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ABSTRACT PAGE

The biofuel potential of algae has been gaining national and international attention in the
last two to three years. Fundamental issues are currently the subject of much debate.
Issues related to the preferred algae strains and optimal growth environments are taking
top priority, but little literature exists on the comparison of various algal species. In this
work, algae were taken from two environments: wild algae from the Algal Turf Scrubber®
operating on the campus of the Virginia Institute of Marine Science and the blue-green
algae Spirulina, grown in controlled conditions and typically sold as a nutritional
supplement. These algae were chosen due to their purported high carbohydrate
contents, which are ideal for possible conversion to bioethanol.

Each type of algae was evaluated for use as a feedstock to produce bioethanol using
processing parameters typical of the fuel ethanol industry. Algae were also processed
and evaluated after using several methods of mechanical cell disruption to increase the
carbohydrate exposure. Measured carbohydrates included maltotetraose, maltotriose,
maltose, glucose, and fructose. Results show that the wild algae contain a significantly
larger amount of carbohydrates, with some instances showing an increase of ten times
the level found in Spirulina. Batch fermentations of wild algae also demonstrated higher
bioethanol concentrations over Spirulina. Since the fermentation trials indicate the
biofuel potential of algae is strongly dependent on both the type of algae and growth
environment, a wide range of algae should be assessed prior to initiating large scale
production.
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PROCESSING AND CONVERSION OF ALGAE TO BIOETHANOL
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Consumption of biofuels has dramatically increased in the previous two decades, from
127 trillion BTUs in 1988 to 1.4 quadrillion BTUs in 2008.* As renewable fuel usage has
increased, so has the idea of using new, non-edible feedstocks for fuel production. The
use of algae as a feedstock in particular has been gaining national and international
attention in the past three to four years. Much of this attention has been focused on the

conversion of algae to biodiesel, algae strain development, or algae growth conditions.

Over 150 industrial companies are on a quest for algae commercialization. Companies
such as Solazyme, Solix Biofuels, Sapphire Energy, and OriginOil are only a few of the
numerous companies that have taken over the spotlight in the race to bring algae-to-fuel
processes into the commercial market.* Even petroleum companies who once publicly
mocked biofuels are investing heavily in the algae arena. In July of 2009, for instance,
ExxonMobil committed $600 million to biotechnology company Synthetic Genomics in

an effort to speed up the development of algae-based fuels.’

The United States Department of Energy (DOE) provided much of the groundwork for
the research, pilot, and demonstration projects that are being implemented today. From
1978 to 1996 the DOE funded the Aquatic Species Program, which devoted its primary
efforts to the collection, study, and manipulation of oil-rich algae for the purpose of
converting these algae into biodiesel. Even as the program was brought to a close
between 1996 and 1998, the researchers believed that the information acquired through
the program would eventually resurface when the time was right for commercialization of

algae biofuels.’



In an effort to stimulate innovation, the federal government has been funding more
projects related to algae in recent months. In January 2010, $80 million from the
American Recovery and Reinvestment Act went to funding two advanced biofuels
projects.” The National Alliance for Advanced Biofuels and Bioproducts (NAABB)
received over half of that money to commercialize and create the necessary infrastructure

for algal biofuels to become a reality in the United States.

A search on the conversion of algae to bioethanol brings up far fewer commercial
prospects. The most notable is Florida-based Algenol, which uses closed bioreactors to
cause the algae to release gaseous ethanol into the headspace of the bioreactors where it
can be collected.® Several patent applications also exist that aim to produce bioethanol

from starch-rich algae strains such as Chlorella vulgaris.’

In this research, two environmentally different algae were studied for conversion to
bioethanol: wild algae from the Algal Turf Scrubber® (ATST™) unit operating on the
campus of the Virginia Institute of Marine Science, and the blue-green algae Spirulina,
grown in controlled conditions and typically sold as a nutritional supplement. This
research aims to achieve several goals regarding the production of bioethanol from algae.

These goals include:

1. Evaluate the feasibility of using wild algae grown on the ATS™ as a feedstock
for ethanol production.
2. Evaluate the feasibility of using the blue-green algae Spirulina as a feedstock for

ethanol production.



3. Compare the two algal feedstocks in carbohydrate content and ethanol yield using
treatment methods of a corn ethanol facility.

4. Determine if pre-processing techniques will enhance carbohydrate release from
each substrate, thereby increasing the potential for each algae to be used as a

teedstock for ethanol production.

Comparisons between algae strains are of keen interest. Many researchers believe that
only a few algae are suitable for commercial fuel production. Spirulina was chosen due
to its purported high carbohydrate content, a trait which is favorable for a bioethanol
feedstock. Comparisons with the wild algae will provide important insight regarding

feedstock selection.
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Chapter 2: Background

2.1. Transportation Fuel

The United States is heavily dependent on transportation vehicles. In 2007, the number
of registered highway vehicles was just over 254 million.' Using the population estimate
today of 309 million people,” that is an average of 1.22 people for every vehicle in the
country. The increasing accessibility of personalized transportation is likely to continue

to cause the average person-to-vehicle ratio to decrease.

As the number of vehicles in the United States increases, so too will the demand for
transportation fuel. In 2008, 28 percent of all energy used in the U.S. went to the
transportation sector.” During this same year, the U.S. consumed approximately 137
billion gallons of gasoline, which equates to approximately 375 million gallons per day.*
In order to fulfill this large demand, the U.S. imports about 57 percent of its total
petroleum from various countries around the world, including Canada, Saudi Arabia,

Mexico, Venezuela, and Nigeria.’

2.1.1. Ethanol as a Renewable Transportation Fuel

In the past 10 years, the biofuel ethanol has re-emerged as an acceptable replacement
fuel. Unlike gasoline from petroleum, ethanol is a renewable fuel produced from
biomass materials. The most common feedstocks for ethanol production today are

carbohydrate- and grain-based, such as corn, sorghum, sugar cane, and sugar beets.’



The use of ethanol as a transportation fuel offers many advantages. Studies have found
that greenhouse gas (GHG) emissions are significantly reduced through the use of
ethanol-blended gasoline. In California, New York, and Connecticut, the number of days
that exceeded acceptable smog levels decreased by at least 22 percent since the use of

ethanol/gasoline blends was implemented.’

Ethanol has also reduced the U.S. dependence on oil imported from foreign nations.
According to the U.S. Energy Information Administration, fuel ethanol production in
2009 averaged 700,000 barrels per day and is expected to increase to 800,000 barrels per
day in 2010.% At 700,000 barrels per day, the U.S. produced approximately 255 million
barrels of fuel ethanol in 2009; this is equivalent to 10.7 billion gallons of ethanol, which
is nearly eight percent of the total transportation gasoline production. Figure 2.1 shows

how fuel ethanol consumption has increased dramatically in the United States since 1981.
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The use of ethanol as fuel began as carly as 1826 with the development of an engine that
ran on turpentine and ethanol. Large-scale production of ethanol did not occur until the
early 1900’s with the development of the Model T automobile by Henry Ford. Demand
for fuel during World Wars I and II dramatically increased the amount of ethanol
produced. However, by the 1940’s, oil was less expensive than ethanol, fuel demand

plummeted, and most production of ethanol ceased. "

In the mid-1970°s, the U.S. began to require a reduction in the use of lead in gasoline.
Methyl tert-butyl ether (MTBE), an additive which boosted the octane level of gasoline
by oxygenation, was used to replace lead. Ethanol was also becoming more widespread

because of its ability to be used as an oxygenate. '

The Clean Air Act Amendments of 1990 required that 39 areas around the country use
oxygenated fuel, which increased the demand for MTBE and ethanol. The Energy Policy
Act followed shortly after in 1992, providing additional ethanol blend options and
requiring that certain vehicle fleets have alternative fuel vehicles. This Act defined
alternative vehicles as those which operated on at least 85 percent alternative fuel, such
as ethanol, created from biomass sources. The benefits of ethanol over MTBE were
becoming more noticeable as well, after studies found that MTBE was contaminating
sources of drinking water. By 1999, a ban on MTBE was imposed in several states and

now most states have banned its use.'>"*

The Energy Policy Act of 2005 set up the first Renewable Fuels Standard (RFS) as a way
to ensure that ethanol was used in domestic transportation fuel. This first RFS called for

renewable fuels to constitute 4 billion gallons of fuel in 2006, with the amount increasing



to 7.5 billion gallons in 2012. A requirement that 250 million gallons of cellulosic
ethanol be produced by 2013 was also included in the standard. Grant and loan programs
were created specifically for cellulosic and sugar ethanol to spur the development of new

technologies."

In 2007, amendments were made to the RFS based on the newly signed Energy
Independence and Security Act. The goal of this Act was to increase domestic
production of transportation fuels to reduce the dependence of the United States on
foreign oil imports. The amendments of the 2007 RFS 2 resulted in a doubling in the
amount of ethanol produced, to a total of 15.2 billion gallons by 2012 and 36 billion

gallons by 2022. '

The 2007 RFS 2 delineated that a certain portion of ethanol be produced from advanced
biofuels. According to the definition in Section 201 of the Act, advanced biofuels are
those that are not derived from corn starch but from renewable biomass which reduces
greenhouse gas emissions by 50 percen’[.16 Of the 36 billion gallons of ethanol required in
2022, 15 billion gallons are able to be derived from corn starch and 21 billion gallons

must be derived from advanced biofuels.'®

For 2010, 950 million gallons of advanced biofuel are required with 100 million gallons
of that as cellulosic biofuel.'® However, economic conditions and technology barriers
have prevented cellulosic ethanol plants from fulfilling this requirement. As of February
2010, only 6.5 million gallons were in production, and with no promising commercial-
scale plants slated for the remainder of the year, the EPA waived the remaining 93.5

million gallon requirement."’
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2.3. Achieving the Goals of the Renewable Fuels Standard

By 2022, the RFS requires that 36 billion gallons of renewable fuels be used throughout

the United States.'® How will the U.S. reach this goal?

For several years now, biofuels have been categorized as being part of certain
“generations.” First generation biofuels are considered to be those that are produced
from food crops such as grains, sugar beets, sugar cane, and oil seeds, while second
generation biofuels are those produced from ligno-cellulosic biomass which cannot be
used as food, such as wood residues, straws, and glrasses.18 Algal biofuels, green
gasoline, green diesel, and green jet fuel have been identified as third generation

biofuels."

2.3.1. First Generation Biofuels

Corn has been the dominant feedstock for the production of first generation biofuels in
the U.S, and the primary biofuel has been ethanol. Many varieties of corn exist, but the
variety used most often in the ethanol industry is yellow dent corn. As this corn kernel
dries, a dent in the top face of the corn appears as a result of evaporation of water within
the kernel. Research on this variety gives the average kernel composition as 71.7 percent
starch, 9.5 percent protein, 4.3 percent fat, and 9.5 percent fiber on a dry basis. Moisture

accounts for an average of 16 percent of the kernel weight.’

11
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portion of the distillation column bottoms produced after centrifugation from further
downstream in the process. The thin stillage provides a portion of nutrients and a
significant amount of heat to the mixture. Alpha amylase is used to reduce the viscosity
by cleaving starch molecules into short-chain dextrins. This step is called mashing or

mixing, and the resultant mixture of water, corn, and backset is called mash.?

After mixing, the water and corn mixture will pass through a jet cooker which uses steam
to ensure that starch molecules have been completely gelatinized and exposed for
hydrolysis by the alpha amylase. Jet cooking can raise the temperature of the mash to as
high as 120°C. After cooking, the mash is transferred to another vessel for the
liquefaction step, which operates at temperatures of 85 to 90°C for 90 to 120 minutes.
This step continues the process of cleaving starch molecules into dextrins in order to
prepare the mash for fermentation. Additional alpha amylase is added in this step

because the temperature of the jet cooker denatures the enzyme, rendering it ineffective.”®

After liquefaction is complete, the mash is cooled to 60 to 65°C and transferred to a
vessel for saccharification. In saccharification, the enzyme glucoamylase is used to
cleave dextrin molecules into individual glucose molecules, generally termed
“fermentable sugars.” Residence time in saccharification can vary, and some plants
employ only a partial saccharification process in order to reduce capital costs.” Figure
2.5 shows an overview of how the enzymes in mixing, liquefaction, and saccharification

cleave starch molecules to produce dextrins and dextrin molecules to produce glucose.
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removes ethanol vapors that may have escaped with the gas. Clean carbon dioxide is

either sold or vented to the atmosphere.*®

CeH 2,05 — 2 C,HsOH + 2 CO, [Equation 1]

Fermented mash which contains unconverted solids and ethanol, now called beer, is
transferred to a distillation system. This system uses a series of columns to recover the
ethanol by applying heat and a vacuum to the columns. The ethanol can be concentrated
up to 95 percent by volume azeotropically. Molecular sieves are used for removing the

remaining water to produce anhydrous ethanol.”®

The nonvolatile remaining solids, called whole stillage, are sent to centrifuges. After
centrifugation, the centrate portion, or thin stillage, is split into two streams. The first
stream 1is recycled as backset to the mixing process. The second stream is sent to an
evaporator to remove water to produce a syrup containing 50 to 70 percent moisture. The
solid portion, called wet cake, is combined with the syrup and dried to 10 percent
moisture content. This dried material is called distillers dried grains with solubles

(DDGS) and is used as a feed supplement for animals, due to the high protein content.”

Modern ethanol plants have made several improvements to increase energy efficiency
and yield. In many facilities, the temperature of mixing is the same as in liquefaction and
alpha amylase is added into the mixing step to prevent problems with viscosity as starch
gelatinizes in the mixture.”® Jet cookers have been removed in many plants as well
because enzyme improvements and the increased heat in the mixing step have enabled a
more complete conversion of starch to dextrins.* Very few plants employ a separate
saccharification step prior to fermentation but instead use simultaneous saccharification
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and fermentation (SSF), which occurs at a temperature between 31 and 34°C. Cleavage
of glucose molecules is steadier in SSF and as a result the yeast is able to use the
molecules more efficiently for conversion to ethanol. Fewer unwanted fermentation by-
products such as glycerol and acetaldehyde are produced, and inhibition of the

glucoamylase from high glucose formation is reduced.”?°

2.3.1.2. The Wet Mill Ethanol Production Process

Wet milling is generally used to extract more of the individual components of corn from
each kernel. These components are often sold as individual products to various markets.

Such products include: gluten feed, gluten meal, corn steep liquor (CSL), germ, and 0il.”

A flow diagram of the wet milling process is shown in Figure 2.6. The wet milling
process begins by steeping the corn kernels in water and sulfur dioxide (0.1 — 0.2 percent)
at 50°C for 22 to 50 hours. Sugar coming in with the corn kernels is converted to lactic
acid by bacteria, and the lactic acid and sulfur dioxide soften the corn kernel. The
moisture content of the kernel increases to approximately 45 percent during this process

as well, which aids in the softening process.”
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Hemicellulose enzymes, generally referred to as hemicellulases, also contain a mixture of
enzymes. A larger number of different enzymes are needed for hemicellulases because of
the increased heterogeneity of the molecule. The substituent enzymes include o-
arabinofuranosidase, B-endoxylanase, acetylxylanase esterase, and a-glucuronidase. The
cleavage points for each of these enzymes are dependent on the molecules in the
hemicellulose and the side groups attached to the respective sugar molecules.*® In the
structure of hemicellulose in Figure 2.11, the cleavage points for the various

hemicellulase enzymes are shown.

2.3.2.3. Glucose and Pentose Fermentation

Production of ethanol from glucose by the yeast Saccharomyces cerevisiae, or brewer’s
yeast, has been known for hundreds of years. Once cellulose is degraded to glucose S.

cerevisiae becomes a candidate fermentative yeast for converting cellulose to ethanol.*®

Ethanol production from pentose, sugar molecules with five carbons, has been a greater
challenge. Much research has been completed in the past 10 years to find organisms
which can efficiently produce ethanol by utilizing pentoses such as xylose. Genetic
engineering of bacteria strains, such as Escherichia coli and Klebsiella oxytoca, for this
purpose has succeeded. Bacterial strains that can utilize numerous sugars are especially
attractive to the ethanol market.*” Fermentation of glucose and pentoses in one reaction
vessel would provide a substantial cost and time savings relative to many proposed

methods in which glucose fermentation and pentose fermentation are separate processes.
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2.3.2.4. Current Cellulosic Ethanol Production Facilities

In 2009, thirteen companies had construction plans for pilot- or commercial-scale
cellulosic ethanol plants. The feedstocks choices varied depending on the location of the
facility. The specialty of each company determined the pretreatment technology. The
companies Mascoma, Blue-Fire Ethanol, and Range Fuels are converting woody biomass
and forest residues to ethanol. Abengoa and Pacific Ethanol are using barley and wheat
straws, as well as switchgrass. Fulcrum Bioenergy is converting municipal solid waste,
and corn cobs are the feedstock of choice for Poet.*' Many of these plants are still in the

evaluation stage, trying to reduce their operation costs and increase yield.

2.3.3. Third Generation Biofuels

Third generation biofuels encompass many alternate forms of fuels, as noted from the
previous definition in section 2.3, but algae biofuels have received the most publicity in
recent years. Biodiesel research,* genetic engineering and strain development,*® and
optimal growth environments** are all being discussed and debated in conferences,

universities, and news articles around the globe.
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2.3.3.1. Algal Biofuels

Consideration of algae as a potential fuel source is not a new idea. The seemingly recent
interest in biofuels from algae traces its roots back to the 1970’s. When the oil crises in
the early and mid-1970’s hit the United States, then-president Jimmy Carter’s
Administration initiated a new federal laboratory in Colorado dedicated to energy. This
laboratory was designed to research various forms of solar energy, including that from
plant life, with the purpose of developing domestic transportation fuels. It is out of this

laboratory that the Aquatic Species Program (ASP) arose.”

For nearly 20 years, the ASP devoted teams of skilled scientists to the collection,
isolation, and characterization of algae strains. Algae were selected for various purposes:
high oil content, ability to survive harsh climates such as high pH or salinity, and
temperature tolerance. Out of nearly 3000 organisms collected, 300 were selected to
analyze the internal enzymes, genetic codes, mass-production practices, and production

4
costs. >

The focus of the program shifted in 1982, from hydrogen fuel production to biodiesel
production. As a result, much of the more recent research has stemmed from this early
endeavor into using algal oils for biodiesel. Funding was cut for the program in 1996,
and most of the research was abandoned for the more economical research into ethanol
from corn and biomass. The remaining algae were moved to the University of Hawaii,

and many are still available to researchers today.*’

For many companies today, research on algae includes work on improving the oil content
and altering the algae to produce as much oil as possible in a shorter amount of time. A
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few companies have started to study the carbohydrate profiles of algae. Algenol,
mentioned briefly in Chapter 1, is one company in particular that recognizes the
importance of using algal carbohydrates. Starting with a natural strain of algae, scientists
genetically refined the algae to tolerate high temperature and high salinity environments.
Algae then use internal enzymes to convert carbohydrates to ethanol in adverse

environments.*®

Several recent patent applications exist on biofuel production using algae. Many include
methods to extract the carbohydrates from the algae, such as alkali and acid soaking,
extreme heating, or freezing.*”*® Most of these patents and applications also identify
preferred strains for biofuel production as those which are high in carbohydrates, such as

the strain Chlorella vulgaris® or genetically modified cyanobacteria.*

Some scientists are worried about the potential effects of a genetically modified algae
strain accidentally being released into the environment and the subsequent effects on the
surrounding ecosystem.”' Discussions about naturally-occurring, or wild, algae have
been sparse. However, if wild algae could be used successfully as an alternative ethanol
feedstock, many of the fears of conservationists, ecologists, and the easily-swayed citizen

could be alleviated.
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2.3.3.1.1. Wild Algae and the Algal Turf Scrubber®

Natural growth of algae for the purpose of water remediation has been extensively
studied by numerous individuals. Much of this research began with the development of

the Algal Turf Scrubber” (ATS ") in the mid-1980’s by Dr. Walter Adey.>

The ATS™ uses filamentous algae to capture nutrients from polluted waters and
essentially “scrub” the water.” Studies of ATS™ units have been completed on
agricultural and manure effluent sites operating in Maryland and Florida. Results have
shown that the algae are capable of removing 50 to 90 percent of nitrogen and
phosphorus of the incoming streams.>**>*® These minerals are utilized by the algal
biomass for growth of cellular components. Routine harvesting of the biomass allows for
fresh algal growth and continued nutrient removal. Recovered biomass can be used as an
addition to soil, a natural fertilizer, a high-protein cattle feed supplement, and potentially

as a feedstock for biofuel production.’’

Algal species present on the ATS™ units can vary depending on the water source. Adey
identified several species of filamentous algae and diatoms in his early ATS™ work.
These included the algae Cladorphora, Spirogyra, Enteromorpha, and Stigeoclonium,

and the diatoms Eunotia and Melosira.>*

As the idea to use algae for biofuels has become more widely known, the uses for the
ATS™ have also increased. Algae grown on the ATS™ can be harvested and used as a
feedstock for biofuels. At least three pilot-scale systems exist on college campuses: one

at the University of Maryland, one at the University of Arkansas, and one at the Virginia
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Institute of Marine Science. In each case, university researchers and their industry

partners are looking at how they can turn the algae into an alternate fuel source.’®>*%

Wild algae used in the research described herein were collected from the ATS™
operating on the campus of the Virginia Institute of Marine Science (VIMS) in
Gloucester Point, Virginia. This system is located along the York River, a Virginia
tributary of the Chesapeake Bay. Current research efforts by faculty and students of
VIMS, and those of the affiliated College of William and Mary, focus on harvesting the

algae, extracting oil from the algae, processing the oil, and producing a biofuel.®’

2.3.3.1.2. Melosira nummuloides

The algal turf of the VIMS ATS™ is thus far dominated by the diatom Melosira
nummuloides.®' These filamentous algae of the benthic species have a silica sheath
which surrounds the cell wall. The sheath also serves to protect the cells as they grow by
maintaining a series of valve locks, which hold the new algae cells together next to older
cells. As a result, when any shearing forces are applied, the algae are more likely to split
into doublets and triplets, rather than individual cells.®* Figure 2.13 shows the cell

multiplication and valve lock.
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for ethanol production. The research described in this document will provide a starting

point for such a determination.

2.3.3.1.3. Spirulina

Spirulina are blue-green algae with a long history of research, due primarily to the high
protein content. The cells of these algae lack a nucleus, thus relating Spirulina more
closely to bacteria and giving rise to the alternate name cyanobacteria.®> The unique

spiral shape, which often resembles a helix, give Spirulina its name.*

The first report of the isolation of Spirulina was in 1827, but the algae were not named
until 1844 when found along the coast of Uruguay. The full name, Spirulina jenneri f.
platensis, was given at that time. In 1852, taxonomists renamed Spirulina to Arthrospira
due to the defined separation of cells, helical shape, and its multicellular nature.
Distinction between Spirulina and Arthrospira arose in 1892, and the algae which had a
distinct separation of cells remained with the genus Arthrospira, and those which
appeared to have no cellular separation were designated Spirulina. Between this
classification in 1892 and 1989, the genus names were combined and separated two more
times. Research has been conducted world-wide on this algae using the name Spirulina,
although the algae being referenced actually belongs to the Arthrospira genus,

promulgating the notion that habits are hard to break once confusion has been created.®

Large-scale growth of Spirulina can be easily accomplished using open ponds, as done in
Japan, the U.S., and Africa.®® Controlled growth has also been researched through the
use of photobioreactors (PBRs), which are closed reactors, often tubular in shape and
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made of clear plastics. PBRs are believed to harness energy more efficiently and reduce
the number of contaminating species that may arise in open ponds.*”*® Harvesting and
drying techniques depend on the method used for growth. Many nutritional companies
will dewater the algae to a paste which is then sprayed into a drying chamber. Spraying

the Spirulina creates fine algae droplets that are quickly dried under high heat.®’

The two most common Spirulina strains, A. platensis and A. maxima, have protein
contents between 46 and 71 percent of the dry matter. This is significantly higher than
other sources of protein, such as soybeans (35 percent), peanuts (25 percent), or grains
(8-10 percent).*** The high protein content makes Spirulina a popular nutritional
supplement among people in the underdeveloped countries of Central Africa , as well as
developed countries such as the United States and Canada.*® Spirulina is the common
name for Arthrospira platensis when it is used commercially as a nutritional
supplement.”” Public health authorities have acknowledged only the Arthrospira
platensis strain as being generally regarded as safe (GRAS) for human consumption,
although the U.S. Food and Drug Administration (FDA) does not regulate nutritional

supplements such as .S'pirulina.66

Several other uses for Spirulina exist in addition to human nutritional supplements.
Chemical soil fertilizers can be replaced by dried Spirulina for only one-third of the cost,
while also increasing the crop yield. Poultry, livestock, and fish feeds in which a portion
has been replaced by Spirulina have been demonstrated to increase the health of such
animals. Vitamin and mineral supplements are not necessary when Spirulina has been

included in the diet because of the natural occurrence of these components in the algae.®
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The carbohydrate content of Spirulina ranges between 8 and 20 percent, and includes
simple and complex carbohydrates.”*® Spirulina may be an excellent candidate for use
as a feedstock for ethanol production because of these carbohydrates. It is hypothesized
that this algae will also be easily converted to simple carbohydrates because the cell walls
lack cellulose.®> Removal of the carbohydrates could increase the value of Spirulina by

concentrating the amount of protein in each gram of algae.

2.4. Mechanical Processing as a Method for Yield Improvement

Owners of corn ethanol production facilities are constantly looking for ways to improve
yields. Recent work has explored using hydrodynamic cavitation’® and ultrasonics’' to
reduce corn particle size in order to access more starch. These techniques have been used
for biological cell lysing for a number of years, along with homogenization methods.”
Both of these techniques were used in this research to disrupt the wild algae and

Spirulina cells, facilitating carbohydrate access.

2.4.1. Homogenization

High-pressure homogenization has many applications across a broad spectrum of
industries. Viscosity reduction and the preparation of emulsions are two applications
which are vital in the cosmetic and food industries. The pharmaceutical and chemical
industries also rely on such homogenization devices to enact physical changes in solid

and liquid media.”
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to propel the sample through the device will determine which of the previous

mechanisms is dominant.”?

2.4.2. Hydrodynamic Cavitation

Hydrodynamic cavitation uses high pressure to propel a sample through a restricted
orifice into a chamber at a lower pressure. The sudden drop in pressure vaporizes the
liquid in the sample, which causes tiny bubbles, between 100 nm and 3 mm in size, to
form.” The pressure surrounding the bubbles remains higher than the pressure within,
which causes the bubbles to collapse. As each bubble collapses, shockwaves are
produced within the medium. The propagating shockwaves causes repetition of the
process of bubble formation and collapse.” This process is what is known as cavitation.
The bubbles contain tremendous amounts of energy in the form of heat and pressure.
Temperatures within the space of a collapsing bubble can reach up to 5000°C and

pressures up to 14,000 psi.”®

In the past, cavitation has often been an unwanted side effect of a production process that
was operating ineffectively. In mechanical pumps, for instance, uncontrolled cavitation
can cause capacity reduction, erosion of the internal metal parts, and deformation of
moving parts.77 Controlling the process will determine whether cavitation is productive
or destructive, and changes in the geometry of the system will affect the pressure that can

be applied, as well as the output velocity.”
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2.4.3. Ultrasonication

Ultrasonication is the use of sound waves to disrupt a sample. Since sound waves often
cause the same cavitation effects as hydrodynamic cavitation, ultrasonication is also
known as acoustic cavitation. The frequency of vibration for ultrasonication is typically
between 16 kiloHertz (kHz) and 100 megaHertz (MHz), which is above the audible level
for human hearing.”® As sound waves are generated in a sample, the waves compress and
stretch the medium through which the wave is traversing, usually a liquid. Once a
threshold level has been surpassed in the liquid, the energy from the stretching and
compression causes the liquid to explode into millions of bubbles, which each have a
large amount of energy. As in hydrodynamic cavitation, temperatures as high as 5000°C

and pressures greater than 10,000 psi are possible in each bubble.”

Ultrasonication has been used effectively for many years to destroy cell walls in order to
release cellular components. Use of ultrasonic probes (also called horns) for cell
disruption has often been confined to laboratory settings because the intense cavitation
effects are localized.”® The set up for a typical ultrasonic horn is shown in Figure 2.15.
This device is the same as that used in this research, and the specifications of operation

will be described in greater detail in section 3.3.1.
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evaluated on each algae feedstock as well to determine if such methods increase the

amount of available carbohydrates.
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way, is 114 cm wide and 24.4 m long. A retention box at the bottom of the ATS™
collects the water as it flows off of the trough, and an outlet on the box allows the water
to return to the basin. The flow rate of the water running down the ATS™ can be set as
desired. Flow rates during the start up of the unit were between 16 and 18 gallons per
minute, and the flow rate was adjusted to approximately 30 gallons per minute in later

months.

Along the length of the trough is a mesh screen with openings of 0.36 cm®. As water
passes down the trough and over the mesh screen, algae and other micro-organisms
within the water become attached to the screen. The attached algae use nutrients from the

water to grow until they are harvested.

Algae were harvested on a weekly basis by VIMS staff from May 2009 to October 2009.
Algae were harvested approximately two to three hours after sunrise in order to minimize
drying of the algae by the sun. Harvesting was accomplished using a Shop-Vac® wet
vacuum to clean the screen and collect the algae in a tub. During nine of these harvests,
algae were collected for ethanol conversion studies. The algae harvested for ethanol
conversion studies were stored at - 4°C until they could be processed. Samples were

used within 2 weeks of harvest.

3.1.2. Spirulina Procurement

Pre-dried Spirulina was obtained from three sources for use in processing and

fermentation. A donation of 200 gm of Spirulina, used for initial trials, was made by
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Don Cain, a colleague at the Delta-T Corporation. Larger quantities of Spirulina needed
for subsequent experiments were purchased from Puritan’s Pride (Oakdale, NY), and
BulkFoods.com (Toledo, OH). Both donated and purchased Spirulina arrived as a dried,
fine powder, which was combined with tap water to achieve a specified total solids

percentage for each trial.

As noted in section 2.4.2, Spirulina is the common name for Arthrospira platensis when
it is used commercially.' Public health authorities have acknowledged only the Spirulina
(Arthrospira) platensis strain as being generally regarded as safe (GRAS) for human
consumption.” Since nutritional information was similar for the three Spirulina products

used, they were assumed to be the same strain.

3.2. Compositional Analyses

Raw algae and Spirulina samples were analyzed for compositional analysis by Midwest
Laboratories, an independent laboratory in Omaha, Nebraska. Tests included mineral
profile, total solids, ash content, fiber, crude protein, fat, lignin, nitrogen, and starch.
Algae samples were gathered from the upper, middle, and lower regions of the ATS™
during one harvest in May and one harvest in June for a total of six analyses. Spirulina

analyses were completed using one sample from the BulkFoods.com batch.
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3.3. Sample Pre-processing

Wild algae and Spirulina were processed via mechanical and thermal methods. Each
feedstock was processed in order to affect disruption of the algae cells in order to release
cellular components as well as bound carbohydrates. The amount of cell disruption was
then evaluated by viewing the cells under a light microscope (Unico M250 Series, United
Products and Instruments, Inc., Dayton, NJ). This imaging served as a measure of the
effectiveness each method. Cells that appeared to have perforations or were broken were
considered disrupted and the pre-processing technique was considered successful.
Photographs of the cells were taken using a Canon PowerShot camera, model SD1000.
The camera lens was focused into one eyepiece of the microscope to capture images with

good detail and reasonable color quality.

3.3.1. Mechanical Pre-processing

Mechanical shearing of wild algae and Spirulina was accomplished using a number of
techniques: (a) a blender; (b) an ultrasonic horn; (c) a hydrodynamic cavitation reactor;
and (d) a Microfluidizer® impingement homogenizer. Blending was completed in-house
using a Waring® high-shear blender (Waring Laboratory Science, Torrington, CT). The
Waring® blender operates at a high speed of 27,000 RPM and a low speed of 20,700

RPM.

Access to a Sonic Dismembrator (model 550, Fisher Scientific, Pittsburgh, PA) ultrasonic

horn was provided by Dr. Elizabeth Canuel (VIMS). The horn vibrates at a fixed
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frequency of 20 kHz in order to produce motion longitudinally that is transmitted to the
tip of the horn in a sample.® A 0.25 inch flat tip probe was used to produce cavitation
within the sample. In order to process the samples with the ultrasonic probe, it was first
necessary to break down large algae filaments by blending the samples with the Waring®
blender for 2 minutes at high speed. A total of six samples were processed by varying the
parameters of amplitude, power, and time duration in order to achieve maximum cell
disruption. The amplitude setting ranged from 1 to 8.5 and the power ranged from 20 to
65 percent for each run depending on the amplitude. A magnetic stir bar provided

constant stirring during sample pretreatment.

Impingement homogenization processing was provided courtesy of Microfluidics
(Newton, MA). The Microfluidizer” uses high pressure to propel a sample through
parallel flow tubes, each with a diminishing orifice. At the end of the tubes, the sample
streams collide with each other and the sample particles rupture from the impact. The
amount of pressure applied can be varied depending on the type of material. Interaction
chambers within the unit determine the orifice size.® Size reduction of longer algae
filaments was necessary before processing with the Microfluidizer®. This reduction was
accomplished by blending with the Waring® blender for 2 minutes at high speed. A

diagram of the Microfluidizer® processor can be found in Figure 3.2.
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Table 3.1. Processing parameters for Microfluidizer” trials.

Sample NI:;:?)ler lgt;;?:;?rn ((:)l;il::;egr Pressure ll\i::cl:ses:l?gf
Cycles
! H10Z 100 pym ~27-30 kpsi 1
5 H30Z 200 pm 7.5 kpsi I
H10Z 100 pm 20 kpsi 1
H10Z 100 pm 20 kpsi 2
4 L210Z 250 um 10 kpsi 2
Wild 5 H230Z 400 pm 2 kpsi 3
Algae H10Z 100 pm 30 kpsi 1
6 H230Z 400 pm 2 kpsi 1
H30Z 200 pm 7.5 kpsi 1
7 L210Z 250 um 10 kpsi 1
H10Z 100 pm 20 kpsi 1
8 H230Z 400 pum 10 kpsi 1
Spirulina 1 H10Z 100 um 10 kpsi 1
2 H10Z 100 pm 20 kpsi 1
?Sample 8 was diluted before processing.

Processing by cavitation was accomplished using a Shockwave Power Reactor (SPR),
courtesy of Hydro Dynamics, Inc. (Rome, Georgia). The SPR contains tens to hundreds
of orifices within a single rotating reactor unit. Controlled cavitation occurs within each
of these orifices and the resulting shockwaves that are produced can cause heating,
mixing, and cell disruption.” Figure 3.3 shows a bench-top SPR device. The orifices

where the controlled cavitation occurs can be viewed through the acrylic housing.

The SPR device used in this research had a 12 inch rotor spinning at 3600 RPM. Exact
pressures were not measured for each trial but were known to be between 20 and 90 psi.
A temperature rise occurred during the processing of some samples, but the rise never
exceeded 15.6°C. A recycle loop was set up so that each sample passed through the SPR

5 times before processing was considered to be complete.
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distilled off using a vacuum distillation system, at approximately 560 mm Hg, with

moderate heating.

3.4. Fermentation and Saccharification Processing

Solutions of algae and water were processed using heat and enzymes. The processing

steps were adapted from those used in a typical fuel ethanol plant which processes corn.’

Mixing and liquefaction were completed in 1 L beakers clamped to a hot water bath.
Inverted funnels placed over the beakers minimized evaporation. Overhead mixers, with
stir rods through the funnels, provided constant agitation throughout the treatment steps.
Mixing steps were conducted at 54.4°C for either 30 or 60 minutes. Liquefaction steps
were conducted at 85°C for either 60 or 90 minutes. Mixing and liquefaction steps
together never exceeded 120 minutes. Enzymes were added during the mixing and
liquefaction steps to assist and enhance in the breakdown of starch, polysaccharides, and
non-starch polysaccharides (Table 3.2, lines 1-4). The amounts used in trials were 50 to
350 times the manufacturer’s recommended dosages in order to ensure that enzyme
activity was not a limiting factor in polysaccharide conversion rates. Dosages varied
depending on the amount of biomass used in a trial. Liquid enzyme samples for mixing

and liquefaction were donated by Novozymes (Franklinton, NC).
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Table 3.2. Enzymes Used for Mixing, Liquefaction, Fermentation, and

Saccharification
Processing | Total Amount Manufacturer's
E
nzyme Enzyme Type Step Used (g) activity units
Liquozyme Mixing, c
1 SC DS Alpha amylase Liquefaction 0.126 - 0.630 240 KNU-S/g
Viscozyme Beta-glucanase, .. 50,000 TVC/g,Y 30
2 Barley xylanase Mixing 0.115-0.575 CB/g®
3 | Viscozyme | Beta-glucanase, Mixing 0.119-0.684 | 50,000 TVC/g, 30 CB/g
Rye xylanase
Viscozyme | Cellulase, endo- ..
4 Wheat 1 4-xylanase Mixing 0.112-0.280 | 50,000 TVC/g, 30 CB/g
Spirizyme Ferm®., r
5 Ulira Gluco-amylase Sacch.? 0.115-0.575 900 AGU/g
6 GC 358 Gluco-amylase | Ferm., Sacch. | 0.115-0.575 13,775 AAU/g"
7 Accellerase Endoglucanase, Ferm.. Sacch 2.000 - 3.000 | 2200-2800 CMC U/g,
1500 beta-glucosidase ’ ) mL 525-775 pNPG U/g"
"Ferm. = fermentation, "Sacch. = saccharification, “KNU = Kilo Novo Units, *TVC = Total Viable
Count, “CB = Coliform Bacteria, fAGU = Alpha-Glucosidase Unit, hAAU = Alpha Amylase Unit,
JCMC U = carboxymethycellulose Units, pNPG U = para-nitrophenyl-B-D-glucopyranoside

After mixing and liquefaction were complete, the wild algae and Spirulina solutions were
cooled to 33.3°C and the pH was adjusted to approximately 4.2 using sulfuric acid
(Sigma-Aldrich, St. Louis, MO). Each sample was split in half, and each half was
transferred to a 200 mL Erlenmeyer flask with a stir bar. One half of the batch was set up
for fermentation in which yeast were used to produce ethanol from simple and complex
carbohydrates. The other half of the batch was set up for saccharification in which

complex carbohydrates were converted to simple carbohydrates using enzymes.

Nutrients, antimicrobial agents, and additional enzymes were added in varying
concentrations to the two portions of each batch. Up to 1.50 g of granular urea (MAC
Premium Products, Inc., Valley, Nebraska) was used as a nutrient for fermentations.
Antimicrobial agents Bactenix V50, V60, and V300 (North American Bioproducts,
Duluth, GA) were used to minimize the formation of lactic and acetic acid in

fermentation and saccharification. Enzymes added in fermentation and saccharification
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were used to facilitate in the breakdown of dextrins (Table 3.2, lines 5 and 6). Enzyme
amounts were varied with the biomass concentration in each sample in order to maintain
a proportionate amount of enzyme. Liquid samples of fermentation and saccharification

enzymes were donated by Genencor (Palo Alto, CA) and Novozymes.

Between 0.46 and 1.50 g of Bioferm Yeast (North American Bioproducts), a commercial
ethanol fermentation yeast, strain Saccharomyces cerevisiae, were added to fermentation

trial flasks. Yeast was not added to saccharification trial flasks.

Fermentation flasks were sealed using a bubbler airlock inserted into a hole in a rubber
stopper. Saccharification flasks were sealed with a solid rubber stopper. Flasks were
placed in a water bath at 33.3°C on a Variomag submersible magnetic stir plate.
Fermentation and saccharification trials were run simultaneously. Most trials ran
between 60 and 120 hours, although some trials ran for up to 168 hours. Trial length was
dependent upon on the analytical results from the first 48 to 66 hours. Saccharification
trials were stopped early if the usable carbohydrate content, glucose and maltose,
decreased or if ethanol was produced. Fermentation trials were stopped early if the
usable carbohydrate content increased or if ethanol decreased in two consecutive
analyses. Trials were analyzed at various time intervals for carbohydrate content and

ethanol content.
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