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ABSTRACT

The current research investigates the utilization of cotton gin waste as a feedstock to

produce a value-added product – fuel ethanol.  Cotton gin waste consists of pieces of

burs, stems, motes (immature seeds) and cotton fiber, and is considered to be a

lignocellulosic material.  The three main chemical constituents are cellulose,

hemicellulose, and lignin.  Cellulose and hemicellulose are polysaccharides of primarily

fermentable sugars, glucose and xylose respectively.  Hemicellulose also includes small

fractions of arabinose, galactose, and mannose, all of which are fermentable as well.

The main issue in converting cotton gin waste to fuel ethanol is the accessibility of the

polysaccharides for enzymatic breakdown into monosaccharides.  This study focused on

the use of steam explosion as the pretreatment method.  Steam explosion treatment of

biomass has been previously described to increase cellulose accessibility.  The governing

factors for the effectiveness of steam explosion are steam temperature and retention

times.  The two factors are combined into a single severity term, log(Ro).  Following

steam explosion pretreatment, cotton gin waste was subjected to enzyme hydrolysis using

Primalco basic cellulase.  The sugars released by enzyme hydrolysis were fermented by a

genetically engineered Escherichia coli (Escherichia coli KO11).  The effect of steam

explosion pretreatment on ethanol production from cotton gin waste was studied using a

statistically based experimental design.



The results obtained from this study showed that steam exploded cotton gin waste is a

heterogeneous material.  Drying and milling of steam exploded cotton gin waste was

necessary to reduce variability in compositional analysis.  Raw cotton gin waste was

found to have 52.3% fermentable sugars.  The fiber loss during the steam explosion

treatment was high, up to 24.1%.  Xylan and glucan loss from the pretreatment was linear

with respect to steam explosion severity.  Steam explosion treatment on cotton gin waste

increased the hydrolysis of cellulose by enzyme hydrolysis.  Following 24 hours of

enzyme hydrolysis, a maximum cellulose conversion of 66.9% was obtained at a severity

of 4.68.  Similarly, sugar to ethanol conversions were improved by steam explosion.

Maximum sugar to ethanol conversion of 83.1% was observed at a severity of 3.56.

The conclusions drawn from this study are the following: steam explosion was able to

improve both glucose yields from enzyme hydrolysis and ethanol yields from

fermentation. However, when analyzed on whole biomass, or starting material basis, it

was found that the fiber loss incurred during steam explosion treatment negated the gain

in ethanol yield.
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1.  Introduction 1

1 Introduction

In 1973, OPEC issued an oil embargo, raising crude oil prices by 70% with threats of 5%

decreases in production per month.  This global energy crisis saw a boom in the biofuel

industry.  The idea was to wean consumers off the dependence on petroleum products by

substituting equivalent products derived from biomass.  The advantage of this strategy is

the use of renewable resources such as waste from the agricultural and forest products

industries as feedstock.  Much research was poured into finding economically

advantageous means of producing products such as polymers, chemicals and fuels.  Some

biofuels became economically uncompetitive because of the decrease in crude oil prices

due to the lifting of the OPEC oil embargo and overproduction of crude oil from non-

OPEC nations.  Consequently, interest in biofuel production has reduced considerably.

However, because of the positive environmental benefits of biofuels, there is some steady

research in progress to make the process both economically and technically feasible.  One

of the areas where an economically competitive process stands to benefit the agricultural

industry as well as reduce emission of air pollutants is that of alternative fuel production.

The bulk of the research into alternative fuels focuses on ethanol, a high volume but low

value chemical.  Agricultural industries can benefit from a waste management solutions

as well as increased revenue from the fermentation product.  If successful, this solution

will be very attractive to Virginia’s relatively young cotton industry.
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1.1 Cotton in Virginia

Cotton cultivation in Virginia has seen a phenomenal increase since the beginning of the

decade.  Prior to 1990, the cotton industry in Virginia was virtually non-existent with

only 3000 harvested acres.  The primary reason for the lack of cotton acreage was due to

problems associated with boll weevil infestations.  With the advent of advanced pest

management systems in the past decade, harvested acreage of cotton climbed to 22,800

acres in 1993, and to over 100,000 acres in 1997.

To accommodate the increasing cotton cultivation, the number of cotton gins installed

increased from 1 in 1992, to 5 operational gins in 1997.  At its current capacity, over

100,000 bales of cotton are ginned per season.  However, the Virginia cotton ginning

industry now faces the problem of waste management.  Each gin currently produces 40

tons of cotton gin waste per day during a three-month ginning season.  In essence, a

single ginning season produces 36 million pounds of cotton gin waste that needs to be

managed.

Traditional methods of cotton gin waste disposal include incineration, landfilling, and

incorporation into the soil (Thomasson 1990).  Until the enactment of the Clean Air Act

in 1970, incineration was an acceptable and convenient choice.  The most recent revision

of the act which was passed in July 1997 further restricts particulate matter discharge into

the atmosphere, thereby eliminating incineration as an option.  Landfilling is not a viable

option either because not only is there a high land demand, landfill dumping only adds to

Virginia’s waste management concerns.  The current method of choice is the

incorporation of the waste into the soil - an option that is unfortunately unsuitable for

Virginia’s climate.  There is much concern over the presence of weed seeds, insect

infestations, diseases, and excess chemicals in the waste that may degrade the receiving

land (Pugh 1997).

A solution to the cotton gin waste problem may lie in the utilization of the waste to

produce a valuable commodity.  Cotton gin waste consists of burs, pieces of stems, motes
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(immature seeds), and small amounts of cotton fiber.  This material is potentially high in

cellulose and hemicellulose, both of which are composed of fermentable sugars.

Production of ethanol by fermenting these sugars will provide the cotton ginning industry

with a waste management solution and an added bonus of a value-added product.

An avenue of interest for the use of cotton gin trash is for the production of fuel ethanol.

Current environmental trends favor the use of “oxyfuels” such as ethanol to reduce

emissions of carbon monoxide by automobiles.

Figure 1.1: Virginia Cotton in Module Units.
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1.2 Environmental Advantages of Fuel Ethanol

Ethanol is referred to as an “oxygenated” fuel because of its higher oxygen content.  The

incomplete combustion of gasoline produces carbon monoxide (CO), hydrocarbons and

particulates.  The addition of ethanol or other oxygenated fuels to gasoline reduces CO

production by providing more oxygen and promoting complete combustion.  A study by

Whitten et. al. (1997) showed a 14% CO reduction (±4% with 95% confidence) as a

result of oxygenated fuel usage in winter.

The concern over CO production is due to associated health risks.  Atmospheric CO

levels have been found to be highest in the winter.  This is especially true in urban areas

that support high traffic volumes.  An effort to reduce atmospheric CO was first made in

1988.  Colorado issued a mandate for the use of oxygenated fuels in the winter.  The 1990

Clean Air Act Amendments followed soon after, mandating winter oxygenated fuel use in

39 areas, and year round use in 9 areas.  The purpose of the amendment was to bring the

areas in question up to meet minimum emissions standards for CO set by EPA

Combustion of oxygenated fuels favors carbon dioxide (CO2) as the end product over

CO.  The benefits lie not only in the reduction of CO concentration and to decrease health

risks, but also in the contribution of CO2 to the recycling of carbon in the atmosphere.

Plants, trees, and various other organisms assimilate atmospheric CO2 to use as a carbon

source.  Utilizing the waste products from agriculture and silviculture (biomass) for

ethanol production therefore do not contribute a net CO2 into the atmosphere.

In view of the environmental benefits and the decreasing supply of crude oil, industry has

been moving towards greater ethanol fuel usage.  Automobile manufacturers such as

Ford, Honda and Chrysler have begun to manufacture limited supplies of E85 (85%

ethanol with 15% gasoline) and E95 (95% ethanol with 5% gasoline) cars

(http://www.fleets.doe.gov, http://www.afdc.doe.gov/vehicles/OEM_YEAR.html).  Large

oil companies such as Amoco have also launched projects for ethanol production from

biomass (http://www.amoco.com/dynamic/imrel.arc/1995/30795171014.html).
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Currently, about 90% of ethanol is produced from corn.  However, research is being done

using other sources of biomass, such as rice straw and cotton gin waste.

1.3 Issues in the Development of Fuel Ethanol Production from Cotton
Gin Waste

In order to develop a process for fuel ethanol production from Virginia’s cotton gin

waste, a series of studies need to be conducted from the laboratory scale up to the

industrial scale.  The general issues that need to be addressed are 1) whether the

composition of the material (i.e., cotton gin waste) is sufficiently high in fermentable

sugars, 2) accessibility of the sugars for fermentation, and 3) maximizing sugar to ethanol

conversion by optimization of fermentation parameters.

The composition of the material is of importance in determining if the biomass is suitable

for use as a fermentation feedstock.  High fermentable sugar content of the material is of

course desirable.  Agricultural biomass may have higher inorganic compounds

collectively termed “ash” which will lower overall yields.  The content of lignin, a non-

carbohydrate polymer closely associated with the sugar fractions is also of concern as it

may hinder access to these fermentable constituents.

Most biomass is not fermentable without pretreatment to allow access to the sugars,

because the potential fermentable sugars are in a polymeric form (polysaccharides).  The

polysaccharides are further bound in the plant cell walls by interactions between the

polysaccharides as well as with various other non-carbohydrate constituents.  Ultimately,

pretreatment is required to breakdown the polysaccharides into individual sugar units

(monosaccharides), a form which the fermentative organism will be able to utilize.  To

date, the process of obtaining monosaccharides from biomass has been a two-stage

process whereby the first stage breaks down the biomass cell wall structure, and the

second step depolymerizes the polysaccharides.  Several forms of pretreatment have been

investigated utilizing different biomass.  The predominant processes are acid hydrolysis

and steam-explosion/enzyme hydrolysis.
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An inherently important issue in developing a successful process for fuel ethanol

production from cotton gin waste is the need for high sugar to ethanol conversion.

Studies in this area involve optimization of the fermentation parameters such as the

nature of the fermentative organism and fermentation conditions.  Traditionally, yeasts

have been utilized as the fermentative organism due to its resilient nature.  However, one

of the major disadvantages of yeast is its inability to ferment 5-carbon sugars.  Although

5-carbon sugars are not generally the dominant forms of sugar in biomass, the limitation

of yeasts constitutes a waste of sugars.  Genetic engineering work has produced novel

organisms with vigorous growth rates and high ethanol production efficiencies (Ingram

et. al. 1987, Lindsay et. al. 1995, Asghari et. al. 1996).

Larger issues to be addressed in the overall process of making fuel ethanol production

from cotton gin waste a reality are: the scale up of the pretreatments and fermentation

processes and ethanol recovery.  The scope of this research is limited to laboratory scale

studies addressing the three main points: material composition, sugar accessibility and

maximizing sugar to ethanol conversion.

1.4 Research Overview and Objectives

In light of the issues highlighted in the previous section, the general objective of this

research is to investigate, at the laboratory scale, the use of cotton gin waste for the

production of fuel ethanol.  Cotton gin waste composition, biomass pretreatment and

fermentation are addressed with an emphasis on the effects of pretreatment on ethanol

production.
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The specific objectives for the project are:

To characterize the chemical composition of raw material and steam exploded cotton gin

waste.

To apply and study the effects of steam explosion pretreatment on biomass sugar

recovery, enzyme hydrolysis yields, and ethanol yields.

To hydrolyze the polysaccharides using commercial cellulase enzymes to soluble

monosaccharide components for use as the fermentation feedstock.

To ferment the released sugars to ethanol using a genetically modified Escherichia coli.
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2 Literature Review

2.1 Fuel Ethanol

Different regions of the world have excess agricultural or forest waste products with high

potentials for conversion into ethanol.  For example, eucalyptus is abundant in Portugal

(Nunes and Pourquie 1996), pine in Chile (Martí n et. al. 1995), and Brazil has surplus

sugarcane (Stewart 1993).  Many of these countries are looking at ways to utilize their

natural resources for the production of fuel ethanol.  The Brazilian government, through

the implementation of the National Alcohol Program, has expended considerable

amounts of effort to promote cars fueled by ethanol produced from their sugar cane

(Pimentel 1980).  Currently, 40% of Brazilian cars operate on 100% ethanol fuel.  Even

the gasoline-based cars operate on a blend of 22% ethanol with 78% gasoline

(http://www.ethanolrfa.org).

Nikolaus A. Otto, developer of the otto cycle, is said to have deemed alcohol as the

proper fuel for his four-stroke internal combustion engine (cited in Pimentel 1980).  In

the United States, Henry Ford, the father of automobile, promoted the use of ethanol in

the 1920’s.  The trend continued through the 1930’s where more than 2,000 midwestern

service station carried blends of 6-12% ethanol produced from corn.  However, the high

costs of ethanol production soon became too restrictive and thereby resulted in the end of

ethanol usage (http://www.nrel.gov).
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2.1.1 Fuel Ethanol versus Gasoline Performance

Pimentel (1980) compared the performance of fuel ethanol versus gasoline performance

based on fuel consumption, power and cold engine start.  Theoretical calculations by the

author showed that consumption of 96% (v/v) ethanol by automobile engines is 9%

higher than gasoline consumption.  Road tests results were slightly higher at 10 to 20%

ethanol consumption as compared to gasoline consumption.  The road test results were

subject to engine test conditions.

Greater power can be attained on fuel ethanol due to an increase in compression ratio

from 8:1 for gasoline to 12:1 for ethanol.  The compression ratio increase is allowed by

the antiknocking properties of fuel ethanol.  Experimental data showed that fuel ethanol

can deliver 20% greater power than gasoline (Pimentel 1980).

Fuel ethanol has a low vapor pressure, thereby causing difficult cold starts at

temperatures below 15oC.  A cold engine starting system will be required to

accommodate this short-coming (Pimentel 1980).

2.2 Cotton Gin Waste

Waste management is one of the biggest problems faced by the cotton ginning industry.

Ginning one bale (227 kg) of spindle harvested seed cotton lint contributes between 37

and 147 kg of waste (Thomasson 1990).  Considering that on the average, about 16

million bales are ginned annually in the United States (USDA-NASS 1996), the amount

of waste produced in the United States, is close to 5 billion pounds per year.  Virginia

produces about 36 million pounds of cotton gin waste per year.

The general makeup of cotton gin waste consists of sticks, leaves, burs, soil particles,

other plant materials, mote and cotton lint (Schacht et. al. 1978).  Slight differences in the

proportions of the components are usually found between varying mechanical harvest

methods (Thomasson 1990).  The stripper harvesting method generates more waste than



2.  Literature Review 10

the spindle harvesting method.  Virginia employs spindle harvesting as its primary cotton

harvest method.

Many avenues for the disposal or utilization of the wastes have been investigated

throughout the years.  The idea of recovering energy from cotton gin waste has been

around for several decades.  However, the initial application was to harness the energy by

incineration.

Griffin (1974) determined the fuel value and ash content of cotton gin waste for the

purpose of studying the feasibility of disposal by incineration.  Although his primary

concern was simply the disposal of the waste, he also mentions the possibility of using

the heat for seed cotton drying.  The study provided a method for estimating the heat

value of ginning wastes.

Schacht et. al. (1978) conducted another study to further analyze the physical and

chemical composition of cotton gin waste.  One of the purposes was to open the

possibility for ways other than combustion to utilize energy from cotton gin wastes.  The

possibilities mentioned are hydrogen and protein production by an enzymatic process and

the production of char, condensible gases, and non-condensible gases by pyrolysis.

Parnell et. al. (1991) investigated the possibility of gasifying cotton gin waste using a

fluidized bed reactor.  Economic consideration of the Biomass Thermochemical

Conversion System (BTCS) revealed a low net revenue from the gasified products as

compared to natural gas and electricity derived from traditional resources.  The

researchers, however, did find that the char resulting from the BTCS has a potential

market as activated carbon in water and wastewater treatment facilities.  At $200/ton,

cotton gin waste activated carbon is ten times less costly than commercial activated

carbon.  The low cost of cotton gin waste activated carbon from the BTCS, coupled with

the effective nature of activated carbon in meeting the increasingly stringent EPA water

quality regulations showed a promising avenue for cotton gin waste utilization.

In 1979, researchers at Texas Tech University began investigating the possibility of using

cotton gin waste as a fermentation feedstock for ethanol production (Beck and Clements
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1982).  Beck and Clements (1982) published a follow up study three years later to

reassess the economic and technical feasibility of producing ethanol from cotton gin

waste.  An overall design for a processing facility was developed based on converting the

cellulose fraction to ethanol, and the hemicellulose fraction to furfural.  The design

included cellulose hydrolysis by means of immobilized cellulases from Trichoderma

longibrachiatum for a desired yield of 15-20% glucose in the resulting liquor, and

fermentation using baker’s yeast.  The researchers assumed a cotton gin waste

composition of 40% cellulose, 30% hemicellulose and 25% lignin.  Experiments at Texas

Tech have demonstrated an ethanol yield (200 proof) of 37.8 gal/ton of gin waste.  Based

on a unit price of $1.80-$2.00 per gallon of ethanol, Beck and Clements concluded that a

3000 gallon per day ethanol fermentation plant is conceivable.

Brink (1981) also explored ethanol production from cotton gin waste.  Based on

approximations of the composition of the cotton plant (Table 2.1), Brink developed a

general design for a 2-4 million gallons per year ethanol production plant.  The idealized

design considered simultaneous methane production, as well as avenues for recycling

energy.  The general outlook for cotton gin waste usage presented by Brink is very

optimistic.

Table 2.1: Proximate Analysis of Cotton Stems, Fiber, and Stripper Harvested Cotton Gin

Waste

Cell Wall Components % of Cotton Stems1

Brink (1981)

% of Cotton Fiber1

Brink (1981)

Stripper Harvested

Cotton Gin Waste1

Rook (1960)2

Cellulose 37.9 98.5 25.56

Hemicellulose 20.4 0 18.33

Lignin 24.0 0 20.56

Extractives 7.3 1.5 14.0

Ash 2.4 0 12.67

1oven dried basis, 2cited in Thomasson (1990)
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2.3 Chemistry of Cotton Gin Waste

A portion of the fermentable sugars in cotton gin waste is in the stems (Table 2.1).  There

is also cotton fibers (98.5% cellulose) in the waste matter that will contribute to the total

amount of potential glucose (Brink 1981).  A survey of six cotton gin plants in Texas by

Schacht and LePori (1978) found that cotton lint accounts for about 11.1% of cotton gin

waste.  The other components surveyed by the authors were 48.6% burs, 8.4% sticks, and

32.1% fine particles (defined as particles passing through a 20 cm by 20 cm sieve with 5

mm holes spaced 1.5 mm apart) (Schacht and LePori 1978).

As a whole, cotton gin waste should be considered a lignocellulosic substrate, i.e. a

material primarily consisting of cellulose, hemicellulose, and lignin.  In order to exploit

cotton gin waste for its fermentable sugars, the chemistry must be understood.

2.3.1 Cell Wall Constituents

Lignocellulosic materials consist of three main groups of polymers: cellulose,

hemicellulose, and lignin.  Cellulose and hemicellulose are polysaccharides of the desired

fermentable sugars.  Cellulose is a polymer of glucose, a 6-carbon sugar.  Hemicellulose

is more diverse, consisting of a mixture of 5-carbon and 6-carbon sugars such as xylose,

mannose, glucose, arabinose, galactose and uronic acids.  Lignin is a phenolic polymer

and therefore cannot be utilized by ethanol fermenting microorganisms.

The basic structures, organization, and interactions between these molecules largely

determine the physical and chemical characteristics of the overall plant.  Some

extractives such as waxes and lipids are also present in cell walls, but serve no structural

purpose.  Another component, made up of inorganic materials such as calcium,

potassium, and silicone, is referred to as ash and make up about 2.4% of the cotton stem

(Brink 1981) or about 12.7% of stripper harvested cotton gin waste (Rook 1960, cited in

Thomasson 1990) (Table 2.1).  The components of ash cannot be utilized as fermentable

substrates.
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2.3.1.1 Cellulose

Cellulose fibers are highly stable homopolymer chains of up to 12,000 β 1→4 linked

glucose units (Figure 2.1).  In its native state, cellulose chains are held together laterally

by intermolecular hydrogen bonds (Fengel and Wegener 1984).  Intramolecular hydrogen

bonds also form between glucose units of the same chain (Fengel and Wegener 1984).

The additive effect of the bonding energies of the hydrogen bonds increases the rigidity

of cellulose and causes it to be highly insoluble as well as highly resistant to most organic

solvents.  The cellulose chains further aggregate into alternating highly ordered regions

and amorphous regions in a manner described by the fringed micelle theory proposed by

Gerngross et. al. in 1932 (as cited in Fengel and Wegener 1984).  The cellulose

aggregations form the fibrils that serve as a core for microfibrils (Figure 2.2).  The

cellulose fibers are sometimes referred to as the elementary fibrils and/or microfibrils

(Sjöström 1993).  The cellulose in a wood cell exists as microfibrils.  In the biomass

feedstock, cellulose is the main reservoir of glucose, the desired fermentation substrate.
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Figure 2.1: The structure of cellulose, showing β(1→4) glycosidic bond

Figure 2.2:  Intramolecular and intermolecular hydrogen bonds in two adjacent
cellulose molecules of the 002 plane (Fengel and Wegener)
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Figure 2.3: Longitudinal section of a microfibril.  C designates crystalline regions of
cellulose fibers; A designates the amorphous regions.

(Adapted from Bodig and Jayne 1982).
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In addition to the rigorously recalcitrant nature of cellulose, successful hydrolysis to its

fermentable form is also complicated by the susceptibility of glucose to degradation.  The

construct of cellulose fibrils with its amorphous and crystalline regions requires a model

accounting for two reaction rates.  Grethlein (1975) represented the kinetics of cellulose

hydrolysis as:

Where A' represents amorphous cellulose, A represents crystalline cellulose, B represents

glucose monomers, and C the degradation products.  Overall reaction rates are governed

by crystalline cellulose hydrolysis rates.  The difficulty arises because the conditions that

are required for the breakdown of crystalline cellulose (A→ B) is also highly conducive

to glucose degradation (B → C).

2.3.1.2 Hemicellulose

Hemicellulose is an amorphous biopolymer.  The sugar composition of hemicellulose is

variable.  The cotton plant is a Dicotyledone, therefore the stems found in cotton gin

waste are considered as hardwoods (Brink 1981).  Generally, the carbohydrate makeup of

hardwood hemicellulose features glucuronoxylan, glucomannan, and small amounts other

miscellaneous polysaccharides.  In hardwoods, glucuronoxylan (O-acetyl-4-O-methyl-

glucurono-β-D-xylan) is the predominant component (Sjörström 1993).  The backbone of

CB

A'

A
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the polymer is a β1→4 linked xylopyranose chain.  Approximately one in ten of the

xylose units has a 1→2 linked 4-O-methyl-α-D-glucuronic acid side chain, and about

seven in 10 are acetylated at the C-2 or C-3 carbon (Sjörström 1993).  Glucomannan

exists to a lesser degree as part of the hardwood hemicellulose makeup, in the range of

about 3-5% (Fengel and Wegener 1984).  The heteropolymer chain consists of β1→4

linked glucose and mannose units with an average ratio of two mannose units to one

glucose unit (Fengel and Wegener 1984).

In the cell walls, the hemicellulose polymers surround and associate with the cellulose

core of the microfibrils by means of hydrogen bonds (Terashima and Fukushima 1993).

The branched nature of glucuronoxylan forces the polymer to be amorphous.

Glucomannan is likewise amorphous due to the heterogeneity of the carbohydrate

constituents.  In general, hemicellulose readily hydrolyzes into its constituent sugars

under mildly acidic conditions (Sjörström 1993).

Figure 2.4: Partial chemical structure of O-acetyl-4-O-methylglucuronoxylan from
hardwood (Fengel and Wegener 1984).
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2.3.1.3 Lignin

A third main component of a biomass cell wall is lignin.  Knowledge about lignin is

limited because of the difficulty in isolating lignin, and also because of its highly variable

nature.  However, it is known that lignin is a stable, high-molecular weight compound

built on phenylpropane units (Figure 2.5).  As part of the microfibrilar structure, lignin

acts like a glue by filling the spaces between and around cellulose and hemicellulose and

complexing with the polymers.  The presence of lignin greatly limits accessibility to the

cellulose and hemicellulose molecules. Furthermore, lignin is also very rigid, therefore

responsible for the rigidity of wood cells. Lignin makes up the bulk of the middle

lamella, or the intercellular substance.  Here again, lignin serves as a binding between the

cells, as well as for structural support of the plant.

Figure 2.5: Phenylpropane units of hardwood and softwoods, the basic components
lignin.
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2.3.2 Cell Wall Organization

The organization of the microfibrils makes up the basic structure of the biomass cell wall.

The rope-like microfibrils are deposited in layers with specific orientations for the

various layers.  The primary cell wall, or the outer most layer, does not show a specific

pattern in the orientation of the microfibrils.  The microfibrils are deposited in all

directions forming a net.  The secondary cell wall of hardwood cells (vessels and

tracheids) consists of three layers: S1, S2, and S3.  The number designation is based on

the order of deposition from the outer to the inner portion of the cell; i.e. S1 is the

outermost secondary cell wall layer, immediately following the primary cell wall layer,

and S3 is the innermost cell wall layer.  The microfibrils are oriented horizontally

(perpendicular to the axis of the stem) in the S1 layer, vertically (parallel to the axis of

the stem) in the S2 layer, and again horizontally in the S3 layer.

The largest fraction of cellulose in a wood cell is found in the secondary cell wall (Figure

2.6).  As can be seen from the construction of the microfibrils as well as its layout within

the cell wall layers, the cellulose is not immediately accessible.  However, despite the

tight layering of the microfibrilar sheets, the wood cell is still porous (Grethlein 1991).

The pores are referred to as microcapillaries since they are usually long, and slender in

shape.  The occurrence of microcapillaries is due to the incomplete filling of the spaces

between strands of microfibrils by lignin and extractives (Panshin 1980).  The openings

provided by the microcapillaries are extremely small.  Under normal circumstances, most

of the microcapillaries are only accessible to molecules smaller than 51 Å (Grethlein

1991).
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Figure 2.6: Distribution of cellulose, hemicellulose, and lignin in a typical wood cell
wall (taken from Panshin and DeZeeuw 1980)
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The cellulose fibril itself is highly resistant to chemical attack.  To breakdown cellulose

into glucose, the intermolecular and intramolecular hydrogen bonds, as well as the

glycosidic bonds between the glucose units must be cleaved.  Cleavage of the bonds can

be accomplished either by enzyme or acid hydrolysis.  To further complicate matters,

cellulose exists in close association with the two other polymers, hemicellulose and

lignin. Hydrogen bond interactions exist between the cellulose and hemicellulose.

Although lignin is not directly associated with cellulose, it does form covalent bonds with

hemicellulose (Terashima and Fukushima 1993).

2.4 Biomass Pretreatment

Cotton gin waste can be used as a fermentation feedstock only after being subjected to an

effective pretreatment.  To qualify as effective, the pretreatment must meet the following

criteria: 1) maximize fermentable sugar yields, 2) avoid, or minimize degradation of

carbohydrates, 3) avoid, or minimize the formation of microbial growth-inhibiting by-

products, and 4) be energetically, and most importantly, economically efficient.  In

simpler terms, the purpose of a pretreatment is to breakdown the lignocellulosic structure

to its monosaccharide components for use as fermentation substrates.

The three main factors on the ease of lignocellulose breakdown to fermentable

monosaccharides are pore size (Grous et. al. 1986), cellulose crystallinity (Goldstein

1983) and the removal of lignin (Dekker 1988).  Enhanced cellulose accessibility can be

achieved by hemicellulose removal because the relative ease of hemicellulose hydrolysis

provides an ideal avenue for creating larger pores in the microfibrils (McMillan 1994).

McMillan (1994) shows that increased enzyme digestibility is directly proportional to

hemicellulose removal.  Grous et. al. (1986) showed that positive correlation exists

between pore volume (or available surface area) to glucose yields from enzyme

hydrolysis;  (i.e. greater pore volumes corresponded to higher percentages of glucose

yields.)
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Cellulose crystallinity is the second deterministic factor for glucose yields.  Higher

degrees of crystallinity is proportional to slower hydrolysis rates (Goldstein 1983).

Weimer et. al. (1995) demonstrated that chemical and thermal treatments have a tendency

to increase the relative crystallinity index (RCI) of amorphous cellulose.  The same study

showed that no significant increase in RCI is seen for crystalline cellulose.

Thirdly, because access to cellulose microfibrils is highly restricted by the surrounding

lignin matrix, removal of the lignin will largely enhance polysaccharide accessibility.

There are several types of biomass pretreatment procedures to convert lignocellulosic

biomass to fermentable sugars.  These include alkali and dilute acid pretreatments, acid

hydrolysis, ammonia steam explosion (AFEX), steam explosion, enzyme hydrolysis etc.

However, this review is confined to acid hydrolysis and steam explosion/enzyme

hydrolysis because they show more promise than the others.

2.4.1 Acid Hydrolysis

Acid hydrolysis has been the traditional pretreatment for lignocellulosic fermentation.

Bracconet first discovered in 1819 that treating wood with concentrated sulfuric acid

yields glucose (as cited in Goldstein 1983).

Franzidis and Porteous (1981) reviewed early commercial acid hydrolysis processes.  The

“American” process, also known as the Simonsen method, was used between 1910 and

1922.  Southern yellow pine sawmill waste was hydrolyzed by a batch process using

0.5% sulfuric acid and steamed at 912 kPa.  The ethanol yield from the overall process, at

22 gal/ton, proved to be uneconomical.  A German process, developed a few years later

by Heinrich Scholler produced improved yields at 52-58 gal/ton of ethanol in 13-20 hour

hydrolysis time.  The Scholler process utilized a “pulse percolation” method where

batches of 0.8% sulfuric acid were percolated through a column of compressed wood

waste at temperatures of 120oC to 180oC.  Peak operation of the Scholler process was

during World War II in Germany.  The U.S. Forest Products Laboratory improved the

Scholler process, increasing ethanol yields to 64.5 gal/ton in a mere 3-hour hydrolysis

time.  The improvement seen in the Forest Products Laboratory’s Madison Wood Sugar
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Process was due to the continuous flow of the dilute acid as well as the continuous

removal of the hydrolysate, minimizing monosaccharide degradation.  The Madison

Process was never truly established commercially on the account of its inability to

compete effectively with ethanol derived from petroleum sources.

2.4.1.1 Acid Hydrolysis Mechanism

Initially, acid hydrolysis appears to be a relatively efficient means of accessing and

breaking down cellulose.  The main catalyst is a 4Å hydrated hydrogen ion.  As

previously discussed in Section 2.3.2, pores in the microfibrils allow entry of particles up

to 51Å.  The hydrogen ion, therefore, does not face the problem of accessibility

compared to cellulase enzymes.  Furthermore, the basic mechanism of the hydrolysis of

glycosidic bonds is relatively simple (figure 2.3).  The mechanism is similar to the

hydrolysis of other glycosides such as starch (α1→4 linked glucose chains, with α1→6

branches).  Step 3 (figure 2.3) is the rate-limiting step of the process because of the

formation of the high energy half-chair configuration by the cyclic carbonium ion (Fengel

and Wegener 1984, Goldstein 1983).

Initial hydrolysis rates are typically very rapid (Goldstein 1983).  Grethlein (1991)

performed experiments to show that in the initial stages of the hydrolysis reaction, larger

pore volumes do correspond to faster reaction rates.  However, after limited hydrolysis,

the reaction rate slows down considerably (Goldstein 1983).  The glycosidic bonds most

susceptible to hydrolysis are those either at the surfaces or in the amorphous regions of

cellulose.  Rapid hydrolysis rates reflect hydrolysis activity in these regions and can be

seen as a decrease in the degree of polymerization (DP) from several thousand to about

200 (Ladisch 1989).  This point is referred to as the leveling off degree of polymerization

(LODP).  Further hydrolysis is much more difficult beyond the LODP because of the

high crystallinity of the remaining cellulose molecules.

Tillman et. al. (1989) conducted studies related to the thermal conductivity of aspen

wood chips to increase hydrolysis rates.  The finding was that smaller particles allow
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faster heat penetration, thereby avoiding transient temperature variation, allowing a more

rapid overall hydrolysis.

Converse and Grethlein (1979) presented a study based on the development of an acid

hydrolysis treatment for the saccharification of biomass.  Yield maps for glucose and

xylose were studied to project optimum reaction conditions.  It was determined that in

order to maximize glucose yields while minimizing degradation, multiple passes of the

solids through the reactor at low temperatures was desirable.  Maximum xylose yields

occur at temperatures lower than for glucose yields.  The researchers developed a system

design which improved on a previous design by Thompson (1977).  Thompson’s design

was a single pass continuous reactor.  The newer design consisted of an additional steam

injection reactor.  In using Thompson’s design where the reaction was initiated by the

injection of the acid, Converse and Grethlein found that instantaneous mixing was not

feasible.  The steam injection allowed for acid to be mixed with the substrate slurry

below reaction temperature before the reaction was initiated by the injection of steam.

The use of the steam injector also eliminated corrosion problems experienced with the

acid injector.  The results of the single pass reactor found a limited saccharification yield

of up to 50%.  The acid hydrolyzed substrates were then subjected to enzyme hydrolysis

to give vastly improved yields as high as 100% for corn stover and 90% for oak wood.

Carrasco et. al. (1994) compared the effectiveness of acid pretreatment to that of steam

explosion.  The study showed that both forms of pretreatment caused an increase in

cellulose crystallinity index (CI).  The effect was not seen when Sigmacell, a

microcrystalline cellulosic substrate was subjected to either treatments, thus indicating

that hydrolysis of the amorphous regions was responsible for increased CI.  For all types

of biomass used (hardwood, softwood, and herbaceous), CI increase was slightly less

drastic for acid hydrolysis than for steam explosion.  However, when the cellulose of the

pretreated substrates were subjected to further acid hydrolysis, the authors found that the

acid pretreatment increased the rate of subsequent acid hydrolysis whereas the steam

explosion pretreatment decreased the rate.



Figure 2.7: Main mechanism of acid hydrolysis of glycosidic linkages (adapted from Fengel and Wegener 1984)
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2.4.2 Steam Explosion

Steam explosion was developed in 1925 by W. H. Mason for hardboard production

(Mason 1926).  Since then, use of the process has been expanded to include applications

such as ruminant feed production and hardwood pulping.

The use of steam explosion for biomass pretreatment was introduced in the early 1980's.

Iotech Corporation performed some pioneering work in investigating the effects of steam

explosion on aspen wood (Foody 1980).  A comprehensive report was submitted to the

U.S. Department of Energy by Iotech describing the effects of various residence times

and pressures on xylose and glucose yields.  Iotech found that at a given pressure, xylose

and glucose yields peak at different residence times, with xylose usually peaking before

glucose.  Similarly, maximum xylose and glucose yields were found to occur at different

pressures.  The final recommendation given in the report was to optimize holocellulose

(xylose + glucose) at 500-550 psig for a 40 second residence time.

Several studies applying steam explosion for pretreatment of various biomass feedstocks

followed Iotech's report.  Schultz et. al. (1984) compared the effectiveness of steam

explosion pretreatment on mixed hardwood chips, rice hulls, corn stalks, and sugarcane

bagasse.  Steam explosion at 240-250oC and 1 minute increased enzyme hydrolysis rates

of hardwood chips, rice hulls, and sugar cane bagasse to about the same rate as filter

paper.  The steam exploded samples showed no increase in acid hydrolysis rates as

compared to untreated samples.  The study also found no differences in hydrolysis rates

for samples stored for 8 months prior to enzyme hydrolysis and samples exploded shortly

before enzyme hydrolysis.

Martinez et. al. (1990) used Onopordum nervosum and Cyanara cardunculus as

feedstock.  Saccharification efficiency (glucose released after 48 h enzymatic hydrolysis /

maximum glucose in the substrate) of greater than 90% was obtained for O. nervosum

exploded at 230oC, 1-2 min and C. cardunculus at 210oC, 2-4 min.
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Similar results supporting the contributive effects of steam explosion pretreatment on

enzymatic saccharification was reported by Nunes and Pourquie (1996) with eucalyptus

wood, Martí n et. al. (1995) with pinewood, and Moniruzzaman (1996) with rice straw.

2.4.2.1 Steam Explosion Mechanism

Chornet and Overend (1988) describe steam explosion as being a

thermomechanochemical process.  The breakdown of structural components is aided by

heat in the form of steam (thermo), shear forces due to the expansion of moisture

(mechano), and hydrolysis of glycosidic bonds (chemical).

In the reactor, steam under high pressure penetrates the lignocellulosic structures by

diffusion.  The steam condenses under the high pressure thereby “wetting” the material.

The moisture in the biomass hydrolyzes the acetyl groups of the hemicellulose fractions,

forming organic acids such as acetic and uronic acids.  The acids, in turn catalyze the

depolymerization of hemicellulose, releasing xylan and limited amounts of glucan.

Under extreme conditions, the amorphous regions of cellulose may be hydrolyzed to

some degree.  Excessive conditions, i.e. high temperatures and pressures, however, can

also promote the degradation of xylose to furfural and glucose to 5-hydroxymethyl

furfural.  Furfural inhibits microbial growth, therefore is undesirable in a fermentation

feedstock.

The “wet” biomass is “exploded” when the pressure within the reactor is released.

Typically, the material is driven out of the reactor through a small nozzle by the induced

force.  Several phenomena occur at this point.  First, the condensed moisture within the

structure evaporates instantaneously due to the sudden decrease in pressure.  The

expansion of the water vapor exerts a shear force on the surrounding structure.  If this

shear force is high enough, the vapor will cause the mechanical breakdown of the

lignocellulosic structures.

The process description highlights the importance of optimizing the two governing

factors: retention time, and temperature.  The amount of time the biomass spends in the

reactor helps to determine the extent of hemicellulose hydrolysis by the organic acids.
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Hydrolysis of hemicellulose greatly aids the downstream fermentation process.

However, long retention times will also increase the production of degradation products.

As mentioned before, especially in the preparation of a fermentation feedstock,

degradation products must be minimized.

Temperature governs the steam pressure within the reactor.  Higher temperatures

translate to higher pressures, therefore increasing the difference between reactor pressure

and atmospheric pressure.  The pressure difference is in turn proportional to the shear

force of the evaporating moisture.

2.4.2.2 Severity Factor

With the numerous studies using different biomass came a need to standardize the

process parameters to facilitate comparisons.  For example, one of the key issues

common to the array of studies is the minimization of product degradation due to the

pretreatment conditions.  It is important to be able to relate the net product yields to the

pretreatment severity (Chornet and Overend 1988).

Previous work in the pulping industry by Brasch and Free (1965), Monzie et. al. (1984)

and Foody (1984), found that when studying the effect of steam treatments on parameters

such as enzyme accessibility in pulp, treatment temperatures and times are

interchangeable (cited in Overend and Chornet 1987).  From this observation, Overend

and Chornet (1987) adapted the model to define the severity of a steam explosion

pretreatment in terms of the combined effect of both temperature and residence time.

The severity factor then becomes a constant for any given set of temperature and

residence time.   The model is based on the assumptions that the process kinetics is first

order, and obeys Arrhenius' law:

k  =  A e -Ea/RT (2.1)
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where,  k  =  rate constant

 A  =  Arrhenius frequency factor

 Ea  =  activation energy (kJ / kg mol)

 R  =  universal gas constant (8.314 kJ / kg mol K)

 T  =  absolute temperature (K)

In doing so, they were able to develop the reaction ordinate:

Ro
t

= −∫ exp[( ) / . ]Tr Tb dt14 75
0

(2.2)

where,  Ro  =  Reaction Ordinate

 t  =  residence time (min)

 Tr  =  reaction temperature (o C)

 Tb  =  Base Temperature at 100 o C

(14.75 is the conventional energy of activation assuming that the overall

process is hydrolytic and the overall conversion is first order)

The log value of the reaction ordinate gives the severity factor that is used to map the

effects of steam explosion pretreatment on biomass.

Severity  =  log10 (Ro) (2.3)
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where,  Severity  =  severity factor

 Ro  =  Reaction Ordinate

Chornet and Overend (1988) demonstrated the application of the reaction ordinate model

using previously documented steam explosion data.  Pentosan recovery trends from steam

explosion of Populus Tremuloides by Heitz et. al. (1988) were effectively modeled as a

function of the severity factor (cited in Chornet and Overend 1988).  Similarly, pentosan

recovery from Stipa Tenacissima from a study by Belkacemi (1989) could also be

modeled with respect to the severity factor (cited in Chornet and Overend 1988).

The data used by Chornet and Overend (1988) were based on wood feedstocks.  A recent

study by Kaar et. al. (1998) using steam-exploded sugarcane bagasse, however,

concluded that the reaction ordinate model does not apply universally.  In particular, the

authors found that glucose yields from enzyme hydrolysis of steam exploded sugarcane

bagasse was not constant at a given severity over a range of temperatures.

2.4.2.3 The Physical and Chemical Effects of Steam Explosion Pretreatment on

Lignocellulose

Tanahashi et. al. (1983) studied the effects of steam explosion on the morphology and

physical properties of wood.  Shirakaba (Betula platiphilla skatchev var. Japonica Hara)

was the representative hardwood in the study.  Tanahashi et. al. found that at pressures

greater than 28 kg/cm2 (230oC) and 16 min residence time, the microfibrils of Shirakaba

become completely separated from each other.  The microfibrils were found to be thicker

and shorter with increased steaming time.  The crystallinity increased 1.5 fold, and

micelle width increased 2 times.  This led Tanahashi et. al. to conclude that the

amorphous cellulose becomes crystalline during the steaming process.  Thus, crystallinity

index and micelle width of exploded wood increase with steaming.  A thermal analysis

was also performed on the exploded wood, which demonstrated that steam explosion at
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moderate severities promotes delignification.  The authors observed delignification based

on the glass transition temperature (Tg) of lignin.  A peak corresponding to the Tg of

lignin, originally absent from the analysis of untreated wood appears for those of steam

exploded wood.  Under the same temperature/pressure, the intensity of the lignin Tg peak

increased with steaming time up to 2 minutes.  However, a subsequent decrease of the

lignin peak intensity was seen for temperatures beyond 2 minutes.  For constant steaming

time (of 2 minutes in this study) the intensity of the lignin Tg peak increases with

increased reaction temperature/pressure.  The authors interpret this phenomenon as the

repolymerization of lignin, which led to the recommendation of 28 kg/cm2, 2 min for

optimum delignification of Shirakaba.

A follow-up study was done by Tanahashi et. al. (1988) to observe the chemical effects

of steam explosion on wood.  The hemicellulose fractions were found to be readily

hydrolyzed to oligosaccharides by steaming, at lower severities (20 kg/cm2, 1 min).

Higher severities further hydrolyzed the hemicelluloses to monosaccharides, but also

increased the concentration of furfural and 5-hydroxymethyl furfural.

Similarly, Excoffier et. al. (1988) found that the degree of crystallinity of cellulose

increases due to the steam treatment.  This observation is attributed to the crystallization

of amorphous regions of cellulose during the heat treatment.  Excoffier et. al. also found

that while the hemicellulose is removed by hydrolysis, lignin softens under the heat and

depolymerizes.

Atalla (1988) studied the effects of steam explosion on cellulose itself.  X-ray

diffractograms of steam exploded poplar samples revealed that higher temperature

treatments resulted in increasing order of the cellulose lattice structure, thereby increasing

crystallinity.  The effect of higher temperatures at lower retention times was more

pronounced than lower temperatures at longer retention times.  The observations were

confirmed by further analyses using Raman spectral measurements and Solid State NMR

(CP/MAS) spectra.  Atalla also asserted that the mechanical action during the explosive

depressurization similarly increased structural order in cellulose.  This effect was

deduced from results of past experiments involving mechanical treatment of cellulose by
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ball milling and pressing with fine meshed screens.  A secondary finding from the Raman

spectra was that treatment at higher temperatures resulted in enhanced delignification.

Focher et. al. (1988) observed steam exploded wheat straw by scanning electron

microscopy (SEM) and found that the extent of defibrillation is enhanced as treatment

severity is increased.  The SEMs also showed the formation of droplets on the fibers at

high severities believed to be a physically modified form of lignin.

Marchessault and St-Pierre (1980) observed similar globular deposits on steam exploded

pulp.  The softening temperature of lignin is in the range of 130-190oC (Fengel 1984).

Chornet and Overend (1988) speculated that the globules were a result of nucleation by

lignin when subject to temperatures beyond the softening point.

To summarize the effects of steam explosion on lignocellulosics reported in literature:

1. Steam explosion increases crystallinity of cellulose by promoting crystallization of

the amorphous portions.

2. Hemicellulose is easily hydrolyzed by steam explosion treatment.

3. There is evidence that steam explosion promotes delignification.

Both delignification and hemicellulose hydrolysis increases pore volume in plant cells,

and are therefore beneficial for subsequent cellulose hydrolysis.  The increase in

crystallinity of cellulose, however, is a disadvantage of steam-explosion.  Acid hydrolysis

of cellulose is inhibited by high crystallinity (Ladisch 1989).
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a)

b)

Figure 2.8: SEM micrographs of steam exploded wheat straw fibers a) 210oC, 2 min,
b) 235oC, 2 min.  (Taken from Focher et. al. 1988)
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2.4.3 Enzyme Hydrolysis

2.4.3.1 Mechanism of hydrolysis by cellulases

Cellulases are a group of enzymes that act synergistically to hydrolyze cellulose.  At

present, the actual mechanism of cellulase hydrolysis and the interactions between the

components are not completely understood and are still under investigation.  According

to current understanding, the components of cellulase include endoglucanases,

exoglucanases (cellobiohydrolases), and β-glucosidases (cellobiases) (Nidetsky et. al.

1995).  β-glucosidases, however, are under separate genetic controls and are often not

considered to be a cellulase (Mandels 1982).

In earlier research, the existence of a C1 component to initiate the hydrolysis of highly

crystalline cellulose was debated (King and Vessal 1968).  The idea of a C1 component to

break the intermolecular hydrogen bonds of the fibrils to increase amorphous areas was

first presented by Reese, Siu, and Levinson in 1950 (cited in Selby 1968).  The C1

component, however, was never truly isolated, nor could measurements of its activity be

made directly.  Wood and McCrae (1978) explored the possibility that the C1 component

could be the same as exoglucanase.  The conclusion that C1 activity and exoglucanase

activity were due to the same protein was drawn.  By the 1980’s, the validity of the

concept of a separate, hydrogen bond cleaving C1 component was in question.  Current

literature on cellulase systems no longer recognize a separate C1 component.  Although

the vote is not unanimous, many now consider exoglucanase (cellobiohydrolase) as the

“C1 component” (Woodward 1991).  There is agreement, however, that crystalline

cellulose needs to be hydrated and rendered amorphous before the hydrolysis of its

glycosidic bonds can occur (Wood 1989).

Synergism between the cellulase components exists when hydrolysis by a combination of

two or more components exceeds the sum of the activities expressed by the individual

components (Nidetsky et. al. 1995).  Nidetsky et. al. (1995) studied the synergism

between Trichoderma longibrachiatum (formerly known as Trichoderma reesei)

cellulase components and found that maximum synergism occurs between exoglucanases
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and endoglucanases on crystalline cellulose with high degree of polymerization.  They

further concluded that the components acted sequentially as opposed to forming

cellulase-cellulase complexes.

The generally accepted mechanism of a cellulase system (particularly of T.

longibrachiatum) on crystalline cellulose is: endoglucanase hydrolyzes internal β-1,4-

glycosidic bonds of the amorphous regions, thereby increasing the number of exposed

non-reducing ends.  Exoglucanases then cleave off cellobiose units from the non-

reducing ends, which in turn is hydrolyzed to individual glucose units by β-glucosidases

(Woodward 1991).  There are several configurations of both endo- and exo- glucanases

differing in stereospecificities.  In general, the synergistic action of the components in

various configurations is required for optimum cellulose hydrolysis.

Cellulases, however, have been found to be more inclined to hydrolyze the amorphous

regions of cellulose (Fan et. al. 1980).  Fan et. al. (1980) investigated the influence of

structural properties of cellulose on enzyme hydrolysis rates.  The finding was that a

linear relationship between crystallinity and hydrolysis rates exists whereby higher

crystallinity indices correspond to slower enzyme hydrolysis rates.  The same study

looked at the effects of available surface area on hydrolysis rates and found no significant

relationships.  Caulfield and Moore (1974) had established earlier that amorphous regions

of cellulose hydrolyze at twice the rate of crystalline regions.

2.4.3.2 The Effect of Steam Explosion on Enzyme Hydrolysis Yields

Many researchers have studied the effect of steam explosion pretreatment on enzyme

hydrolysis of biomass.  Table 2.2 summarizes some of the higher glucose yield values

obtained by various researchers.
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Table 2.2: Summary of Glucose Yields From Enzyme Hydrolysis Obtained by Various
Researchers based on Steam Explosion Severity

Author(s) Nature of

Biomass

Severity

Log(RO)

Enzyme

Preparation

%

Glucose

Yield

Substrate

Loading

% (w/v)

Hydrolysi

s Time (h)

Grous et. al.

1985

Populus

tremuloides

4.76 T.

longibrachiatum

C-30

+

A. niger

cellobiase

98.5 16.2 24

Dekker et. al.

1988

Eucalyptus

regnans

 Sugarcane

Bagasse

3.64

3.64

T.

longibrachiat

um C-30

+

Novozym 188

Cellobiase

74.0

80.5

10 24

Moniruzzaman

1996
Rice Straw 4.51 Meicelase 76 2 120

Martinez

et. al.

1990

Onopordum
nervosum

Cynara
Cardunculus

4.14

4.14

T.

longibrachiat

um QM9414

77

88

5 48
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The values presented in Table 2.1 show encouraging potentials for the benefits of steam

explosion pretreatment.  However, one must take into account the different cellulase

preparations used, the nature of the biomass, and the hydrolysis times.

Both Grous et. al. (1985) and Dekker (1988) used a cellobiase enriched preparation for

the purpose of increasing glucose yields.  Excess cellobiose in the hydrolysate is thought

to have an end-product inhibition effect on both endo-  and exo-glucanases.

Enhancement of the cellulase preparation with a higher proportion of β-glucanases can

minimize the inhibitory effects by breaking cellobiose down to glucose units (Dekker

1988).

Saddler et. al. (1982) applied various biomass treatments including steam explosion to

aspen wood to study their effects on enzyme hydrolysis yields.  The cellulases used in

this study were from Trichoderma longibrachiatum C30, T. longibrachiatum QM9414

and Trichoderma species E58.  Aspen wood was steam exploded at 250oC for 20 s, 60 s

and 120 s (corresponding to severities of 3.93, 4.41 and 4.72 respectively.)  Other

treatments, including air drying, Wiley milling with a 20 mesh screen and oxidizing with

2 % or 10 % sodium chlorite were applied individually and in various combinations.  Air

drying of the steam exploded samples was found to reduce the amount of sugar released

by enzyme hydrolysis.  The same was found for Wiley milled steam exploded samples.

Treatment of the steam exploded wood with 2 % sodium chlorite showed improved

enzyme hydrolysis yields.  Sodium chlorite oxidized lignin in the samples, therefore

exposing greater cellulose surface area to the cellulases.  2 % sodium chlorite was found

to be more effective than 10 % sodium chlorite.  The authors attributed this effect on the

removal of thin lignin films deposited on large cellulose surfaces.  An increased

concentration of sodium chlorite was thought to remove larger amounts of lignin, but did

not increase cellulose surface area.  When considering the effects of steam explosion

alone, the lowest severity treatment (log(RO) of 3.93 at 20 s) was found to be the most

effective, releasing approximately 44% reducing sugars.
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2.5 Fermentation

2.5.1 Escherichia coli KO11

Wild species of Escherichia coli is not predisposed to producing ethanol as the dominant

fermentation end-product.  In an attempt to produce an ethanologenic E. coli, Ingram et.

al. (1987) successfully inserted pyruvate decarboxylase and alcohol dehydrogenase II

genes (pdc, adhB)  from Zymomonas mobilis into E. coli.  The result was an

ethanologenic bacterium that has been shown to be fairly resilient in ethanol, and most

importantly, actively metabolizes a wide variety of sugars including pentoses.

Asghari et. al. (1996) conducted a series experiments to determine the ethanologenic

capacity of E. coli KO11.  The substrates used in this study were primarily hemicellulose

hydrolysate from corn hulls, fibers, and corn stover.  Comparisons were also made using

a mixture of commercial sugars (xylose, arabinose, glucose and galactose) simulating

hemicellulose hydrolysate.  Fermentation of the simulated hemicellulose hydrolysate

showed that E. coli KO11 preferentially metabolized glucose, galactose and arabinose.

Xylose metabolism was slower than that of the other sugars.  This trend was also

observed during fermentation of actual hydrolysates.  The overall conclusion from this

study was that E. coli KO11 is able to effectively metabolize lignocellulose hydrolysates.

The conclusion was supported by ethanol yields consistently within 15% of the

theoretical 0.51 g ethanol g sugar-1.  Furthermore, the authors concluded that limitation of

ethanol production from E. coli KO11 would be due to sugar concentration as opposed to

inhibition due to ethanol concentrations in the medium.

2.5.2 Simultaneous Saccharification and Fermentation (SSF)

Simultaneous saccharification and fermentation (SSF) refers to the combination of

substrate pretreatment (generally enzymatic hydrolysis) and fermentation in a single

batch reaction.  The concept of SSF is attractive in that it allows fermentative organisms

in the system to consume and therefore minimize concentrations of end products

inhibitive to enzymatic activity.  For example, in the cellulase system, β-glucosidases
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breakdown cellobiohydrolases that are inhibitory to exoglucanases.  The end product,

glucose, however, is in turn inhibitory to β-glucosidases.  In SSF, a fermentative

organism is included in the system to convert the glucose into a desired fermentation

product.

Saddler et. al. (1982) performed a study evaluating the effectiveness of SSF based on

pretreatment conditions.  The study addresses the biggest problem with SSF: the

optimum hydrolysis temperature and optimum fermentation temperature do not usually

agree.  Typically, cellulolytic enzymes operate at peak performance at around 50oC.

Microorganisms commonly used in fermentation systems such as yeasts, however,

generally cannot survive past 40oC.  This study compares product (in this case ethanol)

yields for SSF systems incubated at different temperatures.  On Solka floc, the highest

ethanol yield (20.8mg/mL after 144 h) was from the system incubated at 28oC with 24

hours hydrolysis only followed by inoculation with Saccharomyces cerevisiae.  The

experiments were repeated using aspen wood that was steam exploded at 250oC for 20

seconds.  The steam exploded substrates were either used as is (unextracted), water and

alkali-washed, or water and alkali washed and treated with sodium chlorite.  The most

successful treatment combination was that of water and alkali washing, and treatment

with sodium chlorite.  The unextracted steam exploded aspen wood not only showed very

poor ethanol yields, the reducing sugars released during enzyme hydrolysis was only

partially consumed.  The authors speculated the presence of an inhibitor but no

supporting evidence was available at the time.

2.6 Concluding Remarks

In summary, the review of literature presented evidence supporting the advantages of fuel

ethanol usage as well as perspective on its production from biomass.  Waste biomass is a

ubiquitous carbon source but its utilization requires innovative technology.  Researchers

around the world are studying the nature of biomass and means to economically exploit

these readily available renewable resources.  Research success will ultimately lead to a

general agricultural and silvicultural waste management solution coupled with the

production of chemicals and other commodity products from the waste.
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3 Experimental Materials and Methods

3.1 Methodology General Overview

The overall objective of this study was to investigate the effects of steam explosion

pretreatment on fuel ethanol production from cotton gin waste.  The setup of this study is

based on a central composite experimental design to specifically study the influence of

temperature (of the steam within the reactor) and reaction time (during which the material

is subjected to steam at the target temperature).  Experiments and analyses were

conducted to address three main areas of interest, i.e. steam explosion effect on

composition of cotton gin waste, cellulose conversion by enzyme hydrolysis and ethanol

yields from fermentation.

3.1.1 Experimental Design

The effect of the two main steam explosion parameters, temperature and time was

examined by the use of a 22 -factorial experimental design.  The central composite design

was based on 2 replicates, with 5 replicates at the center point.  The independent

treatment variables were designated as steam temperature within the reactor (in oC), x1,

and retention time of cotton gin waste in the reactor (in seconds), x2.  The two variables

were coded as A and B respectively, where:

A  =  (x1 – 212) / 25 (3.1)

B  =  (x2 – 265) / 245 (3.2)
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Where x1 and x2 are the natural values and A and B are the coded values for temperature

and time respectively.

The star points were set at α = 1 to stabilize the design against external variabilities such

as day effects and operator effects.

3.2   Cotton Gin Waste

The cotton gin waste used in this study was obtained from Southside Gin Inc. (Emporia,

Virginia).  Raw samples were collected from the ginning plant at the tail end of the

ginning season in December 1997.  Samples were collected directly from the output of

the ginning process (Figures 3.1 and 3.2).  The samples were Wiley milled with a 40

mesh screen at the Thomas M. Brooks Forest Products Center prior to analysis.

Unless otherwise specified, all experimental work was done at the Bioresource

Engineering Laboratory, Biological Systems Engineering Department, in Seitz Hall.

Figure 3.1: Cotton Gin Waste at the end of the Ginning Operation.
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Figure 3.2: Cotton Gin Waste Collection for Experimental Usage.
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3.3 Compositional Analysis of Raw Material

3.3.1 Moisture Analysis

The moisture content of the raw material (untreated cotton gin waste) was determined by

the solids determination method of ASTM E1754-95 (ASTM, 1995).  Moisture in

triplicate samples was driven off at 105oC in the laboratory oven (Thelco Laboratory

Oven, Precision Scientific, Chicago, Illinois).  The dried samples were cooled in a

dessicator and weighed.  The process was repeated until a constant mass was obtained.

The moisture content was then calculated.

3.3.2 Ethanol Extractives Analysis

The ethanol extractives content was determined by the method described by ASTM E

1690-95 (ASTM, 1995).  Between 1 g to 5 g (dry basis) of the Wiley milled raw cotton

gin waste was extracted with 95% ethanol in a Soxhlet extraction apparatus for a

minimum of 8 hours.  The extracted material was filtered with a medium porosity glass

filtering crucible, air-dried overnight at ambient temperature and saved.  The extractives

were separated from ethanol using a rotary vacuum evaporator (Büchi Rotovapor R-124,

Brinkmann Instruments Inc., Westbury, New York) at 45oC, 150 rpm and 84 kPa (25 in

Hg).  After evaporation to dryness, the samples were placed in a dessicator for 1 hour and

then weighed.  Drying in the dessicator continued until a constant mass was attained.

Percent ethanol extractives was calculated as follows:

(3.3)%100*
'






=

lrawmat

sExtractive
EtOHExtr
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Where,               EtOHExtr   =  percent ethanol extractives on an oven-dried basis (%)

                     Extractives  =  weight of extractives remaining after rotary evaporation

     (g)

      rawmat’l  =  initial oven-dried weight of substrate (g)

3.3.3 Acid Insoluble Residue and Ash Analyses

The acid insoluble residue and ash fractions were determined following the ASTM E

1721-95 procedure (ASTM, 1995).  Sulfuric acid (H2SO4) at a concentration of 72% was

used to hydrolyze 0.3 g of the substrate for 2 hours at 30oC in a water bath.  The

hydrolyzed substrate was filtered using a medium porosity glass filtering crucible.  The

filtrate was collected and used as the stock sample for carbohydrate analyses.  The

remaining residue was dried in the laboratory oven at 105oC overnight and weighed.  The

dried residue was then ashed in a Thermolyne Type 10500 muffle furnace (Thermolyne

Corporation, Dubuque, Iowa) at 575oC for 3 hours and weighed.  The following

equations were used to calculate percent acid insoluble residue and percent ash:

(3.4)

Where,       AcidInsol  =  percent acid insoluble residue on an oven-dried basis

          (%),

       acidinsol  =  oven-dried weight of acid insoluble residue (g),

    ash  =  weight of residue following ashing at 575oC (g), and

                  rawmat’l  =  initial oven-dried weight of substrate (g).

%100*
' 



 −=

lrawmat

ashacidinsol
AcidInsol
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(3.5)

Where,      Ash  =  percent ash on an oven-dried basis (%),

     ash  =  weight of residue following ashing at 575oC (g), and

            rawmat’l  =  initial oven-dried weight of substrate (g).

3.3.4 Sugar Analysis

The carbohydrate fractions of raw cotton gin waste were analyzed by gas

chromatography (GC) on a Shimadzu GC 14-A gas chromatograph (Shimadzu Scientific

Instruments, Inc., Columbia, MD) with a Supelco SP-2380 capillary column (30 m, 0.25

mm ID, 0.2 µm film thickness) (Supelco, Inc., Bellefonte, PA).  Accompanying software,

Shimadzu CLASS-VP was used for temperature programming, data retrieval and

analysis.

Injection samples were prepared according to ASTM 1821-96.  This method describes a

procedure for derivatizing monomers to their respective alditol acetates and tests for the

sugars arabinose, xylose, mannose, galactose, and glucose.

Run conditions were set through the program Sugar3.met in the CLASS-VP software.

Helium was used as the carrier gas.  An initial column temperature of 190oC was held for

5 minutes before ramping at 15.0oC per min up to 250oC where it was kept steady for 26

minutes.  The total run time was 35 minutes.  The injection port temperature was set at

240oC, and the flame ionizing detector (FID) temperature was set at 220oC.  Total column

flow was at 64 mL/min, sample linear velocity through the column was 20 cm/s, column

flow was 0.6 mL/min, and 1 µL samples were injected with a split ratio of 101:1.  The

retention times for each monomer can be found in Appendix A.

%100*
'






=

lrawmat

ash
Ash
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Calculations were performed as described in the ASTM 1821-96 method for the

percentage of each sugar on an oven-dry basis.  Refer to Appendix A for a detailed

description of calculation methods.

The raw samples were tested in parallel using high performance liquid chromatography

(HPLC) at the Wood Chemistry Laboratory (Department of Wood Science and Forest

Products, Virginia Tech).  The equipment includes a Waters 410 Differential

Refractometer, a Waters Model 510 Millipore Pump, an Eldex CH-150 Temperature

Regulator, and Bio-Rad “Polypore” Aminex HPX-87P, 7.8 x 300 mm column.   Sample

preparation and analysis procedure were performed as previously described by Kaar et.

al. (1991).

3.4 Analysis of Steam Exploded Material

3.4.1 Steam Explosion Process

The steam explosion of the cotton gin waste samples was carried out in a 56 liter (2 cubic

foot) batch reactor located at the Recycling Laboratory at the Thomas M. Brooks Forest

Products Center.  A central composite design was employed to select the temperatures of

185oC, 211.5oC, and 238oC, and the retention times of 20, 510, and 265 seconds.  Table

3.1 summarizes the reaction conditions set by the experimental design.  The reaction

conditions are expressed in terms of a severity factor which combines reaction

temperature and retention time as described by Overend and Chornet (1987).  The

equations to calculate the severity factor are given by equations 2.2 and 2.3.

The temperature of the steam explosion unit is controlled at the boiler, therefore causing

difficulties in attaining and maintaining the desired temperatures.  Actual severities for

several of the samples deviated from the original theoretical design (Table 3.2).

Steam explosion of the 21 samples was run over 3 days.  The first six samples were run

on the first day, the next ten samples were run on the second day, and the last six were

saved for the last day.  On each given day, the steam explosion unit was operated only at
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one temperature.  About 200 g of raw cotton gin waste was weighed out per batch.  After

allowing the boiler to reach steady state, valves 2, 3, and 4 were closed (Figure 3.3).  The

reactor chamber was filled with the raw cotton gin waste through valve 1.  Valve 1 was

then closed and steam was let into the chamber through valve 2.  The reactor was allowed

to reach target temperature before timing began.  Typically, about 20 seconds was

required to attain the desired temperature.  At the end of the allotted steaming time, valve

3 was opened for the “explosive depressurization” to occur.  The steam-exploded material

shot through the connecting piping and collected in the collection bin.  The product came

out in a sludge form and was strained using a nylon mesh cloth for fibers.  The fibers

were bagged and weighed.  Pictorial representation of the procedure is presented in

figures 3.4 through 3.9.

Following each run, the reactor chamber was washed several times with water.  This was

accomplished by carrying out the steam explosion procedure with only water in the

reactor.  The fibers from the wash water were collected and added to the initially

collected sample.  The first batch of water used was designated as the first wash and the

subsequent washes were collectively designated as the second wash.

The liquor from the first wash was sampled and freeze-dried in a Labconco FreezeDry-5

freeze drier at 5 µtorr (Labconco Corporation, Kansas City, MO).  The solids recovered

from the freeze drying process were included in the overall mass balance used to

determine solids recovery from the steam explosion process.
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Figure 3.3: Schematic of the Steam Explosion Batch Gun.

Valve 1:  Sample Charging Valve.  ANSI Class 300, 6 in. Full Port “Velon”.  Flanged Ball Valve, Stainless Steel Body and Trim.
Valve 2:  Saturated Steam Supply Valve.  “Jamesbury”, 1 in. Full Port Ball Valve.  Stainless Steel Body and Trim.
Valve 3:  Discharge Valve.  3 piece, 2 in. Full Port Ball Valve.  Stainless Steel Body and Trim.
Valve 4:  Condensate Drain Valve.  ¾ in. Full Port Ball Valve.  Stainless Steel Body and Trim.

Reactor
Chamber

6 in. Extra Heavy
Wall.
304 Stainless
Steel Pipe,
Welded Flanges
at each end.

Connecting
Pipe

Vent to
Atmosphere
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Figure 3.4: Steam Explosion Batch Gun at the Recycle Lab in Thomas M. Brooks
Forest Products Center, Virginia Tech.



3.  Experimental Materials and Methods 50

Temperature control of
steam to be injected
into the reactor is done
at the boiler as shown
here.  Since steam
temperature cannot be
set directly at the
reactor, steam
temperature control is
very difficult.

Figure 3.5: Steam Explosion Temperature Control at the Boiler.

Steam exploded cotton gin
waste comes out in a sludge
form (wet fibers + liqour
fraction).  The fibers were
separated from the liqour in
this study.

Figure 3.6: Freshly Steam Exploded Cotton Gin Waste.



3.  Experimental Materials and Methods 51

Figure 3.7: Solids Collection from Steam Exploded Cotton Gin Waste Sludge.
The fibers from the steam exploded material were strained out and separated from the
liqour through the nylon mesh cloth.  The liquor from the sludge was added to the first

wash liquor.
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Figure 3.8: First Wash Liquor from Steam Exploded Cotton Gin Waste.

Figure 3.9: Steam Exploded Cotton Gin Waste, Solids Only.
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Table 3.1: Cotton Gin Waste Steam Explosion Experimental Design

Sample
Number

Reaction
Ordinate

Severity Temperature Retention
Time

(Ro) log10(Ro)
oC s

1 107.2 2.03 185 20

2 107.2 2.03 185 20

3 2691.5 3.43 185 510

4 2691.5 3.43 185 510

5 1412.5 3.15 185 265

6 1412.5 3.15 185 265

7 645.7 2.81 211.5 20

8 645.7 2.81 211.5 20

9 16218.1 4.21 211.5 510

10 16218.1 4.21 211.5 510

11 8511.4 3.93 211.5 265

12 8511.4 3.93 211.5 265

13 8511.4 3.93 211.5 265

14 8511.4 3.93 211.5 265

15 8511.4 3.93 211.5 265

16 3890.5 3.59 238 20

17 3890.5 3.59 238 20

18 97723.7 4.99 238 510

19 97723.7 4.99 238 510

20 51286.1 4.71 238 265

21 51286.1 4.71 238 265
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Table 3.2: Cotton Gin Waste Steam Explosion Experimental Log

Sample
Number

Reaction
Ordinate

Severity Temperature Retention

Time

(Ro) log10(Ro)
oC s

1 112.2 2.05 185.8 20

2 120.2 2.08 186.9 20

3 2952.2 3.47 186.4 510

4 2952.2 3.47 186.4 510

5 1548.8 3.19 186.4 265

6 1548.8 3.19 186.4 265

7 616.6 2.79 211 20

8 616.6 2.79 211 20

9 15848.9 4.20 211 510

10 15848.9 4.20 211 510

11 8128.3 3.91 211 265

12 8128.3 3.91 211 265

13 8128.3 3.91 211 265

14 8128.3 3.91 211 265

15 8128.3 3.91 211 265

16 3630.8 3.56 237 20

17 3630.8 3.56 237 20

18 91201.1 4.96 237 510

19 91201.1 4.96 237 510

20 47863.0 4.68 237 265

21 47863.0 4.68 237 265
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3.4.2 Compositional Analysis of the Steam Exploded Material

The ethanol extractives, acid insoluble residue and ash of the steam-exploded fiber

samples were determined following the same procedures as the analysis of the raw

material (Section 3.2).

3.4.2.1 Sugar Analysis of Steam Exploded Material

Steam exploded cotton gin waste was hydrolyzed with 72% H2SO4 as described by

ASTM E 1721-95 (ASTM 1995) for acid insoluble residue analysis (Section 3.2.3).  The

hydrolysate from the acid treatment was analyzed for carbohydrates to determine the

overall sugar composition of the steam-exploded material.

The analysis was performed on the Shimadzu GC 14-A gas chromatograph (Section

3.2.4) equipped with a J&W Scientific DB-225 capillary column (15 m, 0.25 mm ID,

0.25 µm film thickness) (J&W Scientific, Folsom, CA).

Injection samples were derivatized according to ASTM 1821-96.  Run conditions were

set through the program ASTM1821.met in the CLASS-VP software.  Helium was used

as the carrier gas.  An initial column temperature of 190oC was held for 1.0 minute before

ramping at 10.0oC per min up to 220oC where it was kept steady for 14 minutes.  The

injection port temperature was set at 200oC, and the FID temperature was set at 250oC.

Total column flow was 50 mL/min, sample linear velocity through the column was 78

cm/s, column flow was 3.0 mL/min, and 1 µL samples were injected with a split ratio of

15:1.  The retention times for each monomer can be found in Appendix A.

Calculations were performed as described in the ASTM 1821-96 method for the

percentage of each sugar on an oven-dry basis.  Refer to Appendix A for a detailed

description of calculation methods.
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3.4.2.2 2-Furaldehyde and 5-Hydroxymethyl Furfural Analyses

The hydrolysates from the steam-exploded fibers and the pre-concentrated first wash

samples were analyzed for 2-furaldehyde and 5-hydroxymethyl furfural.  The analysis

was performed on Millipore Waters 501 HPLC Pump (Milford, MA), Gilson Holochrome

UV Detector (λ = 278 nm) (Gilson Medical Electronics, Middleton, WI) and a Hewlett

Packard HP3394A Integrator.  Sample analysis was performed on a Bio-Rad Carbo-H

guard column (4.6 x 30 mm) using 0.01 M sulfuric acid as the mobile phase at 0.8

mL/min (400 psi).  Sample preparation and analysis procedure were performed as

previously described by Kaar et. al. (1991).

3.5   Enzyme Hydrolysis Studies

3.5.1 Enzyme Hydrolysis Time Study

A sample of raw cotton gin waste and four samples at different steam explosion severities

were selected for an initial study of enzyme hydrolysis of steam exploded cotton gin

waste.  The steam exploded cotton gin waste used here was from a different batch and not

the same as that for the main study.  The material was steam-exploded according to the

same experimental design parameters one year previous to the main batch.  The selected

samples were sample 1, sample 10, sample 11, and sample 21 at the severities 2.03, 4.20,

3.91 and 4.53 respectively.  In addition, baseline data was established by using SIGMA

microgranular cellulose C-6413 (Sigma Chemicals, St. Louis, MO).

The enzyme used was Primalco basic cellulase, lot. 102146365, endoglucanase activity of

20,000 ECU/g, and cellulase activity of c. 70 FPU/g, (Primalco Ltd. Biotec, RAJAMKI,

Finland).

Samples of 250 mg equivalent solids were soaked overnight in acetate buffer.  The

hydrolysis was carried out at pH 5.3 in a covered shaker bath at 50oC and 30 rpm for 24

hours.  The overall procedure has been previously described (Glasser et. al. 1994).
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3.5.1.1   Glucose Assay

Stanbio Glucose LiquiColor Procedure No. 1070 (Stanbio Direct San Antonio, Texas)

was used to determine the concentration of reducing sugars (glucose) liberated during

enzyme hydrolysis.  Samples were retrieved at 0, 5, and 24 hours.  Upon sampling, the

hydrolysis reaction was quenched by immersing samples in boiling water for 5 minutes.

Perkin-Elmer Lambda 6 UV / vis spectrophotometer with PECS 5 software was used in

scanning colorimetric absorbances between 400 nm to 650 nm.  Readings were taken at

500 nm in accordance with manufacturer specifications.

The Stanbio assay included a glucose standard and an enzyme preparation which were

used to prepare the blank controls (enzyme preparation only), glucose standards (glucose

standard solution and enzyme preparation), as well as the unknown samples (sample

solution and enzyme preparation).

3.5.1.2 Enzyme Hydrolysis Calculations

Data from the enzyme hydrolysis time study were analyzed to provide information on

cellulose conversion and enzyme hydrolysis rates.  Cellulose conversion was calculated

as:

(3.6)

where, C.C.  =  Cellulose Conversion:  Concentration of glucose released in time, t per 

amount of concentration of available cellulose

(mg/mL glucose / mg/mL cellulose),

 Glut = Concentration of glucose at time, t (mg/mL),

Glu0 = Initial glucose concentration at time = 0 h (mg/mL), and

Cellulose = Concentration of available cellulose (mg/mL).

( )
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Enzyme hydrolysis rates were computed as concentration of glucose released  per

hydrolysis time:

(3.7)

where,v = enzyme hydrolysis rate (mg/mL glucose per hour)

Glut = Concentration of glucose at time, t (mg/mL),

Glu0 = Initial glucose concentration at time = 0 h (mg/mL),

t = hydrolysis time (h), and

to = time = 0 hour (h).

3.5.2 Cellulase Preparation Comparative Study

Three different cellulase preparations from various sources were compared for relative

effectiveness of the Primalco basic cellulase.  Genencor Cytolase 123 from Trichoderma

longibrachiatum (Genencor, Inc.) and Alko Econase EP1262 also from Trichoderma

longibrachiatum (Alko, Ltd.) were used.  The cellulase preparations were provided by

Dr. Wolfgang Glasser and Dr. Rajesh Jain of the Wood Chemistry and Forest Products

Department (Virginia Tech).

The substrates used in this comparative study were SIGMA microgranular cellulose C-

6413 and SIGMA xylose, both of reagent grade.  Each of the three samples consisted of

about 0.45 g cellulose, 0.15 g xylose and 0.5 g SIGMA yeast extract in 100 mL of acetate

buffer.  The samples were also overlimed (Section 3.7.1) prior to inoculation with

cellulase.  The samples were prepared to model actual hydrolysis and fermentation

experiments, hence the overliming step and the inclusion of yeast extract.  The actual

substrate contents and initial pH of each sample are presented in Table 3.3.  Hydrolysis

0

0

tt

GluGlu

dt
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was carried out at 50oC and 120 rpm in a shaker bath for 48 hours.  Samples were taken

at 24 hour intervals and analyzed by gas chromatography.

Table 3.3: Samples Used in Cellulase Enzyme Comparative Study

Cellulase
Preparation

Cellulase
Loading

(µL)

Cellulose
(g)

Xylose
(g)

Yeast Extract
(g)

Post-
Overliming

pH
Primalco

Basic Cellulase 500 0.4540 0.1542 0.5064 5.04

Genencor
Cytolase 123 500 0.4519 0.1525 0.5038 5.00

Alko
Econase EP1262 500 0.4529 0.1514 0.5087 5.02

3.6 Fermentation Organism

3.6.1 Escherichia coli KO11

Escherichia coli strain KO11 was provided by Dr. Lonnie O. Ingram, Department of

Microbiology and Cell Science, University of Florida (Asghari et. al. 1996).  E. coli

KO11 is a recombinant organism with genes (pdc, adhB) from Zymomonas mobilis

incorporated in its chromosome for enhanced ethanol production (Linsay et. al. 1995).

The original organism that was genetically modified was E. coli ATCC11303.  Stock

cultures were prepared by addition of 20% glycerol (v/v) to concentrated E. coli KO11

cultures and stored at –70oC

A growth curve for E. coli KO11 on xylose broth was established (Figure 3.10).  The

growth medium was prepared according to the following recipe (based on 1L): 5 g Yeast

Extract, 10 g Tryptone, 5 g NaCl, 50 g xylose, and 40 mg chloramphenicol (Asghari et.

al. 1996).  Fresh colonies from an agar plate (5g yeast extract, 10 g tryptone, 5 g NaCl, 20

g xylose, 15 g agarose on 1L deionized water basis) were used to inoculate 50 mL of the
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growth medium in 250 mL Erlenmeyer flasks.  The cultures were grown in a Precision

Reciprocal Shaking Bath (Precision Scientific, Chicago, IL) at 35oC and 150 rpm.

Samples of 0.5 mL were taken on an hourly basis and analyzed gravimetrically

(McMillan and Newman 1995).



Figure 3.10: Growth Curve for Escherichia coli KO11
(Two cultures were grown under identical conditions in separate flasks as shown)
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3.6.2 Preparation of Fermentation Inoculum

Short term storage samples from freshly cultivated cells were prepared and used as

inocula.  Cells that were grown for 18 hours were centrifuged at 11000g under sterile

conditions and resuspended in fresh sterile medium.  The culture was mixed with sterile

20% glycerol solutions, divided into 0.5 mL aliquots and stored at  –20oC.  A final

glycerol concentration of 10% was used in the storage samples.

One day prior to a fermentation run, the frozen stock culture was thawed and added to

about 100 mL of growth medium and cultivated overnight.  On the day that fermentation

was initiated, the cells were centrifuged under sterile conditions, rinsed with deionized

water and resuspended in about 2 mL of deionized water.  The initial concentration used

in the fermentation studies was 0.2 OD in a total of 100 mL fermentation medium.

Optical density of the resuspended inocula were measured using a Spectronic 1001

spectrophotometer (Milton Roy Company) at λ = 550 nm.

3.7 Hydrolysis and Fermentation of Steam Exploded Samples

The general scheme of the hydrolysis and fermentation experiments is outlined in a

flowchart in Figure 3.11.

3.7.1 Overliming

Steam explosion of biomass has been shown to cause the formation of by-products that

are inhibitory to microbial and enzymatic activities (Excoffier, 1991).  An overliming

step was included prior to fermentation to precipitate some of the toxicants.  The pH of

the samples was raised to exceed pH 10 by the addition of calcium hydroxide (Ca(OH)2).

The pH was then lowered to a pH of about 5 using H2SO4.  The overlimed samples were

used as is without removal of the precipitates.
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3.7.2 Enzyme Hydrolysis of Steam Exploded Samples

Saccharification of the steam exploded cotton gin waste were performed on 1 g (dry

basis) samples in 100 mL of acetate buffer at pH 5.  Yeast extract at 0.5 g/100 mL was

added to the medium at this stage in preparation for fermentation following hydrolysis.

The samples were incubated in 250 mL screw top erlenmeyer flasks at 50oC and 120 rpm

for 24 hours.  As in the enzyme hydrolysis studies, Primalco basic cellulase, lot.

102146365, endoglucanase activity of 20,000 ECU/g, and cellulase activity of c. 70

FPU/g, (Primalco Ltd. Biotec, RAJAMKI, Finland) was used as the saccharification

agent.  500 µL of the cellulase enzyme preparation was used per 1 g of sample.

Samples of 1.5 mL were taken at the end of the 24 hour hydrolysis period and centrifuged

at 16000 rpm for 10 minutes.  The samples were stored at –20oC prior to analysis.

The sugars in the samples were derivatized according to the method described by ASTM

1821-96.  Sugar analysis was performed on the 24-hour samples by gas chromatography

(Shimadzu GC 14-A gas chromatograph, Shimadzu Scientific Instruments, Inc.,

Columbia, MD) on the J&W Scientific DB-225 capillary column.  The GC conditions

were similar to those described in Section 3.3.4.

3.7.3 Fermentation of Hydrolyzed Steam Exploded Cotton Gin Waste

The flasks containing enzyme hydrolyzed substrates were inoculated with E.coli KO11 at

an OD of 0.2 in 100 mL of fermentation medium.  The samples were flushed with N2 gas

prior to sealing and subsequently fermented at 35oC and 120 rpm for 72 hours.

Samples of 1.5 mL were taken at 24 hour intervals and centrifuged at 28,000g for 10

minutes to remove suspended fibers and cells.  Each sample was analyzed to monitor

ethanol production as well as sugar consumption.
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Figure 3.11: Flowchart outlining the general scheme employed in the hydrolysis and
fermentation experiments
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3.7.4 Product Analysis

Quantitative monitoring of ethanol production in the fermentation systems was performed

on the Shimadzu GC-14A Gas Chromatograph with a Restek RTX-5 (Cat No. 10279,

Restek Corporation, Bellefonte, PA) capillary column and Fisher 1-butanol A383-1 as the

internal standard.

Run conditions were set through the program EtOH.met in the CLASS-VP software.

An initial column temperature of 35oC was held for 4 minutes before ramping at

8.0oC/min up to 80oC and held for 5 minutes.  The injection port temperature was set at

200oC, and the flame ionizing detector temperature was set at 200oC.  Sample linear

velocity through the column was set at 40 cm/s and 0.5 µL samples were injected with at

a split ratio of 40:1.

All the samples were spiked with an internal standard of 1-butanol.  A calibration

standard curve developed to calculate ethanol concentration in the fermentation samples.

Calibration standard curves and calculation methods are described in Appendix B.

3.8 Data Analysis

The data collected throughout the course of the experiments provided information on:

fiber recovery from steam explosion, compositional data for raw and steam exploded

material, cellulose conversion by enzyme hydrolysis and ethanol yields from

fermentation.  Processing of the data was done by statistical regression.  The

experimental design used to setup the experiments was based on a central composite

design with steam explosion temperature and retention times as factors.  Regression of

the data relates the responses back to these factors.

Each response was analyzed by response surface regression, which as mentioned above,

related the response to temperature and time.  Each regression determined the

significance at 95% confidence (α = 0.05) of temperature, time, temperature2, time2, and
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temperature*time.  The initial analysis attempts were directed at developing a quadratic

model in the form of

Y  =  βo + β1X1 + β2X2 + β3X1
2 + β4X2

2 + β5X1X2 (3.8)

where, Y  =  Predicted response,

β0, β1, β2, β3, β4, and β5 = coefficients derived from the regression,

X1 = Treatment temperature, oC, and

X2 = Residence time, s.

The final equation is based on the reduced form of the model which includes only the

significant terms.

A simpler 1-factor regression was also run on the responses based on Chornet and

Overend’s (1987) “severity” factor which combines the effects of temperature and time

into one parameter, i.e. log(Ro).  In this case, a linear model of the form shown in

equation 3.9 was fitted:

Y  =  α0 + α1R (3.9)

where, Y  =  Predicted response,

α0 and α1  =  coefficients derived from the regression, and

R  =  Treatment severity, log(R0)

The regression results were compared for the two methods to determine the best fitting

model.
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In conducting the analyses, one must acknowledge that fiber loss from steam explosion in

a batch reactor is unavoidable.  In this case, to accommodate fiber loss, each response

was standardized to percent fiber recovery, and re-analyzed.  The standardization

assumes a constant input amount into the overall process of ash free cotton gin waste.

The percent fiber recovery per sample, therefore becomes the amount of material

available following steam explosion for conversion into ethanol.  The analysis will be

referred to as on whole biomass basis.  Sample calculations are presented in Appendix C.

The purpose of the analysis on whole biomass basis is to provide information on the

overall process of ethanol production from cotton gin waste.  Raw data contains only

information on the effects of steam explosion on the particular step in the process.  For

example, raw ethanol yield data describes the effect of steam explosion on the

fermentation efficiency of the fermentative organism.  Ethanol yield on whole biomass

basis, however, describes the overall effect of steam explosion on ethanol yield from

cotton gin waste.  Flowcharts describing the schematics followed in the analyses are

shown in figures 3.12, 3.13, and 3.14.



Figure 3.12: Flowchart Representing the Analysis Scheme for Sugar Recovery from Steam Explosion

Whole
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 (% Glucan in W.B.)



Figure 3.13:Flowchart Representing the Analysis Scheme for Enzyme Hydrolysis

1 WBB  =  Whole Biomass Basis

Whole
Biomass
(W.B.)

Steam Explosion Pretreatment

% Solids Recovery =

[(g recovered solids)/(g W.B.)] * 100%

% Cellulose Conversion  =

                  g glucose released                     *    100%

    g cellulose in Steam Exploded Biomass

Enzyme Hydrolysis

1 % Cellulose Conversion (WBB) =

[(% Cellulose Conversion)(% glucan in steam exploded biomass)(% solids recovery)] * 100%



Figure 3.14: Flowchart Representing the Analysis Scheme for Ethanol Production

1 TB  =  Theoretical Basis;  2 WBB  =  Whole Biomass Basis;  3 BB  =  Oven-Dry Biomass Basis

Whole Biomass
(W.B.)

Steam Explosion Pretreatment

% Solids Recovery =

[(g recovered solids)/(g W.B.)] * 100%

Enzyme Hydrolysis

                                     2 % Ethanol Yield (WBB)  =

 [(% Ethanol Yield (BB))*(% Solids Recovery)]  *  100%

Fermentation
3 % Ethanol Yield (BB) =

 







Waste Gin Cotton mg

Ethanol mg
*100%

                 1 % Ethanol Yield (TB)  =

          mg Ethanol             *   100%

 mg Theoretical Ethanol



4. Results and Discussion  71

4 Results and Discussion

The experiments conducted for this study focused on steam explosion effects on cotton

gin waste composition, enzyme hydrolysis of cotton gin waste, and fermentation of

cotton gin waste.  Regression analyses were conducted on the relevant data to model the

responses based on steam explosion temperature and residence times.  The factors were

examined separately in a 2-factor regression. Summaries of the regression analyses are

presented in Appendix C.  Throughout the chapter, the treatment severity, log(Ro) (as

defined by Overend and Chornet 1987) is used to present and discuss the data.

4.1 Raw Cotton Gin Waste

The raw cotton gin waste collected from Southside Gin Inc., Emporia, Virginia was

analyzed for its composition.  Following collection, the material was air dried to a

moisture content of 7.75 % ± 0.22.  Compositional analyses were performed on the air-

dried material.  Table 4.1 summarizes the composition of cotton gin waste.

The carbohydrate composition of cotton gin waste was analyzed by gas chromatography

(GC) and parallel tested using high performance liquid chromatography (HPLC).  Two-

sample t-tests were performed in Minitab (Minitab Inc., State College, PA) to compare

the GC and HPLC analysis results.  The tests proved that both methods produced results

that had no significant difference at a 95% confidence level.  For the purposes of this

study, the values obtained by GC analysis will be used for further calculations.  All other

sugar analyses conducted for this study were done by GC.
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Table 4.1: Composition of Raw Cotton Gin Waste

Gas Chromatography
High Performance Liquid

Chromatography

Oven dry basis1

(%)

Oven dry basis1

(%)

Arabinan 2.3  (0.04) 1.9  (0.1)

Xylan 9.4  (1.0) 9.5  (0.7)

Mannan 1.1  (1.0) 1.3  (0.2)

Galactan 2.4  (0.03) 3.1  (0.2)

Glucan 37.1  (0.6) 41.0  (2.7)

Total Sugars 52.3 56.8

Acid Insoluble

Residues 28.8   (0.60) -

Ash 10.5   (3.42) -

Ethanol

Extractives
7.7 -

Σ 99.3 -

1Standard deviations in parentheses, based on 2 repetitions.

Summation of all the constituents (acid insoluble residues, ash, ethanol extractives,

acetyls, uronic acids, and carbohydrates) should theoretically be 100%.  The analysis of

the raw cotton gin waste in this study was able to account for 99.35% of the total

biomass.
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4.2 Steam Explosion Mass Balance

4.2.1 Fiber Recovery

Fiber losses occur during steam explosion because of the deposition of fibers on the walls

of the cyclone as well as in the connecting piping between the reactor vessel and the

cyclone.  Losses also occurred through the escape of volatiles with the steam and through

the degradation of sugars into furfural and 5-hydroxymethyl furfural, both of which are

volatile compounds.  To minimize these losses, blank runs with water were carried out

after each biomass explosion.  The liquid obtained from the blank runs was strained to

recover the fiber.  The first washes from each batch were saved and freeze-dried to the

recover solubilized solids.  The appearance of the first washes was typically dark brown

in color with significant fiber content.  The appearance of the subsequent washes was

clear with only negligible amounts of fiber particles.  Table 4.2 summarizes the solids

recovery for each steam-exploded batch.  The table lists values for both fiber only

recovery and fiber + freeze-dried solids from the first wash.  The same data are plotted in

Figure 4.1.

Fiber recovery values obtained in this study were in the range of 75.90% to over 100%.

The average fiber recovery for the 21 samples was 88.7% ± 9.9.  A study by Kaar et. al.

(1998) where sugarcane bagasse was steam exploded in a 10-L Stake Technology steam

exploder at log(Ro) 3.7 to 4.3 produced fiber recovery in the range of 78 to 99%.  A study

by Ibrahim et. al. (1998) on red oak chips in the same batch reactor used in the current

study showed 74.2 – 83.1% fiber recovery for 3.70 – 4.54 severity.  The fiber recovery

seen in the present study are comparable to those obtained by other researchers with

different feed material in similar batch reactors.

The fiber recovery values shown in Table 4.2 are greater than 100% for some of the

samples.  The excessive solid recovery can be attributed to leftover solids in the reactor

from previously exploded batches.  It should be noted that the runs were randomized and

therefore data in the table is not in the order in which they were run.  The inclusion of

freeze-dried solids from the first wash samples added significantly to the total solids
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recovery.  With the inclusion of freeze-dried solids, greater than 90% solids recovery was

possible in most cases.  Greater than 100% recovery was also seen more frequently, but

again this can be explained by the carry over from previous runs.

The hydrolysis and fermentation experiments conducted for this study utilized steam-

exploded fibers only.  The freeze-dried solids from the first washes were not included as

part of the hydrolysis and fermentation substrates.  In a commercial operation, the

recovery of solids from washing the reactor will be too costly to justify the solids gain.

The freeze-dried first wash solids were documented for mass closure of the steam-

explosion pretreatment process.
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Table 4.2: Percent solids recovery for each steam exploded batch

Severity

Log(RO)

Fiber Recovery

(%)

Total Solids Recovery

(fibers + freeze-dried

solids)

(%)

2.05 89.92 97.10

2.08 118.26 119.64

2.79 105.18 108.77

2.79 90.12 99.25

3.19 85.05 97.65

3.19 76.05 83.26

3.47 95.03 109.04

3.47 82.74 97.69

3.56 91.30 97.54

3.56 89.31 97.57

3.91 93.97 93.97

3.91 82.83 96.52

3.91 88.36 88.36

3.91 85.47 97.13

3.91 90.24 100.12

4.20 87.51 101.50

4.20 96.85 108.03

4.68 75.90 84.43

4.68 78.88 87.16

4.96 76.81 92.73

4.96 83.02 96.61



Figure 4.1: Solids Recovery at Varying Steam Explosion Severity
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4.2.2 Composition of Steam Exploded Cotton Gin Waste Fibers

Steam exploded cotton gin waste fiber was analyzed for summative composition.  As

with the raw cotton gin waste, the steam exploded substrates were analyzed for acid

insoluble residues, ethanol extractives, ash, and the carbohydrates glucose, xylose,

arabinose, galactose, and mannose.  The samples were also analyzed for 5-

hydroxymethyl furfural and 2-furaldehyde.  Table 4.3 summarizes steam-exploded cotton

gin waste compositions.

The results for the non-carbohydrate constituents lignin, ash and extractives are very

scattered (Table 4.3).  One possible explanation for the scattered data is the

heterogeneous nature of steam exploded cotton gin waste.  In order to determine if the

cause of the scatter was due to heterogeneity of the samples, acid insoluble residue

analysis was repeated.  The repeat analyses were conducted on samples that were dried

and Wiley milled (40 mesh) following steam-explosion treatment.  Only the five samples

at the center points of the experimental design at log(Ro) = 3.91 were reanalyzed.  Table

4.4 summarizes the results obtained from the repeat analysis.

The overall average for acid insoluble residues and ash for the five repeated samples were

39.69 ± 0.16 and 8.43 ± 2.09 respectively.  The results of the repeat analysis using Wiley

milled samples were found to be more acceptable than that of the initial analyses.

Therefore, steps should be taken to render steam exploded cotton gin waste more

homogenous in order to obtain reproducible compositional analysis results.  The

composition results presented in this study reflect the variability imparted by

heterogeneous nature of cotton gin waste.



Table 4.3: Composition of Steam Exploded Cotton Gin Waste Fibers1

Log(Ro)
Lignin

%

Ash2

%

Extractives

%

5-HMF3

%

2-F4

%

Glucan

%

Xylan

%

Mannan

%

Arabinan

%

Galactan

%
Unknown5

0 28.83 10.46 7.74  - - 37.1 9.41 1.13 2.3 2.38 0.65

(0.6) (3.42) - - - (0.56) (1.02) (1.04) (0.04) (0.03)

2.07 29.51 3.26 7.38 0.53 0.56 37.14 10.41 3.22 2.00 3.54 2.45

(2.45) (3.26) (1.70) (0.30) (0.34) (0.52) (0.28) (0.95) (0.05) (0.06)

2.79 42.12 3.03 11.76 0.10 0.29 36.42 8.53 1.60 1.21 1.33 -6.39

(0.85) (1.50) (0.95) (0.01) (0.08) (1.90) (2.14) (1.02) (0.64) (0.77)

3.19 25.96 6.09 9.82 0.27 0.41 38.16 9.37 2.58 2.00 1.34 3.7

(0.77) (2.07) (2.16) (0.00) (0.13) (0.89) (0.96) (0.30) (0.27) (0.01)

3.47 38.66 0.00 10.52 0.42 0.44 38.47 7.82 3.87 2.21 1.33 -3.74

(5.10) (0.00) (2.08) (0.34) (0.29) (0.08) (1.25) (1.11) (0.77) (0.25)

                                               
1 Oven Dry Basis;  Standard Deviation in parentheses
2 Negative ash percentages were obtained from the ash analysis.  Negative values were set to zero.
3 5-Hydroxymethyl Furfural
4 2-Furaldehyde



Table 4.3 (continued): Composition of Steam Exploded Cotton Gin Waste Fibers6

Log(Ro)
Lignin

%

Ash7

%

Extractives

%

5-HMF8

%

2-F9

%

Glucan

%

Xylan

%

Mannan

%

Arabinan

%

Galactan

%
Unknown10

3.56 35.87 0.12 13.64 0.07 0.16 39.16 6.46 0.00 0.00 0.00 4.52

(11.42) (0.12) (0.24) (0.00) (0.02) (2.93) (2.27) (0.00) (0.00) (0.00)

3.91 31.49 1.43 13.75 0.07 0.13 36.55 6.58 0.00 0.00 0.00 9.99

(2.34) (0.37) (0.61) (0.00) (0.01) (0.54) (0.53) (0.00) (0.00) (0.00)

4.20 30.73 1.54 12.22 0.06 0.11 33.50 4.40 0.00 0.00 0.00 17.44

(2.34) (1.54) (1.31) (0.00) (0.02) (1.58) (0.78) (0.00) (0.00) (0.00)

4.68 25.11 0.08 15.45 0.06 0.06 38.54 2.89 0.00 0.00 0.00 17.81

(2.04) (0.08) (2.31) (0.00) (0.01) (1.20) (0.46) (0.00) (0.00) (0.00)

4.96 28.69 0.35 19.81 0.06 0.05 36.55 1.86 0.00 0.00 0.00 12.63

(6.93) (0.35) (5.34) (0.00) (0.01) (1.06) (0.31) (0.00) (0.00) (0.00)

                                                                                                                                                                                                                
5 Unknown determined by [100% - Σ(%constituents)]
6 Oven Dry Basis;  Standard Deviation in parentheses
7 Negative ash percentages were obtained from the ash analysis.  Negative values were set to zero.
8 5-Hydroxymethyl Furfural
9 2-Furaldehyde
10 Unknown determined by [100% - Σ(%constituents)]
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Table 4.4: Summary of Percent Acid Insolubles and Percent Ash from Repeat Analysis of

Samples at log(Ro) = 3.91.

Average

% Acid Insolubles1
Standard

Deviation1

Average

% Ash1

Standard

Deviation1

39.08 0.71 7.62 0.65

38.62 0.29 7.87 2.04

39.19 0.27 10.02 2.76

40.76 2.26 8.24 0.41

40.82 0.78 8.39 0.63

1Data based on 2 repetitions per sample.

Summation of the constituents in steam-exploded cotton gin waste fiber should

theoretically yield 100% mass closure.  The values presented in the “Unknown” column

in Table 4.3 show losses incurred as a result of the pretreatment.  Notably, the higher

severity treatments resulted in higher losses.  Losses incurred in this study were 9.99 to

17.81% for 3.91 – 4.96 severity range as compared to 12.45 to 16.74% reported by

Ibrahim et. al. (1998) for red oak at 3.7 – 4.54 severity.  Ibrahim et. al. (1998) attribute

the unknown fraction mainly to carbohydrate-derived constituents.  In this study, the

inconsistencies found in the mass balance can be attributed to sample heterogeneity and

the difficulty in sampling wet steam exploded cotton gin waste fiber.  Examination of the

recovery of the constituents of the steam exploded material gives a better assessment of

the effect of steam explosion on cotton gin waste composition (Table 4.5).
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Table 4.5: Cotton Gin Waste Fiber Constituents After Steam Explosion1

Acid Insoluble

Residues

Extractives

In 95% Ethanol

Glucan Xylan

Severity

% of Starting Material

0 100.00 - 100.00 - 100.00 - 100.00 -

2.07 107.75 (11.68) 102.36 (18.19) 104.41 (7.82) 115.54 (9.40)

2.79 144.59 (17.95) 148.48 (6.53) 95.93 (4.09) 87.82 (1.37)

3.19 72.64 (3.09) 103.46 (14.10) 82.74 (1.35) 79.74 (1.86)

3.47 120.28 (11.98) 122.46 (16.12) 92.18 (3.29) 74.66 (8.47)

3.56 112.74 (18.51) 159.16 (0.51) 95.25 (3.04) 62.23 (11.24)

3.91 97.06 (4.10) 156.94 (3.75) 86.68 (0.32) 61.98 (2.66)

4.20 97.88 (1.25) 144.80 (4.12) 84.42 (4.10) 42.75 (2.72)

4.68 67.51 (3.39) 154.03 (10.08) 80.45 (2.02) 23.70 (1.67)

4.96 78.78 (8.06) 202.40 (23.59) 79.50 (0.41) 15.67 (1.02)
1Calculated as [(% constituent* fiber recovery) / Amount Constituent in the Starting Material] * 100%;
Standard Deviations in Parentheses.

The variability of the acid insoluble residue results is again apparent in the calculation of

recovery percentages.  Despite the variability in the data, the values in Table 4.5 show

evidence of a loss of acid insoluble residue for high severity treatments.  The implication

here may be that high treatment severity promotes delignification.  On the other hand,

ethanol extractives increase with increasing treatment severity.  This shows that as steam

explosion severity is increased, increasing amounts of the constituents of cotton gin waste

become soluble in 95% ethanol.  For example, polysaccharides, once depolymerized, can

dissolve in 95% ethanol.  An extensive decrease in xylan fraction is observed (Table 4.5).

It appears that the xylan and other hemicellulose degradation products are soluble in the

95% ethanol and thus contributing to the yield of this fraction at high severities.
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4.2.3 Effect of Steam Explosion on Sugar Content of Cotton Gin Waste Fibers

The data presented in Table 4.5 show that both glucan and xylan content of fibers

decrease with steam explosion severity.  The decrease in xylan content of fibers is much

more pronounced than that of glucan.  Arabinan, galactan and mannan fractions also

decrease with increasing severity (Table 4.3).  At severities greater than 3.56, arabinan,

galactan, and mannan are completely degraded.  Because arabinan, galactan and mannan

fractions are low in cotton gin waste, subsequent discussions will focus only on the xylan

and glucan fractions.

Glucan and xylan data in Table 4.5 are graphically represented in Figure 4.2.  The graph

clearly shows the drastic decrease in xylan content of fibers with increasing steam

explosion severity.  A gradual decrease in glucan content of fibers with increasing steam

explosion severity can also be observed from the graph.  These observations agree with

similar results obtained in previous works (Muzzy et. al. 1983, Mes-Hartree et. al. 1984,

Dekker et al. 1983).  Muzzy et. al. (1983) observed a rapid decrease in xylan content of

steam exploded yellow poplar with increasing treatment severity.  Similar decreases in

xylan content was seen for steam exploded wheat straw (Mes-Hartree et. al. 1984) and

steam exploded sugarcane bagasse (Dekker et. al. 1983).

The above researchers also observed some cellulose degradation.  Dekker et. al. (1983)

reported a relatively constant anhydroglucose concentration in steam exploded sugarcane

bagasse up to a severity of 3.64, beyond which, a gradual decrease was evident.  Mes-

Hartree et. al. (1984) reported an increase in hexosan content of steam exploded wheat

straw between the severities of 3.76 and 4.54.  The increase presumably did not take fiber

losses into account.  Essentially, the data showed very little effect, if any, of steam

explosion on the cellulose fraction of the wheat straw.  The results from this study

showed glucan losses from fiber at low severities whereas Dekker et. al. (1983) and Mes-

Hartree et. al. (1984) saw no effect of steam explosion on sugarcane bagasse and wheat

straw respectively at similar steam explosion severities.  An obvious reason may be the

nature of cotton gin waste.  Visual inspection showed that a portion of cellulose in the

feedstock appears to be contributed by the cotton fibers.  Whereas cellulose in typical
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biomass is found in the plant cell wall, cotton fiber cellulose is completely exposed.  This

allows it to be immediately subjected to the steam treatment.  The data here suggests that

because of the presence of cotton fiber in this feedstock, depolymerization of the

cellulose and loss of glucan during steam explosion was more severe relative to wood and

other feedstocks which do not contain cotton fiber.

The data from this study show that cellulose hydrolysis rate is very slow.  Glasser (1991)

documented a decrease in the degree of polymerization (DP) of cellulose from steam

exploded yellow poplar.  At severities of 3.8 to 4.4, number average and weight average

degree of polymerization (DPn and DPw) decreased from 1,100 and 3,250 to 220 and 750,

respectively.  The decrease in DPn and DPw appeared to level off at the high severities.

The glucan values obtained in this study for the two highest severities also appear to level

off.  This may indicate the leveling off degree of polymerization (LODP) of cellulose.

Further studies of the molecular weight distributions of cellulose in raw and steam-

exploded cotton gin waste is necessary to confirm these speculations.

A linearly decreasing trend is evident for the average glucan and xylan recovery from

fiber data with respect to steam explosion severity (Figure 4.2).  The regression equations

presented in Figure 4.2 reflect the fit of the mean values and support the physical

phenomenon observed earlier that steam explosion depolymerizes xylan and glucan

fraction of cotton gin waste.  Furthermore, the relationship between steam explosion

severity and loss of polysaccharides from the fiber is linear. The actual observations have

high variability as shown by the error bars in Figure 4.2.  The variability in the actual

observations can be attributed to experimental errors and the variability seen in fiber

recovery.

In optimizing steam explosion pretreatment conditions for ethanol production,

minimizing sugar losses is an important consideration.  Minimization of losses must,

however be balanced with maximizing accessibility of cotton gin waste for enzyme

hydrolysis.  Further discussion on enzyme hydrolysis follows in the ensuing sections.



Figure 4.2: Glucan and Xylan in the Fiber of Steam Exploded Cotton Gin Waste
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4.3 The Effect of Overliming Steam Exploded Substrates on Ethanol

Production

During the steam explosion process, by-products that are inhibitory to microorganism

growth are released.  These by-products were neutralized and precipitated in the main

hydrolysis and fermentation experiments by overliming the steam-exploded substrates.

Inhibition of enzyme hydrolysis and fermentation by steam exploded substrates is

apparently feedstock dependent.  Moniruzzaman (1996) saw no inhibition for

fermentation of steam exploded rice straw.  Mes-Hartree et. al. (1984) on the other hand,

saw a significant improvement in ethanol yields from the steam exploded wheat straw

treated for removal of inhibitory agents.  To show the advantage of overliming steam

exploded cotton gin waste, a separate experiment was conducted in addition to the main

experiments.

Steam exploded samples at two different severities, log(Ro) = 4.68 and log(Ro) = 4.96

were run through the hydrolysis and fermentation procedure without the overliming step.

The chart presented in Figure 4.3 shows a comparison of the ethanol yields from

overlimed and non-overlimed samples.  With overliming, the ethanol yields (theoretical

basis) for the two samples were 77.6 and 82.4% respectively.  However, the yields were

drastically reduced when the samples were run without overliming.  The sample at

log(Ro) = 4.68 only yielded 7.4% of the theoretical ethanol, a 90% decrease.  The sample

at log(Ro) = 4.96 yielded 6.8%, a 92% decrease in yield.

From this experiment, it can be concluded that untreated steam exploded cotton gin waste

do indeed contain agents that inhibit microbial activity.  Furthermore, the overliming step

is essential for high ethanol yields from fermenting steam exploded cotton gin waste.



Figure 4.3: Effect of Overliming on Fermentation of Steam Exploded Cotton Gin Waste
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4.4 Enzyme Hydrolysis Studies

A series of enzyme hydrolysis studies were conducted to observe the performance of

Primalco Basic Cellulase used in the main experiments. The first study qualitatively

compared Primalco Basic Cellulase with two other commercial cellulase preparations.

The second study was a time study over a period of 24 hours to observe enzymatic

activity over the course of the hydrolysis time.

4.4.1 Cellulase Preparation Comparative Study

Cellulase activity can be largely influenced by the enzyme preparation.  Cellulase

consists of separate but synergistically operating enzymes: endoglucanases,

exoglucanases and β-glucosidases.  Enzyme preparation is a general term referring to the

proportion of each enzyme component in the cellulase mixture as determined by the

manufacturer.  The activity, i.e. effectiveness of various cellulases depends on the nature

of the preparation which is determined both by the source organism as well as the

manufacturer.  Examples of various cellulase preparations are shown in Table 2.2.

The comparative study used three cellulase preparations from different manufacturers.

Primalco Basic Cellulase (Primalco Ltd.), Genencor Cytolase 123 (Genencor, Ltd.) and

Alko Econase EP1262 (Alko, Ltd.).  All three preparations were derived from the same

source organism Trichoderma longibrachiatum.  The objective of this comparative study

was to determine the effectiveness of Primalco Basic Cellulase as compared to the other

two commercially available cellulase preparations.

The cellulose conversion after 24 hours of hydrolysis using the three preparations are

shown in Figure 4.4.  Only one sample was run per cellulase preparation, therefore only a

qualitative comparison can be made.  Genencor Cytolase 123 had the highest cellulose

conversion at 70.78%, Alko Econase EP1262 had the lowest conversion at 38.32%, and

Primalco Basic Cellulase was intermediate at 63.13%.  Although Primalco Basic

Cellulase preparation gave intermediate cellulose conversion, it was selected for these

studies because of its availability.



Figure 4.4: Cellulose Conversion: A Comparison of 3 Different Cellulase Preparations
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4.4.2 Enzyme Hydrolysis Time Study

An older batch of cotton gin waste was steam exploded previously and subjected to

enzymatic hydrolysis using Primalco Basic Cellulase.  The objective of this study was to

determine the activity of the cellulase system over 24 hours.

Figure 4.5 shows the hydrolysis of SIGMA microgranular cellulose over 24 hours of

hydrolysis.  The most rapid hydrolysis rate occurred during the first 5 hours, at 1.34 ±

0.09 moles glucose released / hour.  The hydrolysis rate decreased to 1.19 ± 0.01 moles

glucose / hour and finally leveled off at 0.81 moles glucose / hour during the last 14.5

hours (Table 4.7).  A plot of ln[cellulose] over hydrolysis time confirmed that the overall

enzyme hydrolysis follows first order kinetics (Figure 4.6).  The rate constant for

hydrolysis of SIGMA microgranular cellulose by Primalco basic cellulase was 0.0154 s-1.

The trend observed for the steam exploded cotton gin waste substrates was a sharp

increase in glucose concentration in the medium after the first 5 hours and a gradual

decrease in hydrolysis rate after 5 hours (Table 4.6 and Figure 4.7).  The reduction in

hydrolysis rate was more pronounced for the steam exploded substrates than for the

control samples (SIGMA microgranular cellulose).  This observation suggests that

cellulose was not as readily available for enzyme hydrolysis in the steam exploded cotton

gin waste samples as compared to the control.  Note also that the steam exploded samples

were not overlimed for these experiments.  Therefore, the low conversion values seen

may reflect inhibition of the cellulase enzymes.

The overall kinetics for enzyme hydrolysis of the steam exploded samples was also first

order.  The rate constants are given in Table 4.6.  It appears that cotton gin waste steam

exploded at higher severities tend to have higher rate constants.



Figure 4.5: Percent cellulose conversion of SIGMA microgranular cellulose (control) over 24 hours of hydrolysis time
(Average over 2 repetitions)
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Figure 4.6: Plot of ln[cellulose] v. Hydrolysis time for Enzyme Hydrolysis of SIGMA Microgranular Cellulose.
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Table 4.6: Percent Cellulose Conversion and Enzyme Hydrolysis Rates for Steam Exploded

Cotton Gin Waste

Sample Hydrolysi

s Time

(h)

Mean Cellulose

Conversion1

(%)

Mean Enzyme Hydrolysis

Rate1

(moles Glucose / hour)

Rate

Constant

k (s-1)

Control 0 0.00 -

5 11.87 (0.77) 1.34 (0.09)

9.5 20.14 (0.22) 1.19 (0.01)

(SIGMA

Microgranular

Cellulose) 24 34.53 (4.11) 0.81 (0.10)

0.0154

Raw 0 0.00 -

(Log(Ro) = 0) 5 9.08 (2.04) 0.31 (0.07)

9.5 12.15 (3.57) 0.22 (0.06)

24 20.09 (6.43) 0.14 (0.05)

0.0077

Log(Ro) = 0 0.00 -

2.03 5 7.33 (0.66) 0.25 (0.02)

9.5 9.66 (0.21) 0.17 (0.004)

24 13.00 (1.58) 0.09 (0.01)

0.0049

Log(Ro) = 0 0.00 -

3.91 5 25.75 (0.72) 0.88 (0.02)

9.5 33.55 (1.66) 0.60 (0.03)

24 39.70 (3.30) 0.28 (0.02)

0.0107

Log(Ro) = 0 0.00 -

4.20 5 23.89 (0.73) 0.82 (0.02)

9.5 26.64 (2.44) 0.48 (0.04)

24 36.75 (1.69) 0.26 (0.01)

0.011

Log(Ro) = 0 0.00 -

4.53 5 21.97 (2.24) 0.75 (0.08)

9.5 28.46 (0.21) 0.51 (0.004)

24 35.23 (0.18) 0.25 (0.001)

0.0108

1Averages over 2 repetitions, standard deviations in parenthesis.



Figure 4.7: A summary of enzyme hydrolysis of steam exploded cotton gin waste at various severities.
(Average percent cellulose conversion over two runs.)
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4.5 Hydrolysis and Fermentation

The bulk of the experiments for this study centered on enzyme hydrolysis and subsequent

fermentation.  The general scheme outlining the procedure is shown in Figure 3.11.  The

overall objective for these experiments was to study the effect of steam explosion

pretreatment on enzyme hydrolysis yields and fermentation yields.

4.5.1 Steam Explosion Effects on Enzyme Hydrolysis

The effect of steam explosion on the conversion of available cellulose in the biomass to

glucose monomers was investigated.  The question here was if steam explosion

pretreatment had a positive effect on the accessibility of cellulose to the cellulase

enzymes.

Glucose yields from enzyme hydrolysis of steam exploded cotton gin waste on oven-dry

biomass basis is shown in Figure 4.7.  A maximum cellulose conversion of 66.9% was

attained for the sample steam exploded at log(Ro) of 4.68.  Cellulose conversion

increased from 42.02% at log(Ro) = 2.05 up to the maximum conversion of 66.9% at

log(Ro) = 4.68.  A drop, however, was observed at log(Ro) = 4.96.  Figure 4.8 also shows

that the raw sample yielded a cellulose conversion of 44.9%.  Cellulose conversion for

the raw sample was higher than that of the sample at the lowest severity 2.05.  The raw

sample used in these experiments was Wiley milled at 40 mesh for even sampling of the

heterogeneous material.  Since the constituents of cotton gin waste, including the cotton

fibers, were mechanically broken down to fine particles, access to cellulases was

improved.  The data seems to show that Wiley milling the raw sample was more effective

at improving glucose yields from enzyme hydrolysis, than steam exploding at the lowest

severity.  However, there is not enough data in this study to make a conclusive statement

on this issue.  Further studies need to be conducted comparing Wiley milled cotton gin

waste to unmilled cotton gin waste.



Figure 4.8: Cellulose conversion after 24 hours of enzyme hydrolysis of steam exploded cotton gin waste
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Cellulose conversion from enzyme hydrolysis appeared to increase linearly (Figure 4.7).

The following equation describes the mean values of the data:

CC  =  22.62 + 8.67*log(Ro) (4.1)

(r2  =  0.92)

where CC  =  Mean Cellulose Conversion (%),

log(Ro)  =  Steam Explosion Severity.

Dekker et. al. (1983) also saw a linear increase in cellulose conversion for steam

exploded sugarcane bagasse between log(Ro)=0 to 4.24.  After 24 hours of hydrolysis,

cellulose conversion was in the range of 17.6% to 48.1%.  Similarly, Kaar et. al. (1998)

observed a general increase in cellulose conversion with respect to severity for steam

exploded sugarcane bagasse.  The trend observed by Kaar et. al., however, was not linear.

Instead, a maximum conversion was observed under moderate steam explosion

conditions.  Figure 4.8 and the corresponding equation (Equation 4.1) show that the mean

cellulose conversion values from this study increase linearly with respect to steam

explosion severity.

The data can also be used to predict cellulose conversion.  Actual observations (not the

mean values) were used to develop the prediction model.  The following model was

established to predict the trend for cellulose conversion from the current study:

C.C.  =  -1.92 + 0.282T + 0.0617t– 0.000076t2 (4.2)

(r2  =  0.87)

where C.C.  = Cellulose Conversion (%),

t  =  Time (seconds),

T  =  Temperature (oC).
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(See Appendix C for a summary of the regression analysis.)

The model fit was not as good as the fit seen for the mean values.  The scatter in the data

can explain the poorer fit.  The model shows that cellulose conversion is indeed predicted

to increase linearly with steam explosion temperature.  Residence time, however, has a

very subtle, but statistically significant quadratic influence.  The response surface in

Figure 4.9 shows that the maximum cellulose conversion is predicted to occur at the

maximum temperature and time (237oC and 510 seconds).  As noted earlier, in the actual

data, maximum cellulose conversion occurs at log(Ro) of 4.68 and decreases at log(Ro) of

4.96.  To determine if log(Ro)  = 4.68 is in fact the maximum severity for maximum

cellulose conversion, more data at higher severities need to be collected and analyzed.

Both the raw data and the regression analysis of the data confirm that steam explosion

pretreatment of cotton gin waste has a significant effect on the enzyme hydrolysis of

cellulose.  The finding suggests that steam explosion pretreatment renders cotton gin

waste more accessible to cellulase enzymes.



Figure 4.9: Response Surface of a 2-factor model to predict cellulose conversion from enzyme hydrolysis of steam exploded
cotton gin waste.
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4.5.2 Steam Explosion Effects on Ethanol Yields from Fermentation

The effect of steam explosion on ethanol yields from fermentation of cotton gin waste

was analyzed from two perspectives: on theoretical yield basis and on oven-dry biomass

basis.  The general calculation scheme is summarized in Figure 3.14.  Theoretical yield

basis (TB) compares ethanol yield in the fermentation medium to the amount of available

sugar in the medium.  The analysis from this perspective provided information on steam

explosion effects on the conversion of sugars in the fibers to ethanol by E. coli KO11.

The analysis on biomass basis (BB) was to determine ethanol yield based on the amount

of steam exploded cotton gin waste in the fermentation medium.

4.5.2.1 Ethanol Yield (Theoretical Basis)

Theoretical ethanol yield was calculated based on the stoichiometric relationship where

each mole of sugar yields two moles of ethanol.  The theoretical ethanol yield, therefore,

is 51 g of ethanol per 100 g total sugar.  The yeast extract used as nutrient source for E.

coli KO11 contained 17% total carbohydrates.  The assumption that all of the

carbohydrates from the yeast extract were converted to ethanol was made, and

accordingly taken into account in the calculations.  The plot of ethanol yield on

theoretical yield basis shows a general increase in yield with an increase in steam

explosion severity (Figure 4.10).  The maximum conversion (83.1%) occurs at severity

log(Ro) = 3.56.  Another maximum (82.4%) is also seen at the highest severity log(Ro) =

4.96.  The high sugar to ethanol conversion values indicate that at the end of the

fermentation, most of the sugar in the biomass was made available to and utilized by the

microorganisms.

Figure 4.10 clearly shows that steam explosion severity has an effect on conversion of

sugars in cotton gin waste to ethanol.  Fermentation of raw cotton gin waste yielded

56.5% of the theoretical ethanol.  Similar to the cellulose conversion, cotton gin waste

treated at the low severities (< log(Ro) = 3.47) had depressed ethanol yields.  The samples

treated at log(Ro)=2.79, however, showed improved ethanol yields compared to the raw

sample.  Figure 4.9 includes the corresponding steam explosion temperature and
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residence times at each severity.  Note that at a given residence time, ethanol yields

increase with increasing treatment temperature.  Generally, the data shows that high

yields occur at high treatment temperature and low yields occur at the low treatment

temperatures.  The dip in ethanol yield between the severities 2.56 and 3.56 can be

explained by this temperature effect.  The low yields at the severities of 3.19 and 3.47

were obtained from cotton gin waste steam exploded at the lowest temperature (186oC).

The higher value at severity 2.56 was from the intermediate treatment temperature

(211oC).  The dip between severities 3.56 and 4.68 can also be explained similarly.  The

low yields at severities 3.91 and 4.2 were at the intermediate treatment temperature

whereas the higher yield at severity 3.56 was at the highest treatment temperature.  The

temperature effect is reflected in the prediction model.

EtOH (TB)  =  -52.0 + 0.6T (4.3)

(r2  =  0.81)

where EtOH (TB)  =  Ethanol Yield on Theoretical Basis (%),

T  =  Temperature (oC).

(See Appendix C)

As noted, the model predicts that higher temperature treatment improves conversion of

cotton gin waste sugar to ethanol.  In this case, residence time of the material in the

reactor did not have any significant influence on ethanol yield on theoretical basis.  The

response surface for the prediction model is presented in Figure 4.11.

A physical explanation of the trend seen for ethanol yield on theoretical basis may lie in

the amount of xylose released during the initial 24 hours of enzyme hydrolysis.  Figure

4.12 shows that the dips in ethanol yield correspond to dips in xylose yields.  However,

whether the depressed yields are due to experimental variabilities of temperature effects

remains to be examined with further repeat experiments at the severities in question.



Figure 4.10: Steam Explosion Effect on the Conversion of Sugars in the Fermentation Medium (Ethanol Yield on Theoretical
Yield Basis)
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Figure 4.11: Response Surface of a 2-factor model to predict ethanol yield on theoretical basis from fermentation of steam
exploded cotton gin waste.
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Figure 4.12: Xylose and Glucose Yields after 24 hours of Enzyme Hydrolysis as Compared to Ethanol Yield on Theoretical
Basis.
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4.5.2.2 Ethanol Yield (Oven-Dry Biomass Basis)

Ethanol yield on biomass basis was calculated as the ethanol produced per amount of

steam exploded cotton gin waste in the fermentation medium.  Fiber losses from steam

explosion are not accounted for in this analysis.  Figure 4.13 shows the ethanol yields on

biomass basis obtained from the fermentation experiments.

A maximum ethanol yield of 17.5% on oven-dry biomass basis was obtained at a severity

log(Ro) of 3.56.  The data obtained from this experiment show that in general, higher

severities favor higher ethanol yields on biomass basis.  The prediction model based on

the data is as follows:

EtOH (BB)  =  -7.67 + 0.12T – 0.0045t  (4.4)

(r2  =  0.80)

WhereEtOH  (BB)  =  Ethanol Yield on Biomass Basis (%),

T  =  Temperature (oC),

t  =  Time (seconds).

(Regression summary is given in Appendix C.)

The response surface for the prediction model is presented in Figure 4.14.



Figure 4.13: Steam Explosion Effect on Ethanol Yield on Biomass Basis
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The analysis of ethanol yield on biomass basis depicts how fermentation of the cotton gin

waste itself is affected by steam explosion.  This analysis does not take into account the

fiber losses incurred during the steam explosion process.  It does, however, combine the

effects of sugar potential following cellulose hydrolysis and sugar to ethanol conversion

given by ethanol yield on theoretical basis.  Earlier, it was noted that glucose yields from

enzyme hydrolysis of cotton gin waste is steam explosion severity dependent, where

higher glucose yields were obtained at higher treatment severities (Figure 4.8).

Subsequently, it was also noted that sugar to ethanol conversion is also steam explosion

dependent, where higher treatment temperature favored higher conversion (Equation 4.3).

On biomass basis, fermentation of raw cotton gin waste yields 12.5% ethanol.  From the

data given here on ethanol yield on biomass basis, therefore, it is evident that steam

explosion treatment can improve the potential for cotton gin waste to ethanol conversion.



Figure 4.14: Response Surface of a 2-factor model to predict ethanol yield on biomass basis from fermentation of steam
exploded cotton gin waste.
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4.6 The Effect of Steam Explosion Pretreatment on the Overall Process

The results presented thus far have shown that steam explosion pretreatment improves

cellulose conversion of cotton gin waste by enzyme hydrolysis.  The results have also

shown that steam explosion improves ethanol yields from cotton gin waste by

fermentation.  The following discussion will focus on the implications of these results on

the overall process when fiber losses from the pretreatment are taken into account.

4.6.1 Cellulose Conversion

The cellulose conversion values were back calculated to whole biomass basis (WBB) to

account for the fiber losses (Figure 3.13, Appendix C.2).  The calculated data for

cellulose conversion on whole biomass basis is presented in Figure 4.15.  The maximum

cellulose conversion on WBB (19.92%) occurs at a severity of log(Ro) = 4.68.  A general

increase in cellulose conversion on WBB can be observed for increasing treatment se

verity.  However, a dip is apparent for the lower severities between log(Ro) = 2.79 and

log(Ro) = 3.56.  Cellulose conversion on whole biomass basis decreases beyond log(Ro) =

4.68.

Enzyme hydrolysis was more effective on raw cotton gin waste than that of the cotton gin

waste steam exploded at the lowest severity.  In fact, on whole biomass basis, the benefits

of steam explosion pretreatment does not outweigh losses from the treatment until a

severity greater than 3.47.  It should be noted that the two values lower than that of raw

cotton gin waste seen in Figure 4.15 correspond to cotton gin waste steam exploded at the

lowest temperature, 186oC.  The cellulose conversion at the severity of 2.79 (16.94%) is

higher than the 14.63% at 3.19 severity.  The treatment temperature at severity 2.79 is

211oC, which is higher than the 186oC at severity of 3.19.  This suggests that when fiber

losses are taken into account, steam explosion treatment at 186oC is not comparable to

Wiley milling at 40 mesh for the improvement of cellulose conversion by enzyme

hydrolysis.  The samples at severity 3.47 were also steam exploded at 186oC, but in this

case, the higher residence time of 510 seconds was able to improve cellulose conversion

of the material.



Figure 4.15: Cellulose conversion on whole biomass basis after 24 hours of enzyme hydrolysis of steam exploded cotton gin
waste
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The ramification of the data on whole biomass basis is as follows: at the end of 24 hours

of enzyme hydrolysis, maximum cellulose conversion of 66.9% at log(Ro) = 4.68, taking

fiber losses into account, translates to 19.9% of the whole biomass.  In other words,

19.9% of the whole biomass is made available in the form of glucose for fermentation

after 24 hours of enzyme hydrolysis.  Referring back to xylan data in Table 4.5, 23.8% of

the original xylan content (2.5% on whole biomass basis) remains in cotton gin waste

steam exploded at log(Ro) = 4.68.  If one assumes complete hydrolysis of the xylan into

xylose after 24 hours of enzyme hydrolysis, then the total sugar available for

fermentation at treatment severity of 4.68 is 29.1% of whole biomass.  Following this line

of reasoning, available sugars for fermentation at all treatment severities can be

compared.  A graphical representation is presented in Figure 4.16.

It is important to note, however, that this analysis is at the end of the 24 hours of enzyme

hydrolysis and the highest cellulose conversion is less than 70%.  The enzyme is left in

the medium through the fermentation period of an additional 72 hours.  Although the

fermentation is carried out at a temperature lower than the optimum temperature for the

enzymes, some degree of enzymatic activity is still expected.  Furthermore, conversion of

the sugars to ethanol by the fermentative microorganism is also dependent on steam-

explosion severity (Section 4.4.2.1).  It was shown that higher treatment severities

correspond to higher sugar to ethanol conversion.



Figure 4.16: Total available sugars (xylose and glucose) in steam exploded cotton gin waste for fermentation following 24
hours of enzyme hydrolysis.  (Whole Biomass Basis)
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4.6.2 Ethanol Yield

Ethanol yield on whole biomass basis calculates ethanol yields with fiber losses taken

into account.  The method for calculating the ethanol yield on whole biomass basis is

shown in Figure 3.14.  The plot of ethanol yield on whole biomass basis versus steam

explosion severity is presented in Figure 4.17.

The maximum ethanol yield was 19.0% of whole biomass at a severity of 3.56.  The

maximum here occurred at the same severity as the maximum seen when fiber loss was

not taken into account.  Figure 4.17 show an improvement in ethanol yields from steam

exploded cotton gin waste as compared to that from raw cotton gin waste even when fiber

losses are taken into account.



Figure 4.17: Steam Explosion Effects on Ethanol Yield on Whole Biomass Basis
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5 Summary and Conclusions

5.1 Summary

Cotton gin waste was steam exploded at nine different combinations of temperature and

time according to an experimental design.  Each sample was subjected to enzyme

hydrolysis by a cellulase preparation and fermented by a genetically engineered

bacterium, Escherichia coli KO11.  The research focused on studying the effects of steam

explosion on the following parameters: fiber recovery, glucan and xylan recovery,

cellulose conversion by enzyme hydrolysis, and ethanol yield from fermentation.

5.2 Conclusions

The conclusions drawn from the study are as follows:

1. Cotton gin waste is a heterogeneous material.  Compositional analysis data of steam-

exploded cotton gin waste can be highly variable.

2. Fiber recovery from the steam explosion treatment was in the range of 75.90 to

greater than 100%

3. Steam explosion treatment drastically reduces xylan content of the fibers.  Average

xylan content decreases linearly with respect to steam explosion severity.
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4. Glucan content of the fibers also decreases with steam explosion treatment.  Glucan

losses from fiber were much more gradual and to a lesser extent than xylan losses.

5. The performance of Primalco Basic Cellulase as compared to Genencor Cytolase 123

is slightly inferior, but still acceptable.   SIGMA microgranular cellulose hydrolysis

by Primalco Basic Cellulase follows first order kinetics with a rate constant of 0.015

s-1.  Hydrolysis of steam exploded cotton gin waste also follows first order kinetics.

Cotton gin waste steam exploded at higher severities are hydrolyzed at higher rate

constants.

6. Hydrolysis of cellulose in cotton gin waste was improved by steam explosion.  High

steam explosion treatment conditions favored high cellulose conversion.

7. Ethanol yield on theoretical basis was improved by steam explosion.  Yield was

dependent only on treatment temperature.

8. Ethanol yield on biomass basis was improved by steam explosion.  Highest yield was

seen at the highest temperature and lowest residence time.

9. Overliming was found to be an essential component in the procedure to produce

maximum ethanol yields from fermentation of steam exploded cotton gin waste.

5.3 Recommendations for Future Research

An economic analysis was not performed in this study.  In order to determine the actual

feasibility of utilizing cotton gin waste from Virginia for fuel ethanol production, an

economic analysis is essential.
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Appendix A

Gas Chromatography Sugar Analysis

A.1 Mosaccharide Retention Times

Retention times for alditol acetate forms each monosaccharide on the Supelco SP-2380

capillary column using conditions set by Sugar3.met in the CLASS-VP software are

shown in Table A.1:

Table A.1: Retention times for monosaccharide alditol acetates on Supelco SP-2380

capillary column.

Monosaccharide Alditol Acetate Derivative Retention Time

(minutes)

Arabinose Arabitol Acetate 14.8

Xylose Xylitol Acetate 16.7

Mannose Mannitol Acetate 20.7

Galactose Galactitol Acetate 21.9

Glucose Glucitol Acetate 23.3

Inositol Inositol Acetate 25.3



Appendix A 124

Retention times for alditol acetate forms each monomer on the J&W Scientific DB-225

capillary column using conditions set by ASTM1821.met in the CLASS-VP software

are shown in Table A.2:

Table A.2: Retention times for monosaccharide alditol acetates on J&W Scientific DB-225

capillary column.

Monosaccharide Alditol Acetate Derivative Retention Time

(minutes)

Arabinose Arabitol Acetate 6.7

Xylose Xylitol Acetate 7.9

Mannose Mannitol Acetate 12.9

Galactose Galactitol Acetate 13.9

Glucose Glucitol Acetate 15.1

Inositol Inositol Acetate 16.1

A.1 Sugars in Biomass

As par the standard method ASTM 1821-96, raw cotton gin waste and steam exploded

cotton gin waste hydrolysates were spiked with the inositol internal standard as part of

the overall hydrolysis procedure.  Sugar concentrations for each sample is based on the

average of two injections.

A.1.1 Calibration Standard and Loss Factor Relative Response Factors (RRF)

Table A.3 presents concentrations of each monomer in the calibration standard stock

solution used to calibrate the analysis performed on the Supelco SP-2380 capillary

column.  Table A.4 presents concentrations of each monomer in the calibration standard

stock solution used to calibrate the analysis performed on the J&W Scientific DB-225

capillary column.
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Table A.3: Concentration of monosaccharides in the calibration standard stock solution for

the Supelco SP-2380 capillary column

Monosaccharide Concentration (mg/mL)

Arabinose 0.901

Xylose 6.652

Mannose 0.932

Galactose 0.947

Glucose 19.622

Table A.4: Concentration of monosaccharides in the calibration standard stock solution for

the Supelco SP-2380 capillary column

Monosaccharide Concentration (mg/mL)

Arabinose 1.36

Xylose 1.58

Mannose 1.51

Galactose 1.39

Glucose 2.38

Table A.5 presents concentrations of each monosaccharide in the loss factor standard

stock solution.

Table A.5: Concentration on monosaccharides in the loss factor standard stock solution.

Monosaccharide Concentration (mg/mL)

Arabinose 9.004

Xylose 9.033

Mannose 9.152

Galactose 9.169

Glucose 9.179
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Calibration standards and loss factor standards were injected in triplicates and the

averages used to obtain the respective RRF’s for each monomer.  Amount ratios were

calculated using the following equation:

Arc = CSTD / CIS (A.1)

Where          Arc   = amount ratio of monosaccharide c,

    CSTD = known concentration of monosaccharide c in the standard (mg/mL),

and

CIS = concentration of internal standard (inositol) in standard (mg/mL).

Preparation of the standards calls for the dilution of 5 mL of solution to a total of 87 mL

prior to derivatization.  Therefore, CSTD and CIS are determined by:

C = ( Cstock ) ( 5 mL ) / ( 87 mL ) (A.2)

Where C      = CSTD or CIS used in equation A.1, and

Cstock = concentration of monomers in the standard stock solutions

(mg/mL).

The standards were run through the GC to obtain response ratios relating the response per

monosaccharide to the internal standard response:

         RRSTD = Areac / AreaIS (A.3)
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Where              RRSTD = response ratio of monosaccharide c to the internal standard

(inositol) in the calibration standard,

 Areac      = reported area counts for the monosaccharide c peak, as

integrated by Sugar3.met in the CLASS-VP software, and

AreaIS      = reported area counts for the internal standard peak as

integrated by Sugar3.met in the CLASS-VP software.

Response ratios from the triplicate injections were averaged to obtain the average

response ratios for each monosaccharide.

Rravg = sum (s=1 to 3) RRSTD / 3 (A.4)

Where RRavg  = average response ratio of monosaccharide c in the standard, and

RRSTD = response ratio of monosaccharide c to the internal standard

(inositol) in the calibration standard from equation A.3.

Relative response factors (RRF) for each monosaccharide are calculated as follows:

RRF = Arc / Rravg (A.5)

Where RRF = relative response factor of monosaccharide c,

Arc   = amount ratio of monosaccharide c from equation A.1, and

RRavg = response ratio of monosaccharide c from equation A.4.



Appendix A 128

RRFs for each monosaccharide in the calibration standard on Supelco SP-2380 capillary

column used in the calculations of biomass sugar concentrations are presented in Table

A.6.  RRFs for each monosaccharide in the calibration standard on J&W Scientific DB-

225 capillary column are presented in Table A.7.

Table A.6: RRF of monosaccharides in the calibration standard for analysis on Supelco SP-

2380 capillary column

Monosaccharide Relative Response Factor, RRF

Arabinose 1.463

Xylose 1.628

Mannose 1.434

Galactose 1.439

Glucose 1.939

Table A.7: RRF of monosaccharides in the calibration standard for analysis on J&W

Scientific DB-225 capillary column

Monosaccharide Relative Response Factor, RRF

Arabinose 1.803

Xylose 1.933

Mannose 1.434

Galactose 1.434

Glucose 1.558

RRF’s for each monosaccharide in the loss factor standard are presented in Table A.8.
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Table A.8: RRF of monosaccharides in the loss factor standard.

Monosaccharide Relative Response Factor, RRF

Arabinose 9.004

Xylose 9.033

Mannose 9.152

Galactose 9.169

Glucose 9.179
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Appendix B

Gas Chromatography Ethanol Analysis

B.1 Alcohol Retention Times

Retention times for ethanol and 1-butanol on the Restek RTX-5 (10279) column using

conditions set by etoh.met in the CLASS-VP software are shown in Table B.1:

Table B.1: Retention Times of Ethanol and 1-Butanol on RTX-5 (10279) Capillary Column

Alcohol Retention Time

(minutes)

Ethanol 1.05

1-Butanol 5.00

B.2 Ethanol Standard Calibration Curves

Standards of known ethanol concentrations were used to develop a calibration curve for

the determination of unknown ethanol concentrations in fermentation samples.  Table B.2

summarizes the standard amount used as well as response factors per standard sample.

The average response factor was 12.14 with a standard deviation of 0.16.  The area ratios

as determined by GC responses to ethanol and the 1-butanol internal standard (ISTD)

were plotted against the amount ratios (ethanol concentration / ISTD concentration in the

standard) (Figure B.1).
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Table B.2: Summary of Ethanol Calibration Curve Data

Level Ethanol Concentration

(mg/mL)

Area Ratio Amount Ratio Response Factor

1 5.044 0.3314 4.0514 12.22

2 2.522 0.1690 2.0257 11.99

3 1.261 0.0842 1.0129 12.03

4 0.6305 0.0422 0.5064 12.33

Figure B.1: Ethanol Standard Calibration Curve
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Appendix C

Sample Calculations

C.1 Fiber Recovery

F.R.  =       Fiber    * 100% (C.1)
      W.B.

F.R.  =  Fiber recovery, %,

W.B.  =  Whole Biomass, oven-dry basis, g,

Fiber  =  Recovered fiber, g.

Example:

Sample 9  →   log(Ro)  =  4.20

W.B.  =  193.7 g

Fiber  =  169.5 g

F. R.  =  87.5 %
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C.2 Cellulose Conversion on Whole Biomass Basis

C.C. (WBB)  =  (F.R.)     %Cellulose       C.C.    (C.2)
             100              100

C.C. (WBB)  =  Cellulose Conversion on Whole Biomass Basis, %,

F.R.  =  Fiber Recovery, %,

%Cellulose  =  Cellulose in biomass, %,

C.C.  =  Cellulose conversion,     glucose released    * 100, %.
   cellulose in biomass

Example:

Sample 9  →  % Cellulose  =  32.32 %

F.R.  =  87.5 %

C.C.  =  64.72 %

C.C. (WBB)  =  18.30 %
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C.3 Ethanol Yield on Whole Biomass Basis

EtOH (WBB)  =  (F.R.)   EtOH (BB) (C.3)
          100

EtOH (WBB)  =  Ethanol Yield on Whole Biomass Basis, %,

F.R.  =  Fiber Recovery, %,

EtOH (BB)  =  Ethanol Yield on Biomass Basis, %.

Example:

Sample 9  →  F.R.  =  87.5 %

EtOH (BB)  =  14.4 %

EtOH (WBB)  =  12.6 %

** Carbohydrates in Yeast Extract accounted for as 17.5% of 500 mg/100 mL.  The

assumption was made that all 17.5% is in the form of glucose (breakdown information

not available from manufacturer).
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Appendix D

Regression Analyses

D.1 Cellulose Conversion

Table D.1: Summary of Regression Results for Percent Cellulose Conversion from Enzyme
Hydrolysis of Steam Exploded Cotton Gin Waste

2- Factor (Temperature and Time) Regression

Significance P-value
Model Quadratic 0.011
Lack of Fit No 0.252
R-squared 0.87

Temperature Yes 0.000
Time Yes 0.000
Temperature2 No 0.283
Time2 Yes 0.008
Temperature*Time No 0.306

Final Equation:

% Cellulose Conversion  =  -1.92 + 0.282T + 0.0617t– 0.000076t2

1-factor (log(Ro)) Regression

Significance P-value
Model Significance Yes 0.000
log(Ro) Significance Yes 0.000
Lack of Fit No 0.422
R-squared 0.83

Final Equation:

% Cellulose Conversion  = 22.4 + 8.76 log(Ro)
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D.2 Ethanol Yields

Table D.2: Summary of Regression Results for Percent Ethanol Yield on Theoretical Basis
from Fermentation of Steam Exploded Cotton Gin Waste

2- Factor (Temperature and Time) Regression

Significance P-value
Model Linear 0.000
Lack of Fit No 0.073
R-squared 0.81

Temperature Yes 0.000
Time No 0.265
Temperature2 No 0.409
Time2 No 0.335
Temperature*Time No 0.239

Final Equation:

% Ethanol Yield (Theoretical Basis)  =  -52.0 + 0.6T

1-factor (log(Ro)) Regression

Significance P-value
Model Significance Yes 0.000
log(Ro) Significance Yes 0.000
Lack of Fit Yes 0.0042
R-squared 0.53

Final Equation:

% Ethanol Yield (Theoretical Basis)  =  25.5 + 11.5 log(Ro)
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Table D.3: Summary of Regression Results for Percent Ethanol Yield on Biomass Basis
from Fermentation of Steam Exploded Cotton Gin Waste

2- Factor (Temperature and Time) Regression

Significance P-value
Model Linear 0.000
Lack of Fit No 0.114
R-squared 0.56

Temperature Yes 0.000
Time Yes 0.020
Temperature2 No 0.646
Time2 No 0.311
Temperature*Time No 0.202

Final Equation:1

% Ethanol Yield (Biomass Basis)  =  -7.67 + 0.12T – 0.0045t

1-factor (log(Ro)) Regression

Significance P-value
Model Significance No 0.066
log(Ro) Significance No 0.066
Lack of Fit Yes 0.0008
R-squared 0.17

Final Equation: -
-
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