Data
Converter, and a 15-micron aperature to investigate the particle size changes
during autoxidations. The limiting particle size changes during autoxidation.
The limiting particle diameter for this method is 0.20 microns. Figure 3.22,
Particle size vs. Reaction Time, illustrates that the average particle size
decreases slightly with increasing reaction time. Table A. 11 in the Appendix
lists the data points for Figure 3.22. The data for Table A. 11 was collected
for the individual reaction time samples and the particle size distributions are
shown in Figures A.4-A.17 in the Appendix as cumulative and differential
curves. The data for construction of these curves was taken from data pints
listed respectively in Tables A.13-A.16 in the Appendix.
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The particle diameters are based on data contained in Figures A.23-
3.27 and Tables A.12-A.16. The volumetric particle diameter is indicated by
the relative volume occupied by particles in a given volume of emulsion.
The population of particles of a given diameter is indicative of the number of
particles of that diameter within a volume. As a particle decreases in
diameter, it also decreases in volume and increases with surface to mass
ratio. Therefore, the term that best expresses the average particle diameter is
volume geometric mean, microns. The population geometric mean is
different from volume geometric mean as noted in Figures A.28-3.32 in the
Appendix and Tables A.17-A.21, also in the Appendix. The explanation for
this difference is related to the different statistical methods for calculation of
these mean values. Volume geometric mean is calculated from percent
particle size by volume and population geometric mean is calculated from the
number of particles of each diameter.
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By observing Figure 3.22, it is obvious that the average particle size
(volume geometric mean) is decreasing slightly. The explanation for this
trend can be understood by observing the particle distribution of the samples.
It can be seen from Figures A.13-A.22 and Tables A.12-A.21 that the larger
particle diameters are decreasing, which increases the percentage of particles
are subdivided into smaller particles due to the constant turbulent agitation
during autoxidation within the reaction vessel. There is no opportunity for
sedimentation under these conditions. However, change of average particle
diameter was insignificant. In conclusion, Figure 3.22, and the
accompanying study have proven that average particle diameter does not
change significantly with reaction time.

3.6.2. Average Particle Size with Homogenization

The energy required to homogenize or disperse the alkyd polymer
phase within the aqueous phase, corresponds to the final average particle
diameter, assuming sufficient emulsifier is present. It is useful and important
to know the reduction of particle size with homogenization. The Gaulin
Laboratory (Technical Bulletin, 1977) was employed to the
particle size of the pre-emulsified medium soya alkyd particles. A sample
was taken after each homogenization cycle and analyzed for particle size
distribution and average particle diameter. The homogenizer was operated at
a shearing force of 3500 pounds per square inch

Figure 3.23, Particle Size vs. Homogenization Cycles, illustrates the
change of average particle diameter with increasing homogenization. The
change is insignificant after the first cycle and this demonstrates that one
cycle is sufficient to reduce the particle size to an acceptable figure and that
additional homogenization does not significantly change the average particle
size. Table A.22 in the Appendix lists the data points for Figure 3.23. These
data points were collected from an individual analysis of each sample by
utilization of the The particle distribution of each emulsion
sample is illustrated in Figures A.23-30 in the Appendix and data points for
construction of these Figures are listed in Tables A.23-A.30 in the Appendix.
The average particle diameter (volume geometric mean, microns) is found at
the bottom of each table, together with median, mode, and standard
deviation.

3.6.3. Particle Size after One Year of Shelf Life

It is important to know the emulsion stability with relation to shelf
life. Therefore, a sample of alkyd III was set aside in the laboratory for
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twelve months and the particle size was measured by the
Table 3.46, Emulsion Particle Size after One Year, represents the average
particle diameters one-day after preparation of the emulsion and one year
after preparation of the emulsion and after having been autoxidized with
oxygen.
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The average particle diameter increased significantly, but remained
under one micron in diameter. The one year aged sample was stirred to
insure a uniform sample for particle size analysis. The aged sample was
intact and showed no indications of instability. Referring to the one-day
sample, Figure A.31 in the Appendix is the particle distribution by volume.
Figure A.32 in the Appendix is the particle distribution for the one-year
sample by volume. Tables A.31and A.32, also in the Appendix, are the lists
of the data points and mean values for each figure and follow each figure
consecutively.

In summary, the autoxidation reaction does not change the average
particle size of the emulsion significantly while the emulsion is stable and
intact. Homogenization after one cycle at 3500 psig does not
reduce the average particle size significantly. Soya urethane emulsion
remains stable after one year of shelf life and the average particle size does
not increase significantly enough to destabilize the emulsion.

3.7. Alkyd Oil Length and Conjugation Study

Variation of the amount of vegetable oil present in an alkyd polymer
was studied to determine the effect of vegetable oil, or oil length, on the
reaction time. The significance of this study is related directly to the required
composition of the alkyd polymer for crosslinking of the emulsified polymer
particles. The oil length of the alkyd polymer influences the crosslinking
reaction and the degree of change with respect to reaction time must be
determined. The autoxidation experiments were conducted at atmospheric
pressure and with pure oxygen. The results are based upon a constant 48.0-
hour reaction time.

The amount of conjugation within the alkyd polymer can influence
the reaction time of the crosslinking reaction. It is therefore important to
ascertain the degree of influence on the reaction from the viewpoint of
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polymer conjugation within the total polymer composition. The experiments
that will establish these trends will consist of an identical series of reactions
with the percent conjugation of oil in the alkyd composition as the single
variable.

3.7.1. Alkyd Oil Length Study

Alkyd oil length variation was studied with respect to dry time,
tensile strength and intrinsic viscosity. Alkyds of varying percent soya oil
were selected for this together with a soya urethane alkyd and short tall oil
alkyd. The structure of alkyd materials and nomenclature are described by
Martens (1974) and the only variation in this study will be oil length or
percentage of oil in the alkyd structure.

Table 3.47 represents a series of alkyd materials having been
autoxidized with oxygen for 48.0 hours each. The tables lists the initial
characterization of the alkyds with dry time after reaction and Table 3.48
represents the properties after 48.0 hours of reaction with oxygen at
atmospheric pressure. Upon inspection of Table 3.45, it can be seen that
intrinsic viscosity increases in each case, but alkyds containing 30, 52, and
60 percent soya oil crosslink beyond solubility and therefore the intrinsic
viscosity cannot be measured. The greater crosslinking in each of these
alkyds is accompanied by an increasing drying time after 52% soya oil.
Therefore, dry time increases with an increasing percent of soya oil in the
same basic alkyd structure. Referring to tensile strength, it can be seen that
tensile strength decreases with increasing soya oil in the alkyd. Elongation
increases with increasing soya oil in the alkyd.

The soya urethane alkyd consists of a urethane linkage in the chain
structure of the alkyd polymer. It can be seen that the soya urethane alkyd
develops a comparable dry time with the mentioned soya alkyds, but the
intrinsic viscosity is obtained which means that the emulsified alkyd particles
are not gelled, but still flowing. The tensile strength is greatest of the alkyds
described in Table 3.47 and the elongation of the soya urethane free film is
comparable to the other materials. The short tall oil alkyd produced a dry
time comparable to the soya oil alkyds and its dried free films produced a
tensile strength slightly greater than the soya oil alkyds. However, the soya
urethane alkyd possessed the highest tensile strength.
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Emulsion studies were conducted on the alkyd emulsions
autoxidized in Table 3.48. The mentioned emulsion samples were studied
for accelerated heat stability as described in Table 3.49. The emulsifier
combination is also described in this table and it can be seen that the
emulsifier combination is constant for each emulsion. The stability of these
emulsions is decreasing with increasing oil content in the alkyd structure.
The soya urethane alkyd possesses a good stability since 14.0 days is
considered excellent stability for an emulsion. The soya extra-long oil alkyd
does not appear in the table since it did not produce an acceptable film and
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was eliminated from this study. Short tall oil alkyd was omitted from Table
3.49 since it is not a soya oil alkyd ad this study is attempting to eliminate
variables. The oil length or content is the only variable in Table 3.49. The
freeze-thaw stability is described in Table 3.50, utilizing emulsion samples
from Table 3.48. It can be seen upon inspection of this table that the freeze-
thaw stability is constant except for the soya long oil alkyd, which possesses
a improved freeze-thaw stability. Three-to-five cycles are preferred for
freeze-thaw stability. However, the freeze-thaw stability of these systems
may be improved by addition of ethylene glycol to the aqueous phase.
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3.7.2. Alkyd Conjugation Study

The amount of conjugation of the olefinic unsaturation present in an
alkyd should have a significant effect on the autoxidation rate. Experiments
were designed to study the effects of conjugation upon reaction time. Table
3.49 represents the formulations for synthesis of alkyds for the study of
conjugation effects on the autoxidation reaction. The only variable in the
formulation of this series of alkyds is the percentage of conjugation in the
fatty acids employed in synthesizing the alkyd. The fatty acids selected are
described in Table 2.3. It can be seen upon inspection of this table that the
percent of conjugation varies. It can also be seen from inspection of the
same table that there are two different sources of fatty acids. fatty
acids are products manufactured by the Hercules Corporation and
fatty acids are products of the Sylvachem Corporation. All of these materials
are vegetable derivatives. Differences between the sources are a result of
method of manufacture. The specific amount of conjugated lenoleic acid is
listed for each fatty acid together with reaction time required to achieve
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10.0% transmittance, equivalent to a swelling ratio of 3.2. Figure 3.24
represents a plot of percent conjugation and reaction time for both sources of
vegetable derived fatty acids. The curves in Figure 3.24 show the trends of
reaction with increasing conjugation for each fatty acid source.

In summary, the effect of increasing oil length for pure soya alkyds
decreases tensile strength with a slight increase in elongation. The tack-free
dry time increases about 0.1 hour from 30% oil length to 60% oil length,
there is a very long dry time.

The soya urethane alkyd possesses an oil length of 62%, but the
tensile strength of the dried free film was about four times greater than the
leading pure soya film. It is obvious that the urethane unit within the soya
urethane alkyd enhances the physical properties of this material. The
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elongation of the urethane alkyd was comparable to that of the pure soya
alkyds was tensile strength of the dried films.

The short tall oil alkyd possessed an oil length of 36% with a tensile
strength comparable to the short soya oil alkyd, which was expected due to
similarity of structure. Dry time of the short tall oil alkyd was comparable to
the short soya oil alkyd counterpart as shown in Table 3.47. Therefore, there
is little difference between the tall oil and soya oil equivalent structures
based on the evidence from Table 3.47. The emulsion stability of the soya
urethane alkyd was good, but pure soya oil alkyd stability was greatest for
the long oil alkyd and the short and medium oil alkyds were stable. All of
these emulsions possessed acceptable stability for processing and
examination.

The effect of conjugation definitely influences the reaction rate as
graphically illustrated by the curves in Figure 3.24. Since conjugation
typically is capable of stabilizing radicals, it was expected that reaction rate
would increase, but the small change in rate between 20% and 70%
conjugation was not expected. These data must be interpreted to indicate
either that the amount of unsaturation present is of greater importance than
the “percentage of it that is conjugated,” provided that the non-conjugated
unsaturation is only separated by a single methylene unit as was the case
here. Otherwise, the interpretation must be that once an optimized rate is
achieved through conjugated unsaturation, other “parameters in the system”
become rate determining.
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EXPERIMENTAL RESULTS, RESEARCH AND
COMMERCIALIZATION OF TECHNOLOGY

The primary conclusion to be drawn from the previous chapters
relates directly to the autoxidative crosslinking processability of emulsions
prepared from vegetable oils and vegetable oil derived alkyds. The
emulsification parameters and conditions for autoxidative crosslinking have
been studied in detail for optimization of emulsion stability after processing
together with film properties from the emulsions.

4.1. Autoxidative Crosslinking of Vegetable Oil

It has been shown that stable emulsions may be prepared from soya
oil as described in Chapter 2. Accelerated heat stabilities were obtained in
excess of 14.0 days and equivalent to over six months of shelf stability at
ambient conditions. However, the autoxidative crosslinking of the
emulsified soya oil was very slow and produced films of poor tensile strength
which were slow to dry, i.e., the films were tacky even after more than two
days. These results were encouraging from the viewpoint that vegetable oil
derived materials of higher molecular weight such as alkyds would
autoxidize at a faster rate and films there-from should dry more completely.

Observing the intrinsic viscosity of the autoxidation reaction, it
became obvious that an intrinsic viscosity of 0.046 of the oil would
necessarily be surpassed in order to achieve improved film integrity.
Catalysis did not achieve this purpose nor did increasing heat of reaction for
processing of the emulsion. The preliminary result of this study served to
investigate the autoxidative crosslinking of vegetable oil alkyds.

139
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4.2. Autoxidative Crosslinking of Vegetable Oil Alkyds

After emulsifying an alkyd resin, processing conditions were studied
for autoxidation at atmospheric pressure utilizing air and pure oxygen. Air
autoxidation produced significant gas voids within the film that reduced film
tensile strength, but did not impair drying of the films. Measurement of
intrinsic viscosity demonstrated that the autoxidation reaction crosslinked the
alkyd beyond the maximum intrinsic viscosity obtained with soya oil. The
crosslinked alkyd produced an alkyd particle that possessed a small swelling
ratio, less than 10.0, which indicates that the material is densely crosslinked.
Oxygen autoxidation of the alkyd emulsion developed crosslinks faster than
air and the alkyd emulsion formed a film of medium tensile strength and
elongation. Increased oxygen pressure further increased the reaction rate.
By observing the swelling ratio, the degree of crosslinking could be
monitored and observing the swelling ratio could compromise a combination
of drying time and crosslink density compromised for maximum tensile
strength, i.e., flow and drying time of the films. Table 4.1 compares two
leading acrylic emulsions with the vegetable oil alkyd films prepared in these
laboratories. It can be seen that the commercial emulsions possess higher
tensile strength than the medium soya alkyd, but the alkyd emulsion had a
comparable dry time. The soya urethane emulsion possessed a tensile
strength within the range of the commercial products, but its elongation is
lower, though adequate in our opinion. The heat accelerated shelf stability
test results are comparable. The freeze-thaw stability test results of all of the
emulsions synthesized herein are less than is desired, but are improved by the
post-addition of ethylene glycol.
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4.3. Emulsification

Vegetable oil alkyds have been emulsified successfully and have
remained stable after processing. The screening of emulsifying agents has
eliminated slow emulsion reaction rates, low tensile strength and slow drying
of films. Evidence from these chapters shows clearly that emulsifying agents
preferably are aliphatic alcohols with ethylene oxide adducts in combination
with an equivalent amount of dodecyl sodium sulfate.

The studies conducted in Chapter 3 give evidence that the average
particle size changes insignificantly during the crosslinking reaction, the
homogenization of emulsions is accomplished in a single cycle and
additional homogenization is redundant. One year of aging of a soya
urethane emulsion does not affect the average particle size significantly. The
particle size studies demonstrate that the emulsions described in these
chapters are processable and stable. These statements have been made in
view of the imperatively correct emulsifier selection of emulsification.

The reaction rate increases with percent conjugation to about 20%
conjugation and then other parameters appear to be autoxidation rate
determining. Increasing oil length of alkyds decreases the tensile strength of
dried alkyd films, but the urethane alkyd film tensile strength with 62% soya
oil length. The urethane alkyd structure is apparently responsible for the
tensile strength property of the dried film.

4.4. Continuing Research and Developments

Research continues inpart within the kinetic studies performed in
Chapter 3. The relationship of oxygen concentration to the reaction rate of
the emulsified to the reaction rate of the emulsified alkyd particles was
determined, but the relationship of the alkyd concentration with reaction rate
was discussed, but not performed. Experiments could be designed to
determine the alkyd reaction order and the reaction constant in order to
define the kinetics of the reaction more concisely.

The importance of the emulsifying agent together with its chemical
structure was emphasized in Chapter 3, but the study did not concisely
correlate emulsifier chemical structure with reaction rate. Also, the
distinction between oxygen diffusion rate and autoxidation retardation was
not clearly made for lack of experimental data. Since the emulsifier is a
factor for autoxidation reactions of emulsified alkyd particles, then it follows
that this investigation should continue. The vegetable oil materials have been
purposefully limited in chemical structure and type in order to eliminate
variables for these studies. However, the same studies could be expanded in
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order to determine the processability of many different types of vegetable oil
resins having been emulsified, and some examples follow.

Gooch and Hofland (1991) experimented with inverse-phase
emulsification of alkyds in an aqueous solution of acrylic monomers. The
acrylic monomers polymerized during the slow continuous feed of the
aqueous solution of monomers into the warm alkyd resin, and the result was
a stable emulsion of alkyd resin stabilized by acrylic polymer around each
particle of resin. The free films formed from these emulsions were clear and
uniform, but requiring drying metal catalysts. Autoxidative polymerization of
the emsulsified alkyd particles reduced the dry-to-touch drying time of free
films.

Naburs (1997) initiated a study on the polymerization and the
morphology development of “alkyd-acrylic” composite emulsions as a
continuation in-part of the above alkyd emulsion research. Alkyd-acrylic
composite emulsions may offer opportunities toward the development of
solvent-free binders in coatings thereby, providing the optimal properties of
both alkyd and acrylic resins or polymers in one binder. In order to allow for
the preparation of alkyd-acrylic composite emulsions containing no
surfactant, alkyds were developed with built-in sulfonate groups. These
alkyds were prepared according to a three-stage polymerization process. It
was that incorporating sulfonate groups that the color of the alkyd was

. strongly affected. This effect was suppressed by adding a base during the
second step of the polymerization process. The viscosity of alkyds
synthesized with sulfonate groups increased at sulfonate concentrations of

mole/gram of alkyd. The interfacial tension between alkyd and
waster was found to decrease sharply up to a sulfonate group concentration
of mole/gram, after which there is no change. Emulsifcation of
alkyd with sulfonate groups, resulting in alkyd emulsions without free
surfactant, was found to be more efficient at higher sulfonate group
concentrations. The diameter of the emulsified alkyd-acrylic particle
increases with very high sulfonate group concentration. The autoxidative
initiation of polymerization for the alkyd component in the emulsified alkyd
resin-acrylic monomers was performed using atmospheric oxygen (air) in the
liquid emulsion at 60°C. It was shown that the molecular weight of the alkyd
molecule increased due to chemical grafting of acrylic oligomers onto the
alkyd chains by using Gradient Polymer Elution Chromatography. No phase
separation was observed between alkyd resin and acrylic polymers. An
applied film-formation and testing stage is planned for the materials prepared
from these emulsions at the Laboratory of Polymer Chemistry, Eindhoven
University, Eindhoven, The Netherlands.

Dong et al (2001) and Gooch et al (2000) developed novel products
by grafting oil modified polyurethane resins onto acrylic polymeric moieties,
via hydrogen abstraction mechanisms, in rniniemulsions. Draw-down films
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on glass demonstrated acceptable hardnesses and adhesion. Wang et al
(1996) prepared miniemulsions by grafting alkyds resins onto acrylic
polymeric moieties. Miniemulsion polymerization offers some advantages
over conventional emulsion (macroemulsion) polymerization systems.
Among the advantages are a process that is more tolerant of contaminants,
and a product with more uniform copolymer composition, narrow particle
size distribution, and high shear-stability. The miniemulsion polymerization
is a “batch” reaction compared to emulsion polymerization which is a
continuous feed operation and subsequently, continuous. More specifically,
each emulsified particle in a miniemulsion is an individual reaction separate
from all other particles and with no continuous feed of monomers (Novel
Water-Borne Coatings via Hybrid Miniemulsion Polymerization).

In some ways, the preparation of autoxidative polymerization of
alkyd resins and vegetable oils was one of the first miniemulsions, possibly
with the exception that the average particle size of the typical miniemulsion
particle is significantly smaller. Miniemulsion polymerization involves the
use of a more effective emulsifying system to produce very small monomer
droplets (<500 nm). Particle nucleation occurs primary via radical entry into
the small monomer droplets. These must be stabilized against coalescence
and diffusional degradation. Coalescence may be precluded by the addition
of an appropriate surfactant. Diffusional degradation, or Ostwald ripening
can be eliminated by the addition of a small amount of a water-insoluble
(hydrophobe), monomer-soluble stabilizer. Polymers, comonomers, and
chain transfer agents have been reviewed as hydrophobes. Miniemulsions
have some unique and desirable properties: They are far more robust to
variations in the recipe or to contaminant levels than conventional emulsions.
Particle number is less sensitive by at least an order of magnitude to changes
in initiator, water-phase retarder, and oil-phase inhibitor concentrations than
macroemulsion polymerizations from which typical latex paint dispersions
are derived. Perhaps because of this robustness, it was possible to produce
latex with a narrow polydispersity. Hydrophobic comonomers have been
used successfully as hydrophobes. It has been found that such systems will
give a more uniform copolymer composition since the supply of hydrophobic
comonomer is not mass-transfer limited than in macroemulsion
polymerization. Miniemulsion polymerization also can be used to produce
copolymers in which one of the comonomers (i.e. macromers) is almost
completely insoluble in water. Such copolymers are often not possible with
macroemulsion polymerization. Finally, graft copolymers with alkyds,
polyesters, urethanes, etc., can be made by hybrid miniemulsion
polymerization, and may be the basis for a new generation of low volatile
organic compound (VOC) alkyd coatings. A major effort in the development
of miniemulsion technology is the Reaction Engineering Group (Director-
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Dr. F. Joseph Schork), School of Chemical Engineering at the Georgia
Institute of Technology, Atlanta, Georgia.

4.5. Commercialization of Alkyd Emulsions

The studies referred to in previous chapters were successful, and
those innovations were patented by Gooch, Bufkin and Wildman (U.S. Patent
4,419,139), and the technology was applied to commercial “emulsified
alkyd” products, originally by the Cargilll Corporation, but followed by other
resin manufacturers. The exact nature of the manufacturing technology
remains proprietary, but individual segments of the above work were applied
to products including the emulsification of alkyd resins, without autoxidative
polymerization, and allowed to form a cured hard film on a surface using a
metal drier. This has been referred to as a “green” technology because is an
environmentally friendly material and the materials utilized are renewable.

Sam Sung LTD Corporation of Seoul, Korea (Gooch, 1986)
emulsified fish oil based alkyd resins and autoxidatively polymerized them to
form consistent, flexible and hard films for can coatings including vegetable
cans, toothpaste and others. The pigmented coatings exhibited a shorter dry-
to-touch period that reduced the time from application of the coating to sheet
metal stock to forming the container and filling the containers with product.

As petroleum prices rise and coating manufacturing regulations
require lower VOC values, “green” technologies become more attractive in
United States, Europe and other international markets.
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