10

15

20

25

PROCESSING BIOMASS

RELATED APPLICATIONS

This application claims priority to U.S. Serial No. 12/417,840, filed April 4, 2009,
1.8, Provisional Application Serial No. 61/180,032, filed May 20, 2009, and U.S.
Provisional Application Serial No. 61/252,293, filed October 16, 2009, The complete
disclosure of each of these provisional applications is hereby incorporated by reference

herein,

BACKGROUND

Cellulosic and lignocelinlosic materials are produced, processed, and used in large
quantities in a number of applications, Often such materials are used once, and then
discarded as waste, or are simply considered to be waste materials, e.g., sewage, bagasse,
sawdust, and stover,

Various cellulosic and lignocetlulosic materials, their uses, and applications have
been described in U.S. Patent Nos. 7,307,108, 7,074,918, 6,448,307, 6,258 876,
6,207,725, 5,973,035 and 5,952,105; and in various patent applications, including
“FIBROUS MATERIALS AND COMPOSITES,” PCT/US2006/010648, filed on March
23, 2006, and “FIBROUS MATERIALS AND COMPOSITES.” U.S. Patent Application
Pablication No. 2007/0045456,

SUMMARY

In some instances, the presence of biomass in a process, for example
fermentation, facilitates conversion of a low molecular weight sugar to an intermediate or
a product. The inventors have found that including biomass in a mixture with a low
molecular weight sugar, 8 medium, ¢.g., & solvent or solvent system, and a
microorganism can improve the vield and production rate of an intermediate or & produet
obtained by conversion of the sugar, for example an alcobol such as ethanol or butanol.
Including the biomass can also prevent incomplete, shuggish, or “stuck”™ product

conversion, e.g., by fermentation.



10

15

20

25

30

The biomass may not in itself be converted to the product (such as an alcohol), or
may be partially or fully converted to the product along with the low molecular weight
sugar.

In instances where the biomass is partially converted, the surface arca and
porosity of the biomass is increased relative to the surface area and porosity of the
starting biomass, which can advantageously increase the conversion rate of the low
molecular weight sugar to the product.

In some cases, the biomass may be the remnants of a cellulosic or lignocellulosic
material that has been saccharified, e.g., lignin and/or other materials that are left over
after celiulose has been converted to sugar.

In one aspect, there is provided a method comprising: contacting a low molecular
weight sugar, in a medium, with a sheet comprising oxidized biomass fibers and a
fermenting microorganism mmobilized on the fibers, and fermenting the low molecular
weight sugar under conditions suitable for converting said sugar to an organic acid by the
fermenting microorganism, wherein the biomass fibers have been oxidized in an
oxidizing medium by an oxidation method selected from the group consisting of: 5 to 60
Mrad irradiation, chemical oxidation at a pH below about 5.5, sonication and pyrolysis.

In another embodiment, the disclosure features a method that inciudes utilizing a
microorganism and/or enzyme that is immobilized on a biomass material, e.g.,
functionalized biomass fibers, to convert a carbohydrate, e.g., a low molecular weight
sugar, to a product, By “immobilized,” it is meant that the microorganism and/or enzyme
is bonded, directly or indirectly (e.g., through a chemical linker}, to the fibers by
covalent, hydrogen, ionic, or equivalent bonding, and/or by mechanical interaction, e.g.,
between the microorganism and pores of the biomass material, e.g., fibers. Bonding may
be created, e.g., by electrically polarizing the biomass material. The interaction can be
permanent, semi-permanent, or fleeting. Mechanical interaction may include the
microorganisim or enzyme nesting in or clinging to pores or other sites of the biomass
material.

Some implementations include one or more of the following features.

Converting can include allowing the microorganism to convert at least a portion
of the low molecular weight sugar to an alcohol, e.g., ethanol or butanol, orto a

hydrocarbon or hydrogen. Converting may include fermentation. The microorganism
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may comprise a yeast, e.g., S. cerevisiae and/or P. stipitis, or a bacterium, e.g., Zymomonas
mobilis. The method may further include irradiating the biomass fibers, e.g., with ionizing
radiation, for example using a particle beam. The biomass fibers may have a BET surface area
of greater than 0.25 m%/ g, and/or a porosity of at least 70%. The biomass fibers may be derived
from a biomass material that has internal fibers, and that has been sheared to an extent that its

internal fibers are substantially exposed.
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In another embodiment, the disclosure features a mixture that includes a biomass material
having polar functional groups, a microorganism having complementary attractive functional
groups, and a liquid medium.

In a further embodiment, the disclosure features a composition comprising biomass {ibers
having functional groups, and a microorganism having complementary attractive functional
groups, the microorganism being immobilized on the biomass fibers.

The disclosure also features a method that includes converting a low molecular weight
sugar, or a material that includes a low molecular weight sagar, in a mixture with a biomass, a
microorganism, and a solvent or a solvent system, e.g., water or a mixture of water and an
organic solvent, to a product. Examples of solvents or solvent systems include water, hexane,
hexadecane, glycerol, chloroform, toluene, ethyl acetate, petroleum ether, liquetied petroleum
gas (LPG), ionic Hquids and mixtures thereof. The solvent or solvent system can be in the form
of a single phase or two or more phases. The biomass can be, e.g., in fibrous form.

In some instances, having a biomass material (e.g., treated by any method described
herein or untreated) present during production of a product, can enhance the production rate of
the product. Without wishing to be bound by any particular theory, it is believed that having a
solid present, such as a high surface area and/or high porosity solid, can increase reaction rates
by increasing the effective concentration of solutes and providing a substrate on which reactions
can GeCUl.

In some embodiments, a biomass material that has been irradiated, oxidized, chemically
treated, mechanically treated, sonicated, steam exploded and/or pyrolyzed, can be added to a low
molecular weight sugar fermentation process, e.g., to enhance fermentation rate and output.

For example, an irradiated or an un-irradiated biomass material, e.g., a paper fiber, can be
added to a fermentation process, such as during a corn-ethanol fermentation or a sugarcane
extract fermentation, to increase the rate of production by at least 10, 15, 20, 30, 40, 50, 75, 100
percent or more, ¢.g., at least 150 percent, or even up to 1000 percent. Conversion, e.g.,
fermentation, can exhibit a percent performance, as defined in the Examples herein, of at least
140%, in some cases at least 170%.

The biomass material can have a high surface area, high porosity, and/or low bulk

density. In some embodiments, the biomass is present in the mixture from about 0.5
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percent to about 50 percent by weight, such as between about | percent and about 25
percent by weight, or between about 2 percent and about 12.5 percent by weight. In other
embodiments, the biomass is present in amounts greater than about 0.5 percent by weight,
such as greater than about 1, 2, 3, 4, 5, 6, 7, 8, 9, or even greater than about 10 percent by
weight.

Because the biomass material is not itself consumed doring the conversion
process, the biomass material can be reused in muitiple batch processes, ot can be used
continnounsly for the production of a relatively large volume of the product.

Some implementations include one or more of the following features.

The method can include irradiating the fibrous biomass prior to mixing, e.g., with
ionizing radiation, for example at 2 total dosage of at Jeast 5 Mrad, Irradiating can be
performed vsing a particle beam. Irradiating can be conducted under conditions selected
to reduce the molecular weight of the biomass. Irradiation can be performed using
multiple applications of radiation. The ionizing radiation can include electron beam
radiation. For example, the radiation can be applied at a total dose of between about 10
Mrad and about 130 Mrad, such as at 2 dose rate of about 0.3 to about 10 Mrad/day, or 1
Mrad/s to abous 10 Mrad/s. In some embodiments, irradiating includes applying two or
more radiation sources, such as ganuma rays and a beam of electrons.

In some embodiments, irradiating is performed on the biomass feedstock while
the biomass feedstock is exposed (o alr, mirogen, oxygen, helium, or argon. In some
embodiments, prefreatment can include pretreating the biomass feedstock with steam
explosion.

In some embodiments, the method includes mechanically treating the biomass,
e.g., by reducing one or more dimensions of individual pieces of biomass, for example by
shearing, stone grinding, mechanically ripping or tearing, pin grinding, wet or dry
erinding, air attrition milling, cutting, squeezing, compressing or combinations of any of
these processes. In some cases, after mechanical reatment the biomass includes fibers
having ap average length-to-diameter ratio of greater than 5/1. In some embodiments, the
prepared biornass can have a BET surface area of greater than (.23 m*/¢. The
mechanically treated biomass cen bave a bulk density of Isss than abowt 0.3 g/om’, e.g.,

less than 0.35 glem’,
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In any of the methods disclosed herein, radiation may be applied from a device
that s in a vault.,

Unless otherwise defined, ali fechmical and scientific terms used herein have the
same meaning as comronly understood by ope of ordinary skill in the art fo which this
invention belongs. Although methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, suitable
methods and materials are described below. All publications, patent applications,
patents, and other references mentioned herein are incorporated by reference in their
entirety. In case of conflict, the present specification, including definitions, will control.
In addition, the materials, methods, and examples are illustrative only and not intended to
he Hmiting,.

Other features and advantages of the invention will be apparent from the

following detailed description, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram illustrating treatment of biomass and the use of the
freated biomass in & fermentation process,

FIG. 2 is a schematic representation of functionalized biomass interacting with a
IMICTOOTZanisI.

FIG. 3 15 an infrared spectrum of Kraft board paper sheared on a rotary knife
cutter.

FIG. 4 is an infrared spectrum of the Krafi paper of FIG. 3 after irradiation with
106 Mrad of gamma radiation.

FIGS. 5A-51 are "H-NMR spectra of samples P132, P132-10, P132-100, P-1e, P-
Se, P-10e, P-30e, P-70e, and P-100e in Example 13. FIG. 57 is a comparison of the
exchangeable proton at ~16ppm from FIGS. SA-SL FIG. 5K is a PC-NMR of sample P-
100e. FIGS. 5L-5M are C-NMR of sample P-100e with a delay time of 10 seconds.

FIG. SN is a "H-NMR. at a concentration of 10% wt./wt. of sample P-100e,

DETAILED DESCRIPTION
Functionalized biomass materials having desived types and amounts of
functionality, such as carboxylic acid groups, enol groups, aldehyde groups, ketone
groups, nitrile groups, nitro groups, or pitrose groups, can be prepared vsing the methods

5
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described herein. Such functionalized materials can facilitate conversion of low

molecular weight sugar to a product, e.g., during a fermentation process.

TYPES OF BIOMASS

Preferred blowass materials for use in the processes described herein contain
fibers which can be fonctionalized with functional groups that are complementary with
functional groups on an agent {o be used in converting the sugar, e.g., a2 microorganism
such as yeast.

Fiber sources include cellulosic fiber sources, including paper and paper products
{e.g., polyecoated paper and Kraft paper), and lignocelhulosic fiber sources, inchuding
wood, and wood-related materials, e.g., particleboard. Other suitable fiber sources
include natoral fiber sources, e.g., grasses, rice hulls, bagasse, jute, hemp, flax, bamboo,
sisal, abaca, straw, switcherass, alfalfa, hay, com cobs, corn stover, coconut hair; fiber
sources high in o-celluiose content, e.g., cotion; and synthetic fiber sources, e.g,,
extruded varn (oriented vam or un-oriented yvarn). Natural or synthetic fiber sources can
be obtained from virgin scrap textile materizals, e.g., remmants or they can be post
consumer waste, €.8., rags. When paper products are used as fiber sources, they can be
virgin materials, e.g., scrap virgin maierials, or they can be post-consumer waste. Aside
from virgin raw materials, post-consumer, industrial (e.g., offal), and processing waste
{e.g., effluent from paper processing) can also be used as fiber sources. Also. the fiber
source can be obtained or derived from human {e.g., sewage), animal or plant wastes.
Additions! fiber sources have been described in U8, Patent Nos. 6,448,307, 6,258,876,
6,207,729, 5,973,035 and 5,952,105.

In some embodiments, the biomass material includes a carbohydrate that is or
inctudes a material having one or more B-1,4-linkages and having & number average
molecular weight between abowut 3,000 and 50,000. Such a carhohvdrate is or includes
cellulose (1}, which 1s derived from (B-glucose 1) through condensation of §(1,4)-
glycosidic bonds. This linkage contrasts itself with that for o{1 . 4)-glycosidic bonds

present in starch and other carbobydrates.
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Starchy materials incinde starch itsclf, e.g., corn starch, wheat starch, potato

starch or rice starch, a dertvative of starch, or a material that includes starch, such as an
edible food product or a crop. For example, the starchy material can be arracacha,
buckwheat, banana, barley, cassava, kudzu, oca, sago, sorghum, regular household
potatoes, sweet potato, 1aro, yams, of one or more beans, such as favas, lentils or peas.
Bilends of any two or more starchy materials are also starchy materials.

In some cases the biomass is a microbial material, Microbial sources inchude, but
are not limited to, any naturally occwrring or genetically modified microorganism or
organism that contains or is capable of providing a source of carbohydrates (e.g.,
cellulose), for example, protists, e.g., animal protists {e.g., protozoa such as flagellates,
amoebotds, ciliates, and sporozoa) and plant protists {e.g., algae such alveolates,
chlorarachniophyies, cryptomonads, euglenids, glavcophytes, haptophytes, red algae,
stramenopiles, and viridaeplantae). Other examples include seaweed, plankion (e.g.,
macroplankion, mesoplankton, microplankton, nanoplankton, picoplankton, and

femptoplanlkion}, phytoplankton, bacteria (e.g., gram positive bacteria, gram negative
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bacteria, and extremophiles), yeast and/or mixtures of these. In some instances,
microbial biomass can be obtained from natural sources, ¢.g., the ocean, lakes, bodies of
water, .g., salt water or fresh water, or on land. Alternatively or in addition, microbial
biomass can be obtained from culture systems, ¢.g., large scale dry and wet culture
sysiems.

Blends of any biomass materials described herein can be utilized for making any
of the intermediates or products described herein. For example, blends of cellulosic

materials and starchy materials can be utilized for making any product described herein.

SYSTEMS FOR TREATING BIOMASS AND USING TREATED BIOMASS IN
FERMENTATION

FIG. 1 shows a system 100 for treating biomass, particularty fibrous biomass, and

then using the treated biomass to enhance a fermentation process, System 100 inclades a
module 102 in which a biomass feedstock is mechanically treated, e.g., exposing internal
fibers of the feedstock. Examples of mechanica] treatments will be deseribed in detail
below. The system 100 also includes a module 104 i which the mechanically treated
feedstock is functionalized, e.g., by irradiation. After functionalization, the functionalized
fivers are delivered to a fermentation system 106 by a delivery module 108,

The functionalized fibers are then present during fermentation and enhance the
fermentation process by providing a substrate that can interact with the microorganisms
used in fermentation, e.g., veast cells. This interaction is shown schematically in F1G., 2,
which depicts a functionalized polar fiber 10 and a yeast cell 12 baving a complementary
polar functional group. Due 1o the polarity of fhe fibers and the yeast cell, the celi can
hecome immobilized on one or more of the fibers. Bonding of the yeast cell (or other
microorganism) to the fibers may be by hydrogen bonding, or by covalent or ionic bonding.
In some cases, the functional groups on the fibers may react with those on the
microorganism, forming a covalent bond. The increased surface area and porosity of the
biomass material that results from mechanical treatment (e.g., in module 102) provides a
greater surface arez for interaction of the fiber and microorganism and thus enhances this
interaction. The immobilized cells are more productive, increasing the efficiency and yield
of the fermentation process and preventing the process from becoming prematurely “stuck.”

1t is noted that if mixing is performed during fermentation, the mixing is preferably

relativelv gentle (low shear) so as to minimize disruption of the interaction between the

8
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microorganisms and fibers. In some embodiments, jet mixing 1s used, as described m USEN
61/218,832 and USSN 61/179,995, the complete disclosures of which are incorporated
herein by reference.

Referring again to FIG. 1, fermentation produces a crude ethanol mixture, which
flows into a holding fank 110. Water or other solvent, and other non-ethanol components,
are stripped from the crude ethanol mixture using a stripping column 112, and the ethanol is
then distilled using a distillation unit 114, e.g., arectifier. Finally, the ethanol can be dried
using a molecular sieve 116, denatured if necessary, and output fo a desired shipping
method.

In soms cases, the systems described hergin, or components thereof, may be
portable, so that the system can be transported (e.g., by rail, truck, or marine vessel) from
one location to another. The method steps described herein can be performed at one or
more locations, and in some cases one or more of the steps can be performed in transit.
Such mobiie processing is described in U.S. Serial No, 12/374,549 and International
Application No. WO 2008/011598, the full disclosures of which are incorporated herein
by reference.

Any or all of the method steps described herein can be performed at ambient
temperature, If desired, cooling and/or heating may be empioyed during certain steps.
For example, the feedstock may be cooled during mechanical treatment to increase its
brittleness. In some embodiments, cooling is employed before, during or after the initial
mechanical treatment and/or the subsequent mechanical treatment. Cooling may be
performed as described in 12/502,629, the full disclosure of which 1s ncorporated herein
by reference. Moreover, the temperature in the fermentation system 106 may be

controlled to enhance fermentation,

PHYSICAL TREATMENT

Physical treatment processes that may be used to change the morphology of the
biomass material and/or to functionalize the material can include one or more of any of
those described herein, such as mechanical treatment, chemical treatment, irradiation,
sonication, oxidation, pyrolysis or steam explosion. Treatment methods can be wsed in
combinations of two, three, four, or even all of these technologies {in any order), When

motre than one treatment method is used, the methods can be applied at the same time or

)
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at different times. Other processes that functionalize a biomass feedstock and/or alter its
meorphology may alse be used, alone or in combination with the processes disclosed

hersin,

Mechanical Treatments

In some cases, methods can include mechanically treating the biomass feedstock.
Mechanical wreatments include, for example, cutting, milling, pressing, grinding, shearing
and chopping. Milling may include, for exampile, ball milling, hammer milling,
rotor/stator dry or wet milling, or other types of mulling, Other mechanical treatments
include, €.g.. stone grinding, cracking, mechanical ripping or tearing, pin grinding or air
attrition milling,

Mechanical freatment can be advantageous for “opening up,” “stressing,”
breaking and shattering the cellulosic or lignoceilufosic materials, making the cellulose of
the materials more susceptible to chain scission and/or reduction of crystallinity. The
open materials can also be more susceptible to oxidation when irvadiated,

In some cases, the mechanical {reatment may include an initial preparation of the
feedstock as received, e.g., size reduction of materials, such as by cutting, grinding,
shearing, pulverizing or chopping. For example, in some cases, loose feedstock (e.g.,
recycled paper, starchy materials, or switchgrass) is prepared by shearing or shredding,

Alternatively, or In addition, the feedstock material can first be physically treaied
by one or more of the other physical treatment methods, e.g., chemical treatment,
radiation, sonication, oxidation, pyrolysis or steam explosion, and then mechanically
treated. This sequence can be advantageous since materials treated by one or more of the
other treatments, e.g., iradiation or pyrolysis, tend to be more brittle and, therefore, it
may be easier to further change the molecular structure of the material by mechanical
freatment.

In some embodiments, the biomass materigl is fibrous, snd mechanical treatment
includes shearing to expose fibers of the fibrous material. Shearing can be performed, for
example, using a rotary knife cutter. Other methods of mechanically treating the biomass
inciude, for example, milling or grinding. Milling may be performed using, for example,
a hammer mill, ball mill, colloid mill, conical or cone mill, disk mill, edge mil), Wiley

mill or grist mill. Grinding may be performed using, for example, 2 sfone grinder, pin

10
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grinder, coffee grinder, or burr grinder. Grinding may be provided, for example, by a
reciprocating pin or other element, as is the case in a pin mill. Other mechanical
treatment methods include mechanical ripping or tearing, other methods that apply
pressure to the material, and air attrifion miliing. Suitable mechanical treatments further
melude any other technigue that changes the molecular structure or morphology of the
biomass material.

If desired, the mechanically treated material can be passed through a screen, e.g.,
having an average opening size of 1.59 mm or less (1/16 inch, 0.0625 inch). In some
embodiments, shearing, or other mechanical treatiment, and screening are performed
concurrently. For example, a rotary knife cutter can be used to concurrently shear and
screen the biomass material. The biomass is sheared between stationary blades and
rotating blades to provide a sheared material that passes through a screen, and is captured
in a bin.

The biomass material can be mechanically treated in a dry state (e.g., having little
or no free water on its surface), a hydrated state (e.g., having up 1o ten percent by weight
absorbed water), or in a wet staie, ¢.g., having between about 10 percent and about 75
percent by weight water. The biomass material can even be mechanically treated while
partialty or fuily submerged under a liquid, such as water, ethanol or isopropanol. The
biomass material can also be mechanically reated under 2 gas (such as a stream or
atmosphere of gas other than air), e.g., oxygen or nitrogen, or steam.

Mechanical ireatment systems can be configared to produce streams with specific
motphology characteristics such as, for exampile, surface area, porosity, bulk density,
and, in the case of fibrous feedstocks, fiber characteristics such as length-to-width ratio.

In some embodiments, a BET surface ares of the mechanically treated material is
greater than 0.1 m*/g, e.g., greater than 0.25 m*/g, greater than 0.5 m™/g, greater than 1.0
m g, greater than 1.5 m*/g, greater than 1.75 m’/g, greater than 5.0 m*/g, greater than 10
m*/ g, greater than 25 m*/g, areater than 35 m™/g, greater than 50m®/g, greater than 60
m/ g, greater than 75 mzfg, greater than 100 m*g, greater than 150 m*/g, greater than 200
m*/g, or even greater than 250 mzi”g.

A porosity of the mechanically treated material can be, e.g., greater than 20
percent, greater than 25 percent, greater than 35 percent, greater than 50 percent, greater

than 60 percent, greater than 70 percent, greater than 80 percent, greater than 85 percent,

13



10

15

20

25

30

greater than 90 percent, greater than 92 percent, greater than 94 percent, greater than 95
percent, greater than 97.5 percent, greater than 99 percent, or even greater than 89.5
percent.

In some embodiments, after mechanical treatment the material has a bulk density
of Tess than 0.25 g/em’, e.g., 0.20 g!{:-ma, 0.15 glem’®, 0.10 giem®, 0.05 g’cm3 or less, e.g.,
0.025 g/em®. Bulk density is determined using ASTM D1895B. Briefly, the method
invoives filling 2 measuring cylinder of known volume with a sample and obtaining a
weight of the sample. The bulk density is caleulated by dividing the weight of the sample
in grams by the known volome of the cylinder in cubic cemimeters.

If the biomass is a {ibrous material the fibers of the mechanically treated material
can have a relatively large average length-to-diameter ratio (e.g., greater than 20-10-1),
even if they have been sheared more than once. In addition, the fibers of the fibrous
materials described herein may have a relatively narrow length and/or length-to-diameter
ratio distribation.

As used herein, average fiber widths (e.g., diameters) are those determined
optically by randomly selecting approximately 5,000 {ibers. Average fiber lengths are
corrected length-weighted lengths. BET (Brunaner, Emmet and Teller) surface areas are
multi-point surface areas, and porosities are those determined by mercury porosimetry.

If the biomass is a fibrous material the average length-to-diameter ratio of fibers
of the mechanically treated material can be, e.g., greater than 8/1, e.g., greater than 1071,
greater than 15/1, greater than 20/1, greater than 25/1, or greater than 50/1. An average
fiber length of the mechanically treated material can be, e.g., between about 0.5 mm and
2.5 mm, e.g., between about 0.75 mm and 1.0 mm, and an average width (e.g., diameter)
of the second fibrous material 14 can be, e.g., between about 5 pm and 50 um, e.g.,
between about 10 pm and 30 wm.

In some embodiments, if the biomass is & fibrous material the standard deviation
of the fiber length of the mechanically treated material can be less than 60 percent of an
average fiber length of the mechanically treated material, ¢.g., less than 30 percent of the
average length, less than 40 percent of the average length, less than 25 percent of the
average length, less than 10 percent of the average length, less than 5 percent of the

average length, or even less than 1 percent of the average length.
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In some situations, it can be desirable to prepare a low bulk density material,
densify the material (e.g., fo make it easier and less costly to transport to another site},
and then revert the material {o a lower bulk density state. Densified materials can be
processed by any of the methods described herein, or any material processed by any of
the methods described herein can be subsequently densified, e.g., as disclosed mm U.S.
Serial No. 12/420, 045 and WO 2008/073186, the full disclosures of which are

incorporated herein by reference.

Eadiation Treatment

One or more radiation processing sequences can be used to process the biomass,
e.g., to functionalize the material. Radiation can also sterilize the materials, or any media
needed to bioprocess the material.

In some embodiments, energy deposited in a material that releases an electron
from its atomic orbital is used to irradiate the materials. The radiation may be provided
by (1) heavy charged particles, such as alpha particles or protons, {2) electrons, produced,
for example, in beta decay or electron beam accelerators, or (3) electromagnetic
radiation, for example, gamma rays, X rays, or ultraviolet rays. In one approach, radiation
produced by radioactive substances can be used 1o irradiate the feedstock. In another
approach, electromagnetic radiation (e.g., produced using electron beam emitters) can be
used to irradiate the {eedstock. In some embodiments, any combination in any ovder or
concurrently of (1) through (3) may be uitlized. The doses applied depend on the desired
effect and the particular feedstock.

In some imstances when chain scission is desirable and/or polymer chain
functionalization is desirable, particles heavier than electrons, such as protons, helinum
nuclei, argon lons, silicon lons, neon ions, carbon ions, phoshorus lons, oxygen ions or
nitrogen ions can be utilized. When ring-opening chain scission is desired, positively
charged particies can be utilized for their Lewis acid properties for enhanced ring-
opening chain scission. For example, when maximum oxidation is desired, oxygen ions
can be utilized, and when maximum nitration i desired, nitrogen ions can be utilized.
The use of heavy particles and positively charged particles is described in U.S. Serial No.
12/417,699, the full disclosure of which 18 incorporated herein by reference.

In one method, a first material that is or includes cellulose having a first number

average molecular weight {My) is irradiated, e.g,, by treatment with iomizing radiation
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{e.g., in the form of gamma radiation, X-ray radiatior, 1060 am to 280 nm ulitraviclet (UV)
light, a beam of electrons or other charged particles) to provide a second material that
includes celiulose having a second number average molecular weight (My;} lower than
the first number average molecular weight. The second material (or the first and second
material) can be combined with a microorganism (with or without enzyme treatment) that
can ufilize the second and/or first material or its constituent sugars or lignin to produce an
intermediate or product, such as those described herein.

Since the second material includes cellulose having a reduced molecular weight
relative to the first material, and in some instances, a reduced crystallinity as well, the
second material is generally more dispersible, swellable and/or soluble, ¢.g., in a solution
containing a microorganism and/or an enzyme. These properties make the second
material easier to process and more susceptible to chemical, enzymatic and/or biological
attack relative to the first material, which can greatly improve the production rate and/or
production Jevel of a desired product, e.g., ethanol.

In some embodiments, the second number average molecular weight (Muo) is
lower than the first number average molecular weight (My;) by more than about 10
percent, e.g., more than about 15, 20, 25, 30, 35, 40, 50 percent, 60 percent, or even more
than about 75 percent.

In some instances, the second maierial includes cellulose that has a crystallinity
{(C4) that is lower than the crystallinity {C;) of the cellulose of the first material. Tor
example, (Cy) can be lower than (Cy) by more than about 10 percent, e.g., more than
about 15, 20, 25, 30, 35, 40, or even more than about 50 percent.

In some embodiments, the starting crystallinity index (prior to irradiation} 1s from
about 40 to about 87.5 percent, ¢.g., from about 50 to about 75 percent or from about 60
1o about 70 percent, and the crystallinity index after irradiation 1s from about 10 to about
50 percent, e.g., from about 15 to about 45 percent or from about 20 to about 40 percent.
However, in some embodiments, ¢.¢., after extensive irradiation, 1t is possible {o have a
crystallinity index of lower than 5 percent. In some embodiments, the material afler
irradiation is substantially amorphous.

In some embodiments, the starting number average molecular weight {prior to
irradiation) 1s from about 200,000 to about 3,200,000, e.g., from about 250,000 to about
1,000,000 or from about 250,000 ¢ about 700,000, and the number average molecular
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weight after irradiation is from about 50,000 to about 200,000, e.g., from about 60,000 to
about 150,000 or from about 70,000 to about 125.000. However, in some embodiments,
e.g., after extensive irradiation, it is possible to have a number average molecular weight
of less than about 10,000 or even less than about 3,000,

It some embodiments, the second matertal can have a level of oxidation (O, that
is higher than the level of oxidation (Oy) of the first material. A higher level of oxidation
of the material can aid in its dispersability, swellability and/or solubility, further
enhancing the material’s susceptibility to chemical, enzymatic or biclogical attack. In
some embodiments, to increase the level of the oxidation of the second material relative
to the first material, the irradiation is performed under an oxidizing environment, e.g.,
wnder a blanket of air or oxygen, producing a second material that is more oxidized than
the first material. For example, the second material can have more hydroxyl groups,
aldehyde groups, ketone groups, ester groups or carboxylic acid groups, which can

increase its hydrophilicity.

Ionizing Radiafion
Each form of radiation ionizes the carbon-containing material via particular

interactions, as determined by the energy of the radiation. Heavy charged particles
primarily ionize matter via Coulomb scattering; furthermore, these interactions produce
energetic electrons that may further ionize matter. Alpha particles are identical to the
nucleus of a helinm atom and are produced by the alpha decay of various radioactive
nuclel, such as isotopes of bismuth, polonium, astatine, radon, francium, radium, several
actinides, such as actiminm, thorium, granium, neptupium, curigm, californium,
americivm, and plutonivm,

When particles are utilized, they can be neutral {uncharged), positively charged or
negatively charged. When charged, the charged particles can bear a single positive or
negative charge, or mulitple charges, e.g., one, two, three or even four or more charges.
In instances in which chain scission is desived, positively charged particles may be
desirable, in part due to their acidic nature. When particles are utilized, the particles can
have the mass of a resting electron, or greater, e.g., 500, 1000, 1500, 2000, 10,000 or
even 100,000 times the mass of a resting electron. For example, the particles can have 2
mass of from about 1 atomic unit to about 150 atomic units, e.g., from about | atomic

unit o about 30 atomic wnits, or from about 1 to about 25, e, 1,2,3, 4, 5,10, Zor 15

[
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ami. Accelerators used to accelerate the particles can be electrostatic DC,
electrodynamic DC, RF linear, magnetic induction linear or continuous wave, For
example, cyclotron type accelerators are available from IBA, Belgium, such as the
Rhodotron® system, while DC type accelerators are available from RDI, now IBA
Industrial, such as the Dynamitron®. lons and ion accelerators are discussed in
Introductory Nuclear Physics, Kenneth 8. Krane, Jobn Wiley & Sons, Inc. (1988), Krsto
Prelec, FIZIKA B 6 (1997) 4, 177-206, Chu, William T., “Overview of Light-Ion Beam
Therapy” Columbus-Ohio, ICRU-IAEA Meeting, 18-20 March 2006, Iwata, Y. et al,,
“Alternating-Phase-Focused IH-DTL for Heavy-lon Medical Accelerators” Proceedings
of EPAC 2006, Edinburgh, Scotland and Leaner, C.M. et al., “Status of the
Superconducting ECR lon Source Venus” Proceedings of EPAC 2000, Vienna, Austria.

Gamma radiation has the advantage of a significant penetration depth into 2
variety of materials. Sources of garmma rays inchude radioactive nuclei, such as isotopes
of cobalt, caleium, technicium, chromium, gallium, indiom, iodine, iron, krypton,
samarium, sefenium, sodium, thalium, and xenon.

Sources of x ravs include electron beam collision with metal targets, such as
tungsten or molvbdenum or alloys, or compact light sources, such as those produced
commercially by Lyncean.

Sources for ultraviclet radiation include deuterium or cadmium lamps.

Sources for infrared radiation inchude sapphire, zine, or selenide window ceramic
lamps.

Sources for microwaves include kivstrons, Slevin type RF sources, or atom beam
sources that employ hydrogen, oxygen, or nifrogen gases,

In some embodiments, a beam of electrons is used as the radiation source. A
beem of electrons has the advaniages of high dose rates {e.g., 1, 5, or even 10 Mrad per
second), high throughput, less containment, and less confinement equipment. Electrons
can also be more efficient at causing chain scission. In addition, electrons having
energies of 4-10 MeV can have a penefration depth of 5 to 30 mm or more, such as 40
mrm,

Electron beams can be generafed, e.g., by electrosiatic generators, cascade
generators, transformer generators, low energy accelerators with a scanning system, low

energy accelerators with a linear cathode, linear accelerators, and pulsed accelerators.

16



1

20

30

Electrons as an lonizing radiation source can be useful, e.g., for relatively thin sections of
material, e.g., less than 0.5 inch, e.g., less than 0.4 inch, 0.3 inch, 0.2 inch, or less than
0.1 inch. In some embodiments, the energy of each electron of the electron beam is from
gbout 0.3 MeV to about 2.0 MeV (million electron volts), e.g., from about 0.5 MeV to
about 1.5 MeV, or from about 0.7 MeV to about 1.25 MeV.

Electron beam irradiation devices may be procured commercially from lon Beam
Applicarions, Louvain-ia-Neuve, Belgium or the Titan Corporation, San Diego, CA.
Typical electron energies can be | MeV, 2 MeV, 4.5 MeV, 7.5 MV, or 10 MeV.
Typical electron beam frradiation device power can be 1 kW, 5 kW, 10 kW, 20 kW, 50
kW, 100 kW, 250 kW, or 500 kW. The level of depolymerization of the feedstock
depends on the eleciron enerpy used and the dose applied, while exposure time depends
on the power and dose. Typical doses may take valoues of 1 kGy, 5 k¥Gy, 10 kGy, 20 kGy,
50 kGy, 100 kGy, or 200 kGy.

Iop Particle Beams

Particles heavier than elecirons can be utilized to irradiste any of the biomass
materials described herein. For example, protons, helivun nuclei, argon ions, silicon ions,
neon ions carbon ions, phoshorus ions, oxygen lons or nitrogen ions can be utilized. In
some embodiments, particles heavier than electrons can induce higher amounts of chain
scission (relative to lighter particles). In some instances, positively charged particles can
mduce higher amounts of chain scission than negatively charged particles due to their
acidity,

Heavier particie beams can be generated, ¢.g., using linear accelerafors or
cvclotrons. In some embodiments, the energy of each particle of the beam is from about
1.0 MeV/atomic unit to abowut 6,000 MeV/atomic unit, e.g., from about 3 MeV/ atormic
it to about 4,800 MeV/atomic unit, or from about 10 MeV/atomic unit to about 1,000
MeV/atomic unit,

In certain embodiments, on beams used to irradiate carbon-containing materials,
e.g., biomass materials, can include more than one type of ion. For example, ion beams
can include mixtures of two or more (2.g., three, four or more) different types of ions.
Exemplary mixtures can include carbon ions and protons, carbon ions and oxygen ions,
nitrogen ions and protons, and iron ions and protons. More generally, miztures of any of

the ions discussed above {or any other ions) can be used to form irradiating ion beams. In
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particular, mixtures of relatively light and relatively heavier ions can be used in a single
ion beam,

In some embodiments, ion beams for irradiating materials include positively-
charged ions. The positively charged ions can include, for example, posiiively charged
hydrogen ions {e.g., protons), nobie gas ions (e.g., helium, neon, argon}, carbon 1ons,
nifrogen ions, oxvgen ions, siicon atoms, phosphorus 1ons, and metal ions such as
sodium ions, calcium ions, and/or iron ions. Without wishing to be bound by any theory,
it is believed that such positively-charged ions behave chemically as Lewis acid moieties
when exposed io materials, initiating and sustaining cationic ﬂng—apening chain scigsion
reactiong in an oxidative enviromment,

In cerfain embodiments, ion beams for irradiating materials include negatively-
charged jons. Negatively charged ions can include, for example, negatively charged
hydrogen ions {e.g., hydride ions), and negatively charged ions of various relatively
electronegative nuciei (e.g., oxygen ions, nitrogen ions, carbon ions, silicon ions, and
phosphorus ions). Without wishing to be bound by any theory, it is believed that such
negatively-charged ions behave chemucally as Lewis base moieties when exposed o
materials, causing anionic ring-opening chain scission reactions in a reducing
environment.

In some embodiments, beams for irradiating materials can include neutral atoms.
For example, any one or more of hydrogen atoms, helium atoms, carbon atoms, nivogen
atoms, bxygen aioms, neon atoms, silicon atoms, phosphoras atoms, argon atoms, and
iron atoms can be included in beams that ave used for irradiation of biomass materials. In
general, mixtures of any two or more of the above types of atoms {e.g., three or more,
four or more, or even more) can be present in the beams,

In certain embodiments, ion beams used to irvadiate materials include smgly-
charged ions such as one or more of H', H, He', Ne', Ar", C¥, €, 0", O, N¥, N, Si7, S,
PP, Ne®, Ca¥, and Fe'. In some embodiments, ion beams can inciude multiply-charged
jons sach as one or more of C27 C7F, C¥, 1 W, N, O, 07, 047, 877, 8iY, 81 and
$i*. In general, the ion beams can also include mote complex polynuciear ions that bear
multiple positive or negative charges. In certain embodiments, by virtue of the structure

of the polynuclear ion, the positive or negative charges can be effectively distnbuted over
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substantially the entire structure of the 1ons. In some embodiments, the positive or

negative charges can be somewhat localized over portions of the structure of the ions.

Blectromagnetic Radiation

In embodiments in which the irradiating is performed with electromagnetic
radiztion, the electromagnetic radigtion can have, e.g.. energy per photon (in electron
volts) of greater than 1 0% eV, e.g., greater than | 0, 10°%, 10°, 106, or even greater than 107
eV. In some embodiments, the electromagnetic radiation has energy per photon of
between 10 and 107, e.g., between 10° and 10° eV. The electromagnetic radiation can
have a frequency of, e.g., greater than 10'° hy, greater than 10" hz, 10", 10", 10%°, or
even greater than 16" hz. In some embodiments, the electromagnetic radiation has a

frequency of between 10" and 106°° hz. ¢.g., between 10Y 10 10** hz.

Ouenchine and Controlled Funcifonalizetion of Biomass
After treatment with ionizing radiation, any of the materials or mixtures described

herein may become tonized; that is, the treated material may include radicals at levels
that are detectable with an electron spin resonance spectrometer. If ionized biomasgs
remains in the atmosphere, 1t will be oxidized, such as to an extent that carboxylic acid
groups are generated by reacting with the atmospheric oxygen. In some instances with
some materials, such oxidation is desived because it can ald in the further breakdown in
molecular weight of the carbohydrate-containing biomass, and the oxidation groups, e.2.,
carboxylic acid groups can be helpful for solubility and microorganism utilization in
some instances. However, since the radicals can “live” for some time after irradiation,
¢.g., longer than 1 day, 5 days, 30 days, 3 months, &6 months or even longer than 1 year,
material properties can contimue to change over time, which in some instances, can be
undesirable. Thus, it may be desirable to gunench the ionized material,

After tonization, any biomags material that has been tonized can be quenched to
reduce the level of radicals in the ionized biomass, e.g., such that the radicals are no
longer detectable with the electron spin resonance spectrometer. For example, the
radicals can be quenched by the application of a sufficient pressure to the biomass and/or
by utilizing a fluid in contact with the jonized blomass, such as a gas or hquid, that reacts
with {quenches) the radicals. Using & gas or liquid to at least aid in the quenching of the

radicals can be used to functionalize the ionized biomass with a desired amount and kind
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of functional groups, such as carboxylic acid groups, enol groups, aldehyde groups, nito
groups, nitrile groups, amino groups, alkyl amino groups, alkyl groups, chioroallyl
groups or chioroftuoroalkyl groups.

In some instances, such quenching can improve the stability of some of the
ionized biomass materials. For example, guenching can improve the resistance of the
bilomass to oxidation. Functionalization by quenching can also improve the solubility of
any biomass described herein, can improve its thermal stability, and can improve material
utilization by various microorganisms. For example, the functional groups imparted to
the biomass material by the quenching can act as receptor sites for attachment by
microorgamsms, e.g., to enhance cellulose hydrolysis by various microorganisms,

in some embodiments, quenching inclndes an application of pressure to the
biomags, such as by mechanically deforming the biomass, e.g., directly mechanically
compressing the biomass in one, two, or three dimensions, or applying pressure to a fluid
in which the biomass is immersed, e.g., isostatic pressing. In such instances, the
deformation of the material itself brings radicals, which are often trapped in crystalline
domains, in close enough proximity so that the radicals can recombine, or react with
another group. In some instances, the pressure is applied together with the application of
heat, such as a sufficient guantity of heat {o elevate the temperature of the biomass fo
above a melting point or softening point of a component of the biemass, such as lignin,
cellulose or hemcellulose, Heat can improve molecular mobility in the material, which
can aid in the quenching of the radicals. When pressure is utilized to quench, the
pressure can be greater than about 1000 psi, such as greater than about 1250 psi, 1450
psi, 3625 psi, 5075 psi, 7250 psi, 10000 psi or even greater than 15000 psi.

In some embodiments, guenching includes contacting the biomass with a fluid,
such as a liquid or gas, e.g., a gas capable of reacting with the radicals, such as acetyiene
or a mixture of acetylene in nitrogen, ethylene, chlorinated ethyvienes or
chlorofivoresthyienes, propylene or mixtures of these gases. In other particular
smbodiments, quenching inchudes contacting the biomass with a liquid, e.g., a liguid
soluble in, or at least capable of penetrating into the biomass and reacting with the
radicals, such as a diene, such as 1,5-cyclooctadiene. In some specific embodiments,
guenching includes contacting the biomass with an antioxidant, such as Vitamin E. If

desired, the biomass feedstock can include an antioxidant dispersed therein, and the
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quenching can come from contacting the antioxidant dispersed in the biomass feedstock
with the radicals.

Functionalization can be enhanced by utilizing heavy charged ions, such as any of
the heavier ions described herein. For exampie, if' it is desired to enhance oxidation,
charged oxygen ions can be utilized for the irradiation, If nitrogen functional groups are
desired, nitrogen tons or anions that inclode nitrogen can be utilized. Likewise, if sulfur
or phosphorus groups are desired, sulfur or phosphorus ions can be used in the

irradiation.

Buoses

In some instances, the iradiation is performed at a dosage rate of greater than
about §.25 Mrad per second, e.g., greater than about 0.5, 0.75, 1.0, 1.5, 2.6, or even
greater than about 2.5 Mrad per second. In some embodiments, the hradiating is
performed at a dose rate of between 5.0 and 1500.0 kilorads/hour, ¢.g., between 10.0 and
750.0 kilorads/hour or between 50.0 and 350.0 kilorads/hour.

In some embodiments, the trradiating (with any radiation source or a combination
of sources) is performed until the material receives a dose of at least 0.1 Mrad, at least
0.25 Mrad, e.g., at least 1.0 Mrad, at least 2.5 Mrad, at least 5.0 Mrad, at least 10.0 Mrad,
at least 60 Mrad or at least 100 Mrad. In some embodiments, the irradiating is performed
until the material receives a dose of from about 0.1 Mrad to about 500 Mrad, from about
0.5 Mrad to gbout 200 Mrad, from about [ Mrad to about 100 Mrad, or from about 3
Mrad to about 50 Mrad. In some embodiments, a relatgvely low dose of radiation is

applied, e.g., less than 60 Mrad.

Bopication

Sonication can reduce the molecular weight and/or erystallinity of materials, such
as one or more of any of the materials described herein, e.g., one or more carbohydrate
sources, such as cellulosic or lignocellulosic materialg, or starchy materials. Sonication
can also be used to sterilize the niaterials.

In one method, a first material that includes cellulose having & first mamber
average molecular weight (Why ) is dispersed in a medium, such as water, and sonicated
and/or otherwise cavitated, to provide a second material that includes cellulose having a

sacond nurmber average molecular weight (Myy) lower than the first number average
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molecular weight. The second material (or the first and second material in certain
embodiments) can be combined with a microorganism (with or without enzyme
treatment) that can utilize the second and/or first material to produce an intermediate or
product.

Since the second material mchudes cellulose having a reduced molecular weight
relative 1o the first material, and in some instances, & reduced crystallinity as well, the
second material is generally more dispersible, swellable, and/or soluble, e.2., in & solution
containing & MUCroorganism.

In some embodiments, the second number average molecular weight (M) is
lower than the first number average molecular weight (M} by more than about 10
percent, g.g., more than about 15, 20, 25, 30, 35, 40, 50 percent, 60 percent, or even more
than about 75 percent.

In some instances, the second material includes cellulose that has a crystallinity
{C,) that is lower than the crystallinity (C) of the cellulose of the first material. For
example, (C2) can be lower than (C,) by more than about 10 percent, e.g., more than
about 15, 20, 25, 30, 35, 49, or even more than about 30 percent.

In some embodiments, the starting crystallinity index (pricr to sonication) is from
ghout 40 to aboni 87.5 percent, e.g., from about 50 to about 75 percent or from about 60
to about 70 percent, and the crystallinity index after sonication is from about 10 to about
50 percent, e.g., from about 13 to about 45 percent or from about 20 (o about 44 percent.
However, in certain embodiments, e.g., after extensive sonication, if 18 possible to have a
crystallinity index of lower than 5 percent. In some embodiments, the material after
sonication is substantially amorphous.

In soine embodiments, the starting number average molecular weight (prior to
sonication) s from sbout 200,000 to gbout 3,200,000, e.g., from about 250,000 0 about
1,000,060 or from about 250,000 to about 700,000, and the number average molecular
weight afer someation is from about 50,000 to about 200,000, e.¢., from about 60,000 to
about 150,000 or from about 70,000 to about 125,000, However, in some smbadiments,
e.g., after extensive sonication, it is possible to have a number average molecular weight
of less than about 10,000 or even less than about 5,000,

In some embodiments, the second material can have z level of oxidation (Q2) that

is higher than the ievel of oxidation (O} of the first material. A higher level of oxidation

2
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of the material can aid in its dispersability, swellability and/or solubility, further
enhancing the material’s susceptibility to chemical, enzymatic or microbial attack. In
some embodiments, to increase the level of the oxidation of the second material relative
to the first material, the sonication is performed in an oxidizing medium, producing a
second material that 18 more oxidized than the first material. For example, the second
material can have more hydroxyl groups, aldehyde groups, ketone groups, ester groups or
carboxyiic acid groups, which can increase its hydrophilicity.

In some embodiments, the sonication medium is an agueous medium. [f desired,
the medium can include an oxidant, such as a peroxide {e.g., hydrogen peroxide), a
dispersing agent and/or a buffer, Examples of dispersing agents include ionic dispersing
agents, e.g., sodium lauryl sulfate, and non-ionic dispersing agents, e.g., poly{ethylene
giveol).

In other embodiments, the sonication medivm 1s non-aqueous. For example, the
sonication can be performed in a hvdrocarbon, e.g., toluene or heptane, an sther, ¢.g.,
diethy! ether or tetrahydrofuran, or even in e liguefied gas such as argon, Xenon, or

nitrogeit.

Pyrolysis

One or more pyrolysis processing sequences can be used to physically treat the
biomass material. Pyrolysis can also be used to sterilize the matenal.

In one example, a first material that includes cellulose having a first number
average molecular weight (M) is pyrolyzed, .., by heating the first material in a tube
fumace (in the presence or absence of exygen), to provide a second material that includes
cellulose having a second number average molecular weight (Myp) lower than the first
number average molecolar weight.

Since the second material includes cellulose having a reduced molecular weight
relative io the first material, and in some instances, a reduced crystallinity as well, the
second material is generally more dispersible, swellable and/or soluble, e.g., in a solution
containing a8 microOrganism.

In some embodiments, the second number average molecuiar weight (Myy) is

lower than the first number average molecular weight (M) by more than about 10
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percent, e.g., more than about 15, 20, 25, 30, 35, 40, 50 percent, 60 percent, or even more
than about 75 percent.

In some instances, the second material includes cellulose that has a crystallinity
(C;) that is lower than the crystallinity (C) of the cellulose of the first material. For
example, (Cy) can be lower than (C;} by more than about 10 percent, e.g., more than
about 15, 20, 25, 30, 35, 40, or even more than about 50 percent.

In some embodiments, the starting crystaliinity {prior to pyrolysis) is from about
40 to about 87.5 percent, ¢.g., from about 50 to about 75 percent or from about 60 to
about 70 percent, and the crystallinity index after pyrolysis is from about 1C to about 50
percent, e.g., from about 15 to about 45 percent or from about 20 fo about 40 percent.
However, in certain embodiments, e.g., after extensive pyrolyss, it is possible to have a
erystallinity index of lower than 5 percent. In some embodiments, the material after
pyrolysis is substantially amorphous.

In some embodiments, the starting number average rolecular weight (prior to
pyrolysis) is from about 200,000 to about 3,200,000, e.g., from about 256,000 to about
1,000,000 or from about 250,000 to about 700,000, and the number average molecular
weight after pyrolysis is from about 50,000 to about 200,000, e.g., from about 60.000 1o
shout 150,000 ot from about 70,000 to about 125,000, However, in some embodiments,
e.g., after extensive pyrolysis, it is possibie to have a number average molecular weight
of less than about 10,000 or even less than about 5,000.

In some embodiments, the second miaterial can have & level of oxidation {Oy) that
is higher than the level of oxidation (04} of the first material. A higher level of oxidation
of the material can aid in its dispersability, swellability and/or solubility, further
enhancing the susceptibility of the material to chemical, enzymatic or microbial attack.
in some embodiments, 10 increase the level of the oxidation of the second material
relative to the first material, the pyrolysis is performed in an oxidizing environment,
producing a second material that is more oxidized than the first material. For example,
the second materiat can have more hydroxyl groups, aldehvde groups, ketone groups,
ester groups or carboxylic acid groups, than the first material, thereby ncreasing the

hydrophilicity of the material.
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In some embodiments, the pyrolysis of the materials is continuous, In other
embodiments, the material is pyrolyzed for a pre-determined time, and then allowed to

cool for a second pre-determined time before pyrolyzing again,

Oxidaton

One or more oxidative prooessing sequences can be used to physically treat the
biomass material. The oxidation conditfons can be varied, e.g., depending on the lignin
content of the feedstock, with a higher degree of oxidation generally being desired for
higher lignin content feedstocks,

In one method, a frst material that includes cellulose having a first number
average molecular weight (M) and having a first oxygen content (O,) is oxidized, e.g.,
by heating the first material in a stream of air or oxygen-enriched air, to provide a second
material that includes cellulose having a second number average molecular weight (M)
and having a second oxygen content {,) higher than the first oxygen content (Oy).

The seconé number average molecuiar weight of the second material is generally
lower than the first number average molecular weight of the first material. For example,
the molecular weight may be reduced to the same extent as discussed above with respect
10 the other physical treatments. The crystaliinity of the second material may also be
reduced to the same exient as discussed above with respect to the other physical
reatments.

in some embodiments, the second oxygen content is at least about five percent
mgher than the first oxygen content, e.g., 7.5 percent higher, 10.0 percent higher, 12.5
percent higher, 15.0 percent higher or 17.5 percent higher. In some preferred
embodiments, the second oxygen content is at least about 20.0 percent higher than the
first oxygen content of the first material. Oxygen content is measured by elemental
analysis by pyrolyzing a sample in a furnace operating at 1300 °C or higher. A suitable
elemental analyzer is the LECO CHNS-932 analyzer with a VTF-900 high temperature
pyrolysis furnace.

Generslly, oxidation of a material ocours in an oxidizing environment. For
example, the oxidation can be effected or aided by pvrolysis in an exidizing environment,

such as in air or argon enriched in air. To aid in the oxidation, various chemical agents,
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such as oxidants, acids or bases can be added to the material prior to or during oxidation.
For example, a peroxide (e.g., benzoyl peroxide) can be added prior to oxidation.

Some oxidative methods of reducing recalcitrance in 2 biomass feedstock employ
Fenton-type chemistry., Such methods are disclosed, for example, in U.S, Serfal No.
12/639,289, the complete disclosure of which is incorporated hersin by reference,

Exemplary oxidants include peroxides, such as hydrogen peroxide and benzoyl
peroxide, persulfates, such as ammonium persulfate, activated forms of oxygen, such as
ozone, peimanganates, such as potassivm permanganate, perchlorates, such as sodium
perchlorate, and hypochlorites, such es sodium hypochlorite (household bleach).

In some siteations, pH is maintained at or below about 5.5 during contact, such as
between | and 5, between 2 and 5, between 2.5 and 3 or between about 3 and 5.
Oxidation conditions can also include a contact period of between 2 and 12 hours, e.g.,
between 4 and 10 hours or between 5 and 8 hours. In some instances, temperature is
maintained at or balow 300 °C, e.g., at or below 250, 200, 150, 100 or 50 °C. In some
instances, the temperature remams substantially ambient, €.z, at or about 20-25 °C,

in some embodiments, the one or more oxidants are applied as a gas, such as by
generating ozone in-sifu by irradiating the material through air with a beam of particies,
such as electrons.

In some embodiments, the mixture further mcludes one or more hydroquinones,
such as 2,3-dimethoxyhydroguinone (DMHQ) and/or one or more benzoguinones, such
as 2,5-dimethoxy-1,4-benzoguinone (DMBQ), which can aid in electron transfer
reactions.

In some embodiments, the one or move oxidants are electrochemically-generated
in-situ. For example, hydrogen peroxide and/or ozone can be electro~chemically

produced within a contact or reaction vessel,

Other Processes To Functionalize

Any of the processes of this paragraph can be used alone without any of the
processes described herein, or in combination with any of the processes described herein
(in any order): steam explosion, chemical treatment (e.g., acid treatment (including
concentrated and dilute acid treatment with mineral acids, such as sulfiric acid,
hydrochioric acid and organic acids, such as wifluoroacetic acid) and/or base treatiment

(e.g., treatment with Hime or sodium hydroxide}), UV treatment, screw extrusion
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reatment (see, e.g., UU.S. Patent Application Serial No. 61/1135,398, filed November 17,
2008, solvent treatment {e.g., treatment with ionic liguids) and freeze milling (see, e.g.,
11.5. Serial No. 12/502,629),

FERMENTATION

Microorganisms cap produce a number of ugeful intermediates and products, such

as those described herein, by fermenting a low molecular weight sugar in the presence of
the functionalized biomass materials, For example, fermentation or other bioprocesses
can produce alcohols, organic acids, hydrocarbons, hydrogen, proteins or mixtures of any
of these materials.

The microorganism can be a natural microorganism or an engineered
microorganism. For example, the microorganism can be a bacterium, e.g., a cellulolytic
hacterium, a fungus, e.g., a yeast, a plant or a protist, e.g., an algae, a protozoa or a
fungus-like protist, e.g., a slime mold. When the organisms are compatible, mixtores of
organisms can be utilized.

Suitable fermenting microorganisms have the ability to convert carbohydrates,
such as ghucose, xvlose, arabinose, mannose, galactose, oligosaccharides or
polysaccharides into fermentation products. Fermenting microorganisms include strains
of the genus Sacchromyees spp. e.g., Sacchromyces cerevisiae (baker’s yeast),
Saccharomyces distaticus, Saccharomyces uvarum; the genus Khnyveromyces, e.g.,
species Kluyveromyces marxianus, Kluyveromyces fragilis; the genus Candida, e.g.,
Candida pseudotropicalis, and Candida brassicae, Pichia stipitis (a relative of Candida
shehatae, the genus Clavispora, e.g., species Clavispora lusitaniae and Clavispora
opuntiae, the genus Pachysolen, e.g., species Pachysolen tannophilus, the genus
Bretannomyces, e.g., species Bretannomyces clausenii (Philippidis, G, P., 1996,
Cellulose bioconversion technology, in Handbook on Bioethanol: Production and
Utilization, Wyman, C.E., ed., Taylor & Francis, Washington, DC, 179-212).

Commercially available yeasts include, for example, Red Star®/Lesaffre Ethanol
Red (available from Red Star/Lesafiie, USA), FALI® (available from Fleischmann’s
Yeast, a division of Bumns Philip Food Inc., USA}, SUPERSTART® {available from
Alitech, now Lalemand), GERT STRAND® (available from Gert Strand AR, Sweden)
and FERMOL® (available from DSM Specialties).
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Bacteria may also be used in fermentation, e.g., Zymomonas mobilis and
Clostridium thermocellum (Philippidis, 1996, supra).

The optimur pH for veast is from about pH 4 to 5, while the optimum pH for
Zymomonas bacteria 18 from about pH 5 to 6. Typical fermentation times are about 24 to
%6 hours with temperatures in the range of 26 °C {0 40 °C, however thermophilic
microorganisms prefer higher temperatures.

In some embodiments, all or a portion of the fermentation process can be
interrupted before the low molecular weight sugar is completely converted to ethanol.
The intermediate fermentation products include high concentrations of sugar and
carbohydrates, These intermediate fermentation products can be used in preparation of
food for human or animal consumption. Additionally or alternatively, the intermediate
fermentation products can be ground to a fine particle size in a stainless-steel laboratory
mill to produce a flour-like substance.

Muobile fermentors can be utilized, as described in UL S. Provisional Patent
Application Serial 60/832,735, now Published International Application No, WO
2008/01 1598,

POST-PROCESSING

Distiliation

After fermentation, the resulting fluids can be distilled using, for example, a “beer
column” to separate ethanol and other alcohols from the majority of water and residual
solids. The vapor exiting the beer column can be, e.g., 33% by weight ethanol and can be
fed fo a rectification column. A mixture of nearly azeotropic (92.5%) ethano! and water
from the rectification column can be purified to pure (99.5%} ethano! using vapor-phase
molecular sieves. The beer column bottoms can be sent to the first effect of a three-effect
evaporator, The rectification column reflux condenser can provide heat for this first
effect. After the first effect, solids can be separated using a centrifuge and dried in a
rotary dryer. A portion (25%) of the centrifuge effluent can be recyeled 1o fermentation
and the rest sent to the second and third evaporator effects, Most of the evaporator
condensate can be returned to the process as fairly clean condensate with a small portion

split off to waste water treatment to prevernt build-up of low-boiling compounds.
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INTERMEDIATES AND PRODUCTS

The processes described herein can be used to produce one or more intermediates
or products, such as energy, fuels, foods and materials. Specific examples of products
include, but are not limited to, hydrogen, alcohols {(e.g., monohydric alecohols or dihydric
alcohols, such as ethanol, n-propanc! or n-butanol}, hydrated or hydrous alcohols, e.g.,
containing greater than 10%, 20%, 30% or even greater than 40% water, xylitol, sugars,
biodiesel, organic acids {(e.g., acetic acid and/or lactic acid), hydrocarbons, co-producis
(e.g., proteins, such as cellulolytic proteins (enzymes} or single cell proteins), and
mixtures of any of these in any combination or relative concentration, and optionally in
combination with any additives, e.g., fuel additives. Other examples include carboxylic
acids, such as acetic acid or butyric acid, salts of 2 carboxvlic acid, 2 mixture of
carboxylic acids and salts of carboxylic acids and esters of carboxylic acids (e.g., methyl,
ethy! and n-propyl esters), ketones (e.g., acetone), aldehydes {e.g., acetaldehyde), alpha,
beta unsaturated acids, such as acrvlic acid and olefins, such as ethylens, Other alcobols
and alcohol derivatives inchude propanol, propylene glycol, 1,4-butanediol, 1,3-
propanediol, methyl or ethy! esters of any of these alcohols. Other products include
methyl acrylate, methylmethacrylate, lactic acid, propionic acid, butyric acid, succinic
acid, 3-hydroxypropionic acid, a salt of any of the acids and a mixture of any of the acids
and respective salts.

Other intermediates and products, including food and pharmaceutical products,
are described in U.S. Serial No. 12/417,900, the full disclosure of which is hereby

incorporated by reference herein,

EXAMPLES
The following Examples are intended to iliustrate, and do not Lirnit the teachings of

this disclosure.

Example 1 — Preparation Of Fibrous Material From Polvcosted Paper

A 1500 pound skid of virgin, half-gallon juice cartons made of un-printed
polycoated white Kraft board having 2 bulk density of 20 Tb/ft* was obiained from
International Paper, Each carton was folded flat, and then fed into a 3 hp Flinch Baugh

shredder at a rate of approximately 15 to 20 pounds per hour. The shredder was equipped
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with two 12 inch rotary blades, two fixed blades and a (.30 inch discharge screen. The
zap between the rotary and fixed blades was adjusted to 0010 inch. The output from the
shredder resembiled confetti having a width of between 0.1 inch and 0.5 inch, a length of
between (.25 inck and 1 inch and a thickness equivalent fo that of the starting material
(about 0,675 inch).

The confetti-like material was fed 10 a Munson rotary knife cutter, Model SC30.
Model $C30 is equipped with four rotary blades, four fixed blades, and a discharge
sereen having 1/8 inch openings. The gap between the rotary and fixed blades was sef to
approximately 0.020 inch. The rotary knife cutter sheared the confetii-like pieces across
the knife-edges, tearing the pieces apart and releasing a fibrous material af a rate of about
one pound per hour. The fibrous material had & BET surface area of 0.9748 m®/g +/-
0.0167 m%/g, a porosity of 89.0437 percent and a bulk density (@0.53 psia) of 0.1260
g/ml. An average length of the fibers was 1.14] mm and an average width of the fibers

was (0L027 mrm, giving an average L/D of 42:1.

Example 2 — Prenaration Of Fibrous Material From Bleached Kraft Board

A 1500 pound skid of virgin bleached white Kraft board having a bulk density of
30 b/t was obtained from International Paper. The material was folded flat, and then
fed into 4 3 hp Flinch Baugh shredder at a rate of approximately 15 to 20 pounds per
hour, The shredder was equipped with two 12 inch rotary blades, two tixed blades and a
0.30 inch discharge screen. The gap between the rotary and fixed blades was adjusted o
0.10 inch. The cutput from the shredder resembled confett: having a width of between
0.1 inch and 0.5 inch, a length of betweer 0.25 inch and 1 inch and a thickness equivalent
to that of the starting material (about 0.075 inch). The confetti-like material was fed to a
Munson rotary knife cutter, Model SC30. The discharge screen had 1/8 inch openmgs.
The gap between the rotary and fixed blades was set to approxmmately 0.020 inch, The
rotary knife cutier sheared the confetti-like pieces, releasing a fibrous material at a rate of
about one pound per hour. The fibrous material had a BET surface area of 1.1316 m'/g
+/- 0.0103 m’/g, a porosity of 88.3285 percent and a bulk density (@0.53 psia) of 0.1497
g/ml.. An average length of the fibers was 1.063 mm and an average width of the fibers

was 0.0245 mm, giving an average L/ID of 43:1.
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Examiple 3 - Praparation Of Twice Sheared Fibrous Material From Bleached Kraft Board

A 1500 pound skid of virgin bleached white Krafi board having a bulk density of

30 Ib/ft was obtained from Internationel Paper. The material was folded flat, and then
fed wnto 2 3 hp Flinch Baugh shredder at a rate of approximately 15 to 20 pounds per
hour. The shredder was equipped with two 12 inch rotary blades, two fixed blades and a
(.30 inch discharge screen. The gap between the rotary and fixed blades was adjusted to
0.10 inch. The output from the shredder resembled confetti (as ebove). The confetti-like
material was fed to a Munson rotary knife cutter, Model SC30. The discharge screen had
1/16 inch openings. The gap between the rotary and fixed biades was set to
approximately 0,020 inch, The rotary knife cutter the confetti-like pieces, releasing a
fibrous material af a rate of about one pound per hour. The material resuliing from the
first shearing was fed back into the same setup described above and sheared again. The
resulting fibrous material had a BET surface area of 1.4408 m%/g +/- 0.0156 mzfg, a
porogity of 90.8998 percent and a bulk density (@0.53 psia) of 0.1298 g/ml.. An average
length of the fibers was 0.891 mm and an average width of the fibers was 0.026 mm,

giving an average L/D of 34:1.

Exampile 4 — Preparation OF Thrice Sheared Fibrous Material From Bleached Kraft Board

A 1500 pound skid of virgin bleached white Kraft board having a bulk density of

30 1b/ft* was obtained from Intemational Paper. The material was folded flat, and then
fed into & 3 hp Flinch Baugh shredder at a rate of approximately 15 to 20 pounds per
hour. The shredder was equipped with two 12 inch rotary blades, two fixed blades and a
0.30 inch digcharge screen. The gap between the rotary and fixed blades was adjusted to
(.10 inch. The ouiput from the shredder resembled confetti (as above). The canfeni-like
material was fed to a Munson rotary knife cutier, Model 8C30. The discharge screen had
1/8 inch openings. The gap between the rotary and fixed blades was set to approximately
(.020 inch. The rotary knife cutter sheared the confetti-like pieces across the knife-
edges. The material resulting from the first shearing was fed back into the same sefup
and the screen was replaced with a 1/16 inch screen. This material was sheared. The
material resulting from the second shearing was fed back into the same setup and the
screen was replaced with a 1/32 inch screen. This material was sheared. The resulting
fibrous material had a BET surface area of 1.6897 m*/g +/- 0.0155 m®/g, a porosity of
£7.7163 percent and a bulk density (400.53 psia} of 0.1448 g/mi.. An averape length of
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the fibers was (0.824 mm and an average width of the fibers was ¢.0262 mm, giving sn

average L/D of 32:1.

Exampte 5- Eiectron Beam Processing

Samples were treated with electron beam using a vaulted Rhodotron® TT200

continuous wave acceierator delivering 5 MeV electrons at 8¢ kW of output power. Table

I describes the parameters used. Table 2 reports the nominal dose vsed for the Sample ID

{in Mrad) and the corresponding dose delivered to the sample (in kgy).

Takle §. Rhodotren® T'T 200 Parameters

Beam

Beam Produced:

Accelerated elecirons

Beam energy:

Nominal {fixed): 10 MeV (+0 keV~-250 keV

Energy dispersion gt 10 Mewv:

Full width half maximum (FWHM) 30C keV

Beam powar at 10 MeV.

Guaranteed Operating Range 1 to 80 kw

Power Consumption

Stand-by condition {vacuum and cooling ON): <15 kW

Al 50 KW beam power: <210 KW

Al 80 KW beam power: <260 kW
RF System

Frequency: 107.5 1 MHz
Tetrode type; Thomson TH781

Scanning Horn

Nominal Scanning Length {measured at 25-35
cm from window?:

126 om

Seanning Range:

From 30% to 100% of Nominal Scanning Langth

Mominal Scanning Freguency {at max.
scanning length®

160 bz £ 5%

Scanning Uniformity (across 80% of Nominal
Scanning Length)

* 5%

Tabije 2, Dosages Delivered o Samples

| Total Dosage (Mrad) b p
| {Number Associated with Sampis D ; E:e!:red Dose {kgy) _
] 9.0 |
? 3 : 29.0

5 i 50.4

7 : 69.2

10 ; 100.0

15 f 150.3

20 7983

30 330.9

50 £28.0

70 695,89

100 983.8

iz
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'For example, 6.9kgy was deliversd in 11 seconds at 3 beam curvent of SmA
and a line speed of 12,9 feet/minute. Cool time between reatments was
around 2 minuies,

Example § - Methods of Determining Molecular Weight of Celiulosic and Lignoceiiulosic

Materials by Gel Permeation Chromatearaphy

Cellulosic and lignocellulosic materials for analysis were trested according to
Example 4. Sample materials presented in the following tables include Kraft paper (P),
wheat straw {WS8), alfalfa (A), cellulose (C), switchgrass {SG), grasses ({7}, and starch
(8T}, and sucrose (S). The number “132” of the Sample 1D refers to the particle size of
the material after shearing through a 1/32 inch screen. The number after the dash refers
to the dosage of radiation (MRad) and “US” refers to ultrasonic treatment. For example, a
sample 1D “P132-10" refers to Kraft paper that has been sheared to a particle size of 132
mesh and has been irradiated with 10 Mrad.

For samples that were irradiated with e-beam, the number following the dash
refers to the amount of energy delivered to the sample. For example, a sample 1D “P-
100e” refers to Kraft paper that has been delivered a dose of energy of about 100 MRad
or about 1000 kgy (Table 2}.

Table 3. Peak Averave Molecular Weight of Irradiated Kraft Paper

. .
Sample Source  Sample  Dosage’ . 47 Average MW =

. LN L) N et DOV
P32 0 No 32853110008
P132-10 10 ‘ 51388 £ 2468™
Hraft Pager Pi32-100 100 8444 & 58O
P132-181 181 ! 8668 + 77
P132-U8 g Yes 3098 £ 1013

**ow doses of radiation appear to increase the molecular weight of some materials
"Dosage Rate = IMRad/hour

“Treatment for 30 minutes with 20kHz ultrasovnd using a 1000W horn under re-circulating
conditions with the material dispersed in water.

Table 4, Peak Average Molecular Weight of Irradiated Kraft Paper with E-Beam

Dosage
Sample Source  Sample 18 (wirag)  Average MW Sid Bev.

P-1e : 83480 + 505
P-5e 5 56587 + 536
P1e 10 53610 & 327
Kraft Paper F.30e 30 38231 + 124
p.70e 70 12011 £ 158

P-100e 100 9770 £ 2
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Tahie 5. Peak Average Molecular Weight of Gamma Irradiated Materials

7 -
Sample ID Pa#ak D{(;;&a%()a Ultrasound” Average MW * Std Dav.
W5132 1 g No 14074411 £ 175191
2 g # 38145 + 3425
3 ¥ * 2886 + 177
WS132-10% 1 10 * 26040 £ 3240
Ws13z-160% 1 100 ¢ 23620 = 453
A132 1 ¢ “ 1604886 £ 151701
2 * ! ITEZE + 3751
3 * * 2853 £ 490
A132.40* 1 10 * 50853 = 1665
Z ! ¢ 2461 + 17
A132-100% 1 100 # 38291 £ 2205
2 ! " 2487 £ 15
5G132 1 ¢ * 1557360 & 83683
4 ! " 42594 & 4414
3 : ! 3268 + 245
SE132-10% 1 10 * 60888 £ 8131
5G132-100° 1 100 * 22345 & 3787
SG132-1045 % 10 Yes 86088 + 43518
2 : " 2247 + 488
5G132-100-18 1 100 “ 4688 1465

#Peaks coalesce afier treatment

*# oy doses of radiation appear 1o increase the molecular weight of some materisls
"Dosage Rate = IMRad/hour

*Treatment for 30 minutes with 20kHz uhtrasound using a 1000W hom under re~circulating
conditions with the materisl dispersed in water.

Table 6. Peak Average Molecular Weight of Irradiated Material with E-Beam

+
- Sample D Peak# Dosage Average MW £ STO

DEV.
E 1004783 + 07548
A-te 2 1 R4490 * 482
3 7235 % 1
1 38245 £ 346
) 5
A-be 2 2286 £ 35
1 44326 + 33
. 1
A-t0e 2 0 2333 £ 18
1 47366 + 583
" 1] -
A-30e 2 3 2377 £ 7
t 32781 £ 168
A-Gle 50
¢ 2 2435 + &
1 447367 + 38817
G-te 2 x 32165 £ 779
3 3004 £ 25
1 §2167 % 6413
G-Se 2 5 2444 + 33
1 ) 72636 + 4075
A 10
G-10e 7 3065 + 24
G-30e 1 30 17159 # 350



i)

15

20

25

G-50e 1 50 18060 % 142
. 922336 * 1883
5T 2 o 150268 + 4033
1 846081 5180
A
ST-1e 2 L 131222 + 1687
ST-5¢ 1 5 Q0664 £ 1370
§T-10e 1 10 98050 + 255
§T-30e 1 30 44884 223
$T-70e 1 70 9698 + 31
ST-100e 1 160 8705 + 38

(3el Permeation Chromatography (GPC) is used 1o determine the molecular
weight distribution of polymers. During GPC analysis, a solution of the polymer sample
is passed through a column packed with & porous gel trapping small molecules. The
sample is separated based on molecular size with larger molecules eluting sooner than
smaller molecules. The retention time of each component is most often detected by
refractive index (RI), evaporative light scattering (ELS), or ultraviolet (UVY} and
compared to a calibration curve. The resulting data is then used to caleulate the
molecular weight distribution for the sample.

A distribution of molecular weights rather than a unique molecular weight is used
to characterize synthetic polymers. To characlerize this distribution, statistical averages
are utitized. The most common of these averages are the “number average molecular
weight” {M,) and the “weight average molecular weight” (M),

Methods of calculating these values are described in the att, e.g.. in Exanple 9 of
WO 2008/073186.

The polydispersity mndex or P is defined as the ratio of Mu/M,. The larger the P,
the broader or more disperse the distribution. The lowest value that a PI can have is 1.
This represents a monodisperse sample; that is, a polymer with all of the molecules in the
distribution being the same molecular weight.

The peak molecular weight value (Mp) 1s another descriptor defined as the mode
of the molecular weight distribution. It signifies the molecular weight that is most
abundant in the distribution. This value also gives insight to the molecular weight
distribution.

Most GPC measurements are made redative to a different polymer standard, The
accuracy of the resulis depends on how closely the characteristics of the polymer being

analyzed match those of the standard used. The expected error in reproducibility between
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different series of determinations, calibrated separately, is ca. 5-10% and is characteristic
to the limited precision of GPC determinations. Therefore, GPC results are most useful
when a comparison between the molecnlar weight distributions of different samples is
made during the same series of determinations.

The lignoceltulosic samples required sample preparation prior to GPC analysis.
First, 2 saturated solution (8.4% by weight) of lithium chiloride (LiCl) was prepared in
dimethyl acetamide (DMAc). Approximately 100 mg of the sample was added to
approximately 10 g of a freshly prepared saturated LICVDMAc solution, and the mixtire
was heated to approximately 150°C-170°C with stirring for 1 hour. The resulting
solutions were geperatly light- to dark-yellow in color. The temperature of the solutions
was decreased to approximately 100°C and heated for an additional 2 hours. The
temperatures of the solutions were then decreased to approximately 50°C and the sample
solutions were heated for approximately 48 to 60 hours. Of note, samples irradiated at
100 MRad were more easily solubilized as compared to their untreated countsrpart,
Additionaily, the sheared samples (denoted by the number 132) had slightly lower
average molecular weights as compared with uncut samples.

The resulting sample solutions were diluted 1:1 using DMAc as solvent and were
filiered through a 0.45 um PTFE filter. The filtered sample solutions were then analyzed
by GPC using the parameters described in Table 7. The peak average molecular weights
{Mp) of the samples, as determined by Ge!l Permeation Chromatography (GPC), are
sumnmarized in Tables 3-6. Each sample was prepared in duplicate and ¢ach preparation
of the sample was analyzed in duplicate {two injections) for 4 total of four injections per
sample. The FasiCal® polystyrene standards PS1A and PS1B were used to generate a

calibration carve for the molecular weight scale from about 580 to 7,500,00 Dalions.

Table 7. GPC Analysis Conditions

instrument: Waters Alllance GPC 2000
Plgel 10p Mixed-B

Columns {3} SiW's: 10M-MB-145-83; 10M-MB-
148-84: 10M-MB-174.128

Mobile Phase {solvent): 0.5% LiClin DMAC (1.0 mbimin.)

Column/Detector Temperature: 70 °C

injector Temperature: 76 °C

Sample Loop Size: 323.5 ul
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Example 7, Time-Of-Flight Secondary lon Mass Spectromelry (ToF-SIMB} Surface Analysis

Time-of-Flight Secondary lon Mass Spectroscopy (ToF-SIMS) is & surface-
sensitive spectroscopy that uses a pulsed ion beam {Cs or microfocused Gaj to remove
molecules from the very outermost surface of the samiple. The particles are removed
from atomic monolayers on the surface (secondary ions). These particles are then
accelerated into a "flight tube" and their mass is determined by measuring the exact time
at which they reach the detector {i.e. time-of-flight). ToF-5IMS provides defailed
elemental and molecular information about the surface, thin lavers, interfaces of the
sample, and gives a full three-dimensional snalysis. The use is widespread, including
semiconductors, poiymers, paint, coatings, glass, paper, metals, ceramics, biomaterials,
pharmaceuticals and organic tissue. Since ToF-SIMS 18 a survey technique, all the
elements in the periodic table, including H, are detected. ToF-3IMS data is presented in

Tables 8-11. Parameters used are reported in Table 12,

‘Table 8. Normalized Mean Intensities of Various Positive Tons of Interest

{(MNormalized relative to total ion connts x 10000}

™32 P132-10 P132-100
miz _species _Mean o Mean o _Mean g
23 MNa 257 28 278 54 193 36
27 A 647 43 821 398 287 44
28 8i 78 4589 197 84 B1.Y 0.7
45 CHs 77.9 7.8 161 26 133 12
27 CoHs 448 28 720 85 718 82
3g Gty 333 10 463 37 474 28
41 CaHg 703 19 820 127 iy 83
43 L 857 11 BT 162 G624 118
115 Ty 73 13.4 403 4.5 42.5 18,7
128 gy 55.5 11.6 26.8 4.8 277 6.8
73 Cyby B 181 77 85,1 18.4 e1.7 7.5
147 Css080"° 72.2 33.1 24.9 10.¢ 38.5 4
207 CgHa DBl 17.2 7.8 6.26 3.058 7.49 .77
847 Capkle P04 3.63 1.06 1.43 1.47 107 7.2
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Table ¢, Normalized Mean Intensities of Various Negative Tons of Interest

(WNormalized relative to total ion counts x 10006)

18
38
13
25
26
432
48

species

Cl
CH
CaH
CH
OO

NG,

15.3
63.8

P32

ffean

1900

247
18.1
1.16
1.87

2.4
2.8
91

127
2.1

0.71
£.38

G‘ 2 ”

P132-100

Mean o
19.2 1.9
74.4 5.8
1500 B
540 7
43.9 1.4
10.8 0.9
12.8 1.8

P132-10

Mean 1]
42.4 37.8

107 33
1870 26
220 93
48.6 30.8
0.743 0.711
1.66 1.65

Table 10. Normalized Mean Intensities of Various Positive Ions of Interest
{Normalized relative fo total ion counts x 10004)

P-The P.100s
Species a3 a Mean Mean o Mean o
23 Na 232 58 a7 44 518 57 350 27 542 104
a7 Al 548 194 B8 371 761 168 516 189 822 166
28 &i 87.2 11.3 24 100 188 32 937 174 124 ki
18 CHa 114 23 3.9 18 110 16 147 18 141 5
27 CoHs a1 206 58 165 597 162 707 84 600 85
3% Tyt 375 a0 8 82 321 57 435 g1 417 32
41 CqHg 716 123 24 182 BO7 23 788 112 707 84
43 Gty 717 121 52 653 172 860G 89 861 113 743 73
118 CoHy 408 4.6 2.6  A22 1.8 4.4 4t 277 8 324 108
128 Caoldg 388 1341 1.8 3BZ 118 318 78 212 61 242 8.8
73 CaH S 925 30 28  TZ3 7.7 753 114 63 3.4 BES 2.1
147  CsHs080 272 3.9 1.2 204 4.3 16.1 18 217 34 18.3 1.7
207 CHys0.84Y 605 0.74 .18 4.5% 0.85 384 Q387 &31 058 408 0.28
647  CuMaP0s 181 165 1.30 0.325 (.307 nd - G.868 1.31 0.306 0.334
Tahle 11. Normmalized Mean Intensities of Various Negative fons of Interest
10 (Mormatlized relative to total fon counts x 16600)
P-ie P-be _ P-i0e _ P-30e P708 P-100e
gpcies Mean Mean Mean o Kiean Mean q | Wean |
13 H 1850 T2 1700 55 187¢ o1 1680 2000 45 2120 102
25 C.H 154 47 88.8 36.3 157 4 Z30 239 27 224 g
18 F 254 1 24.3 1.4 743 186 406 148 2586 18 215 2
35 cl 392 135 387 3.5 48.7 5.4 676 62 451 28 328 102
25 CH 778 188 823 281 28.1 10.1 342 282 573 288 112 60
42 CNO 0.572 183 0313 0077 0682 0198 128 02 137 055 1.38 0.28
46 NO, 0.231 0057 0.896 0285 0668 0148 1.44 019 1,82 028 0548 0.1

3%
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Table 12. ToF-SIMS Parameters

Instrument Conditions:

Instrument: PHETRIFTH
Primary lon Source: e
12 kY +ions

Primary lon Beam Potential: 1B KY - ions

2 na for PHE samples

Primary Ion Current (DC): 800 pA for P132 samples

Energy Filter/CD: CutfOut
Masses Blanked: None
Charge Compensation: On

ToF-SIMS uses a focused, pulsed particle beam {typically Cs or Ga) to dislodge
chemical species on a materials surface, Panticles produced closer to the site of impact
tend o be dissociated ions (positive or negative). Secondary particles generated farther
from the impact site tend to be molecular compounds, typically fragments of much larger
organic macromolecules, The particles are then accelerated into a flight path on their
way towards a detector, Because it is possible 1o measure the "time-of-flight" of the
particles from the time of impact fo detector on a scale of nano-seconds, it is possible o
produce a mass resolution as fine as 0.00X atomic mass units (i.e. one part in a thousand
of the mass of a proton). Under typical operating conditions, the results of ToF-SIMS
analysis include: a mass spectrum that surveys all atomic masses over a range of 0-
10,000 amu, the rastered beam produces maps of any mass of interest on a sub-micron
scale, and depth profiles are produced by removal of surface layers by sputtering under
the ion beam. Negative ion analysis showed that the polymer had increasing amounts of

CNO, CN, and NO; groups.

Example B - Porosimetry Analysis of rradiated Materials

Mercury pore size and pore volume analysis (Table 21} is based on forcing
mercury {a non-wetting liquid) into a porous structure under tightly controlled pressures,
Since mercury does not wet most substances and will not spontaneously penetrate pores
by capillary action, it must be forced into the voids of the sample by applying external
pressure. The pressure required to fill the voids 1s inversely proportional to the size of the
pores. Only a small amount of force or pressure is required to fil] large voids, whereas

much greater pressure is required to fill voids of very small pores.

3¢



Table 21. Pore Size and Volume Distribution by Mercury Porosimetry

Median Median  Average Bulk
Pare Pare Puore Density
Diameter Diameter Dilameter g 0.50

(Velume}  (Area) {4Y/A) psia

Totaf Total
Intrusion Pove
Yoltme Aren
(mLig)  (m¥g}

P13z 50504 1228 36.2250
P132-10 55436 1211 46.3463

Apparent

(skeletal) Porosity
Density {%%)
{g/mL)

Sample ID

G7415 01448 §7.7163
183108 3.1614 1.5355 240 4875

P132-109 5.3985 0.998 343235 18.2005 216422 00612 1.2413 87.0158
PI32-181 3.2866 0.868 25.3448 12.2416 151509 02497 1.3616 B2.0577
P132-US 6.0005 14787 983459 0.0055 1.6231 0.1404 0.8894 84.219%

A132 2.0037 11.753 64,6308 0.0113 (.6816 0.3683% 1.4038 73.799G
Al32-10 1.9314 10326 532706 0.0103 0.7560 03768 1.4231 73.5241
AI32-160 1.9394  10.205 438566 0.0118 0.760% 0.3760 1.388G 72.9254

BG132 2.5267 8.263 57.6958 0.0141 1.222% 03119 1.4708 78,7061
SG132-18 2.1414 8.643 264666 4.0103 6.9910 0.3457 1.3315 74,6340

SG132-104 25142 10766 327118 0.0098 0.9342 0.3077 1.359¢ 77.3593
SG132-18-US 44643 L7320 715734 1.1014 10.2319  0.193¢ 1.2883 85.0169
SGI3Z-100-U8 4.9665 7358 248462 00089 2.6598 0.1685 1.073% 84,2010

WEI3Z 2.9920 5447 763675 G0516 21971 0.2773 1.6276 829664
WEI32-16 31138 2.801 57.4727 0.3630 4.2944 0.2763 1.9808 86.0484
WE132-164 32077 3.114 523284 0.2876 4,118% 0.2599 1.5611 B3.3538

A-le 1.9335 3688 253411 0.0810 21135 0.38986 1.6299 76.0992
43¢ 15687 6.503 205954 0.0336 1.2117 G.3748 1.4217 738225
&-1fe 2.0897 12.03G 455493 0.010! (.6948 0.3587 1.4321 74.9545
A-Bbe 21141 7.261 37.0760 0.0304 1.159% 0.3577 1.4677 75.6264
G-le 24382 7.582  38.553% 0.0201 1.2863 0.3144 1.3472 76.6010
G-5e 24268 6,436  44.4848 0.0223 1.3082 0.3172 1.3782 769831
G-1le 2.6708 6.865 618603 0.0404 1.5562 0.2960 £.4140 79.0638
G-50e 28187 5798 36,5048 D.0313 1.6591 02784 15179 78,7938
P-ie 7.7692 1052 498844 22.9315 295348 G.1188 1.5443 92.3063
P-je 7.1261 1.212 466400 12.3252 235166 0.1268 13160 90.3544

P-1be 6.6096 1,113 414232 17.4375 23,7513 0.1374 1.4906 90.7850

P-She 6.5911 1136 40.7837 159823 22,7974 0.1362 13302 85,7616

P-180e 53807 1193 353622 10.7400 17.9063  ©.1648 13848 88,1840

s 0.4362 G030 102.8411 425047 57.8208 (.9334 1.5745 40,7160
&-le 0.3500 0.632  S0.6808 0.0041 2.4680 09772 1.3790 38.1140
S-Se 0.3914 0.337  97.1991 0.067% 4.6406 0.9858 [.6052 38.5847

8-18e 0.4179 0349 113.4360 0.0042 47873 (.9449 1.566% 39.5078
5-3fe 4616 5329 1020539 0.6042 0.3464 0.9065 1.5385 41.8388
B-50e 45287 7.162  137.2124 0.0051 0,2914 (.8521 1.5342 44,4582

§-188e 0.8817 13217 764577 0.0053 0.2318 {.6478 1.5105 57.1131

5t 0.6593 17631 4.2402 0.0053 03,1466 04.7757 1.5877 51,1438
St-1e 8.6720 18.078 43380 0.0052 0.1487 47651 1.5750 51.4206
Bt-5e 0.6334 19495 42848 $4.0051 (4.1300 0.7794 1.5395 49.3706

Si-10e (1.6106% 16,980 43362 0.0056 01462 .7952 1.5703 49.3630

B-30e 06892 18.066 44152 0.6050 0.15326 07475 1.5417 51.516%

St-4te 46662 18338 43759 (.0054 6.1453 G637 1.5548 5G.8TT8

S5t-108e 0,6471 23,154 54032 (.0648 0.1118 0.9229 12582 46,7781

The AutoPore 9520 can attain a maxinmm pressure of 414 MPa or 60,000 psia.
There are four low pressure stations for sampie preparation and collection of macropore

5 data from 0.2 psia to 50 psia. There are two high pressure chambers, which collect data
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from 25 psia o 60,000 psia. The sample is placed in a bowl-like apparatus called a

penetrometer, which is bonded to a glass capillary stem with a metal coating. As mercury

invades the voids in and around the sample, it moves down the cepillary stem. The loss

of mereury from the capillary stem results in a change in the electrical capacitance. The

change in capacitence during the experiment is converted to volume of mercury by

knowing the stem volume of the penetrometer in use. A variety of penetrometers with

different bowl (sampie) sizes and capillaries are available to accommodate most sample

sizes and configurations. Table 22 below defines some of the key parameters calculated

for each sampie.

Table 22, Definttion of Parameters

Parameter

Description

Total Entrusion Volume:

Totat Pore Ares:

Median Pore Mameter
{volumel:
Median Pore Diamefer (area):

Average Fore Dismeter:

Bulk Dengity:

Apparent Density:

Porosity:

The total velume of mercury inimded during an experiment. Thig
can include interstitial filling between small pariicles, porosity of
sample, and compression volume of sample.

The total infrusion volume converted to an area assiEning
cylindrical shaped pores.

The size at the 50% percentile on the cumulative volnme graph.
The size at the 50 percentile on the cumnulative are graph.
The total pore volume divided by the total pore area (4V/A).

The mass of the sampie divided by the bulk volume. Bulk velume
is determined at the Hiling pressurs, typically 0.3 psia.

The mass of sample divided by the volume of sampie measured at
highest pressure, typically 60,000 psia.

{Bulk Density/ Apparent Density) x 100%

Example 8 - Particle Size Analysis of rradiated Materials

The technique of particle sizing by static light scattering is based on Mie theory

{which also encompasses Fraunhofer theory). Mie theory predicts the intensity vs. angle

relationship as a function of the size for spherical scattering particles provided that other

system variables are known and held constant. These variables are the wavelength of

incident light and the relative refractive index of the sample material. Application of Mie

theory provides the detailed particie size information. Table 23 summarizes particle size

using median diameter, mean diameter, and modal diameter as parameters.



Tahle 23. Particle Size by Laser Light Scattaring (Dry Sample Dispersion)

Median Miean Diameter Modal Diameter

Sampie ID Diameter (jm) (reem) ()
A3z 380.695 418,778 447 258
A432-10 321,742 366.231 410,456
A132-100 301.788 348.833 444 169
S5G132 366,400 411.790 AR5 508
5G132-10 278,783 325.497 AZS.T17
B8G132-100 242757 298.688 280,097
wsis2 407.335 445.818 467,978
WE182.10 184.237 226.804 297.941
WS132-100 201.975 238,037 307.304

Particle size was determined by Laser Light Scaitering (Dry Sample Dispersion)

using a Malvern Mastersizer 2000 using the following conditions:

Fasd Rate: 35%
Disperser Pressure: 4 Bar
Optcal Model: (2.610, 1.000i), 1.000

An appropriate amount of sample was introduced onto a vibratory tray. The feed
rate and air pressure were adjusted to ensure that the particles were properly dispersed.
The key component is selecting an air pressure that will break up agglomerations, but
10 does not compromise the sample integrity. The amount of sample needed varies
depending on the size of the particles. In general, samples with fine particles require less

material then samples with coarse particles.

Exampie 10 - Surface Area Analvsis of irradiated Materials

Surface arez of each sample was analyzed using a Micromeritics ASAP 2420

15 Accelerated Surface Area and Porosimetry System. The samples were prepared by first
degassing for 16 hours at 40 °C. Next, free space {(both warm and cold) with heliom is
calculated and then the sample tube is evacuated again to remove the belium. Data
collection begins after this second evacuation and consists of defining target pressures,
which control how much gas is dosed onto the sample. At each target pressure, the

20 quantity of gas adsorbed and the actual pressure are determined and recorded. The
pressure inside the sample tube is measured with a pressure ransducer. Additional doses
of gas will continue until the target pressure is achieved and allowed to equilibrate. The

guantity of gas adsorbed is determined by summing multiple doses onto the sample. The
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pressure and quantity define a gas adsorption isotherm and are used o calculate a number

of parameters, including BET surface area (Table 24}.

Table 24. Summary of Surface Area by Gas Adsorption

BET
Sample ID Single polnt gurface area (mg) Surface
Area (m’fg)
P132 @ P/Po= 0.250387771  1.5283 1.6807
£132-10 {@ PiPo= 0.230486722 1.0212 1.2782
P132-100 @ PiPox 0.240538100 1.0338 1.2822
P132-181 & PlPo= 0.239168091  0.5102 0.6448
Pi32-US8 @ PPo= 0.217350072 1.0883 1.6793
A132 @ P/Po= 0.24004061C  0.5400 0.7614
£132-10 @ P/Po= 0.211218836  0.6383 07212
A132-100 & PlPe= 0.238791087 (42538 0.5538
55132 © PiPo= 0237980353  (.635%9 0.8350
5G132-10 @ P/Po= 0.2385768056  0.6754 {.8689
5G132-100 8 P/Po= 0,241060381 0.5518 0.7034
5G132-10-US @ P/Po= 0.225882888  0.5803 0.7510
5G132-100-U8 @ P/Po= 0.225835246  1.0883 1.4963
G-10-US 0.751
G100-US 1.495
G132-U% 1.679
WS132 @ P/Po= 0237823664  0.8582 0.8663
WS132-10 @ P/Po= 0238612476 0.8181 0.7912
wWa1{32-100 @ P/Po= 0.,238398832 (0.6235 0.8143
A-te @ P/Po=0.238088138  (.6518 G.8388
£-5u & PiPo=0.243184477  0.B263 0.7865
A-10e @ PPo=0.243163236  (0.4899 0.6170
A-50a @ P/Po=0.243225512 0.44B9 0.5730
Gate @ PiPo=0.2358496102 (1.5480 0.7038
G-5e @ PPo=0.242792602 £.5621 {.7086
G-10e @ PPo=0.243086031 .5021 4.8383
G-80e & PiPe=0.238291132 0.4813 $.6333
P-1e @ P/Po=0.240842223 11413 1.4442
P& @ PPo=0.240788274  1.0187 1.3288
P-ite @ PP0=0.240116867  1.1015 1.3657
psbe @ PiPo=0.240072114  1.0088 1.2583
P-100e @ PPo=0.236541388  0.8116 1.1677
) @ PIPo=0.225338038  0.0147 0.0278
S-te @ PiPo=0.217142291  0.0183 0.0372
S-5a @ PIPo=0.133107838 0.0201 0.0485
S-10e @ P/Po=0.244888517 0.02386 G.0317
5-30e & PIPe=0.23T829400 0.0308 0.0428
S-50e @ PPe=0.245484494 0.0262 (.0385
5-100e @ P/Po=0224698551 0.0368 0.0506
8t @ PPe=0.238324048  0.3126 0.4013
St-te @ PPo=0238432726 0.3254 (4223
S¢-be @ P/Po=0.238363587 0.3108 G.4071
5t-10e @ PIPo=0.238341089  0.3203 (.4268
5¢-30e @ P/Po=0.238620888  (.3118 0.4189
5{-50e @ PiPo=0.244830880  0.3118 0.3868
5t-100e @ P/Po=0.2384216821  0.2932 0.3677
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The BET model for isotherms is a widely used theory for calculating the specific
surface area. The analysis involves determining the monolayer capacity of the sample
surface by calculating the amount required to cover the entire surface with a single
densely packed layer of krypion. The monclayer capacity is multiplied by the cross
sectional area of a miolecule of probe gas to determine the total surface area. Specific

surface area is the surface area of the sample aliguot divided by the mass of the sample.

Example 11 - Fiber Length Determination of lrradisted Materials

Fiber length distribution testing was performed in triplicate on the samples
submitted using the Techpap MorFi LBO! system, The average fiber length and width

are reported in Table 25

Table 25, Summary of Lighocellulosic Fiber Length and Width Data

{ Statisfically
! Arithmetic = Average Length Corrected Width
Sample D Average | Weightedin | Average Length | {micrometers)
{mum} Length (mm}) Weighted in {urm}
e ———————— PR T
Pt32-10 0.484 0.615 ! 0773 247
P132-100 0.369 0.423 0,496 23.8
P132-181 6.312 0.342 0.392 24.4
A132-10 ¢.382 0.423 0.680 43.2
A132-100 {.362 ‘ 0.435 0.582 299
SG132-10 0.328 0.363 0.521 44.0
SG132-100 0.328 .351 0.486 43.8
WS132-10 0.383 0.381 0.565 447
WS5132-180 | 0.354 0.371 0.538 4% 4

Exampls 12- Fourier Transform Infrared (FT-R) Spectrum of bradiated and Unirradiated
Kraft Paper
FT-IR analysis was performed on a NicolevEmpact 400. The resulls indicate that

samples P132, P132-10, P132-100, P-le, P-5¢, P-10e, P-30e, P-70¢, and P-100¢ ars

consistent with a cellulose~based material,

FIG. 3 1s an infrared spectrum of Kraft board paper sheared according to Example
4, while FIG 4 is an infrared speciram of the Kraft paper of FIG. 3 after irradiation with
100 Mrad of gamma radiation. The irradiaied sarmple shows an additional peak in region
A (centered about 1730 cm") that is not found in the un-irradiated material. Of note, an

increase in the amount of 2 carbonyl absorption at ~1650 om™ was detected when going
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from P132 to P122-10 10 P132-100. Similar resnlts wers observed for the samples P-1e,
P-5e, P-10e, P-30¢, P-70¢, and P-100e.

Examole 13- Proton and Garbon-13 Nuclear Magnetic Resonance {"H-NMR and “C-NMR)
Specirs of lrradiated and Unirradiated Kraft Paper

Sample Preparation

The samples P132, P132-10, P132-100, P-1e, P-3e, P-10e, P-30e, P-70e, and P-
100e were prepared for analysis by dissolution with DMSO-dg with 2% tetrabutyl
ammonium fluoride trihvdrate, The samples that had undergone lower levels of
irradiation were significantly less soluble than the samples with higher trradiation.
Unirradiated samples formed a gel in this solvent mixture, but heating to 60 °C resolved
the peaks in the NMR spectra. The samples having undergone higher levels of irradiation

were soluble at a concentration of 10% wt/wt.

Analysis

"H-NMR spectra of the sampies at 15 mg/mL showed a distinct very broad
resonance peak centered at 16ppm (FIGS. 5A-5]). This peak is characteristic of an
exchangeable ~OH proton for an encl and was confirmed by a “d>0 shake.” Model
compounds (acetylaceione, glucuronic acid, and keto-gulonic acid) were analyzed and
made a convineing case that this peak was indeed an exchangeable enol proton. This
proposed enol peak was very sensitive 10 concentration effects, and we were unable to
conclude whether this resonance was due to an encl or possibly a carboxyiic acid.

The carboxyliic acid proton resonances of the model compounds were similar to
what was observed for the treated cellulose samples. These model compounds were
shifted up field to ~5-6 ppm. Preparation of P-100e at higher concentrations (~10%
wtiwt) led to the dramatic down ficld shifiing to where the carboxylic acid resonances of
the model compounds were found (~6 ppm) (F1G SN). These results lead to the
conclusion that this resonance is unreliable for characterizing this functional group,
however the data suggests that the munber of exchangeable hydrogens increases with
increasing irradiation of the sarapie. Also, no vinyl protons were detected.

The PC NMR spectra of the samples confirm the presence of a carbonyl of a

carboxylic acid or a carboxylic acid derfvative. This new peak (at 168 ppm) is not
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present in the untreated samples (FIG. 5K). A BC NMR spectrum with a long delay
allowed the quantitation of the signal for P-100e (FIGS. 5L-5M). Comparison of the
integration of the carbonyl resonance to the resonances at approximately 100 ppm (the
C1 signals) suggests that the ratio of the carbonyl carbon to C1 is 1:13.8 or roughly i
carbonyl for every 14 glucose units. The chemical shift at 100 ppm correlates well with

glucuronic acid.

Titration

Samples P-100e and P132-100 (1g) were suspended in detonized water {25 mL}.
The indicator alizarin yellow was added to each sample with stirring. P-100¢ was more
difficult to wet. Both samples were titrated with a solution of 0.2M NaOH. The end
point was very subtle and was confirmed by using pH paper. The starting pH of the
samples was ~ 4 for both samples. P132-100 required 0.4 milliequivalents of hydroxide,
which gives & molecular weight for the carboxylic acid of 2500 amu. If 180 armv is used
for a monomer, this sugzests there is one carboxylic acid group for 13.9 monomer units.
Likewise, P-100e required 3.2 milliequivalents of hydroxide, which calculates to be one

carboxylc acid group for every 17.4 monomer units.

Conclusions

The C-6 carbon of cellulose appears to be oxidized fo the carboxylic acid (a
ghucuronic acid derivative) in this oxidation is surprisingly specific. This oxidation is in
agreement with the IR band that mrows with irradiation at ~ 1740 cnv, which
corresponds to an aliphatic carboxylic acid. The titration results are in agreement with
the quantitative C NMR. The increased solubility of the sample with the higher levels
of wradiation correlates well with the increasing number of carboxyiic acid protons. A,
proposed mechanism for the degradation of “C-6 oxidized cellulose” is provided below in

Scheme 1,
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Scheme 1

o O
N H .6 oxidized cellulose
~ -0

Example 14 ~ Bicrobial Testing of Pretreated Blomass

Specific lignocellulosic materials pretreated as described herein are analyzed for
toxicity to common strains of veast and bacteria used in the biofuels industry for the
fermentation step in ethanol production. Additionally, sugar content and compatibility
with celiulase enzymes are examined to determune the viability of the treatment process.
Testing of the pretreated materials is carried out in two phases as follows,

Phase 1:Toxiciy and Sugar Content

Toxicity of the pretreated grasses and paper feedstocks is measured in yeast
Saccharomyees cerevisine (wine yeast) and Pichia stipitis (ATCC 66278} as well as the
bacteria Zymomonas mobilis (ATCC 31821) and Clostridium thermoceilum (ATCC
319243, A growth study is performed with each of the organisms to determine the
optimal time of incubation and sampling.

Each of the feedstoclks is then incubated, in duplicate, with S, cerevisiae, F.
stipitis, 7. mobilis, and C. thermocellum in a standard microbiclogical medium for each
organism. YM broth is used for the two yeast strains, 5. cerevisiae and P. siipiiis. RM
medinm is used for Z. mobilis and CM4 medium for C. thermocellum. A positive control,
with pure sugar added, but no feedstock, is used for comparison. During the incubation,
& total of five samples is taken over a 12 hour period at vime 0, 3, 6, 9, and 12 hours and
analyzed for viability (plate counts for Z. mebilis and direct counts for S. cerevisiae} and

ethanol concentration.
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Sugar content of the feedstocks is measured using High Performance Liguid
Chromatography (HPLC) equipped with either a Shodex™ sugar SP0810 or Biorad
Aminex® HPX-87P column. Fach of the feedstocks {approx. 5 g} is mixed with reverse
osmosis (RO) water for 1 hour. The lignid portion of the mixture is removed and
analyzed for glucose, galactose, xvlose, mannose, arabinose, and cellobiose content. The
analysis is performed according to National Bioenergy Center protocol Determination of

Structural Carbohydrates and Lignin in Biomass.

Phase 2: Cellulase Compatibility

Feedstocks are tested, in duplicate, with comummercially available Accellerase®
1000, which containg a complex of enzymes that reduces lignoceliulosic biomass into
fermentable sugars, at the recommended temperature and concentration in an Erlenmeyer
flask. The flasks are incubated with moderate shaking at around 200 rpm for 12 hours,
During that timne, samples are taken every three hours at time {, 3, 6, 9, and 12 hours to
determine the concentration of reducing sugars {(Hope and Dean, Biorech J, 1974,

144:403) in the liquid portion of the flasks.

Example 15 Sugar Concentration Analysis using HPLO

13 samples were analyzed for sugar concentration (HPLC) and toxicity against 3
microorganisms (Pichia stipitis, Saccharomyces cerevisiae, and Zymomonas mobilis,
Table 26 lists the equipment used for these experiments. Table 27 and 28 provide & list of
the sugars (including vendor and lot numbers) used to prepare the HPLC standard and the

protocol used to prepare the HPLC standard, respectively.

Table 26, Equipment Utilized in Experiments

Eguipment Manufacturer, Name
nH meter Qrion
Shakers (2} 8. Braun Biotech, Certomat BS-1
HELC Waters, 2680 HPLC Module
Spectrophotometer Unicam, UV300
Y51 Biochem Analyzer interscience, Y51
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Table 27. Sagars used in HPLC analysis

Sugar Manufaciurer Ref # Lot#

glucose 49140 1284892

xyloze 95731 1304473 51707231
cellobiose BioCheimika 22180 1303187 14806191
arabinose 10840 1188978 241058272
mannose 83582 3683083/ 22097
gaiactose 48259 48032/1 33197

Table 28, Preparation of HPLC standards

. . Yolume of sugar Volumes of Total
Desired Ca;ini:ﬁntra%mn sciution Manopure Water Yolume

tmg/mt {mL) (mL)

4 50 mb. of 4 mo/mlL o 50

z 25 mb of 4 mgimi 25 50

1 25 mb of 2 mg/mbL 25 50

0.5 25 mL of T mg/mbL 25 50

6.1 5 miof 1 mg/mL 20 25

Verification Standard 18.75 ml of 4
1.5 mg/mi maimL 31.25 50

5 Analysis
Each sample (1 gram) was mixed with reverse osmosis water at 200 rpm and 50
°C overnight. The pH of the sample was adjusted to between 5 and 6 and filtered through
a 0.2 um syringe filter, Sampies were stored at -20 °C prior to analysis to maintain
integrity of the samples. The observations made during the preparation of the samples

0 are presented in Table 29,
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Table 29. Observations During HPLC Sample Preparation

Amount used  Water added

P132 1 30 5.38 Fiufty, difficult o mix
P132-10 1 25 877 Fiuffy, difficult to mix
~ pH is low, difficutt to bring
P182-100 1 20 319 o pH 8.0, used 10 N NaOH
P32405 0.3 5 6.4
Al32 1 15 5.52
A132-10 1 18 4.9
A132-100 1 15 5.39
SGi32 1 15 5.50
SG1%2-10 1 15 516
8G132-100 1 4.7
5G132-10-US 0.3 5 5.42
SG132-100-US 6.3 5 4.57
WS132 1 15 5.63
WE132-10 1 1 543
WS132-100 1 15 5.02

#nH of these sampies was adjusted {o pH using 1N NeOH

Standards were prepared fresh from a 4 mg/mi. stock solution of the 6 combined
g sugars, glocose, xylose, cellobiose, arabinose, mannose, and galactose. The stock
solution wasg prepared by dissolving 0.400 grams of each sugar into 75 mL of nanopure
water (0.3 micron filtered). Once dissolved, the stock solution was diluted to 100 mL
using & volumetric flask and stored at -20 °C. Worlang standard solutions of 0.1, 0.5, 1,
2, and 4 mg/ml were prepared by serial dilution of the stock solntion with nanopure
10 water. In addition, a verification standard of 1.5 mg/mL was also prepared from the stock
solution.
Sugar concentrations were analyzed according to the protocol Determination of
Structural Carbohyvdrates in Biomass (NREL Biomass Program, 2006} and this protocol
is incorporated herein by reference in its entirety. A SHODEX SUGAR SPG810
15 COLUMN with an Evaporative Light Scattering Detector was used. A verification
standard {1.5 mg/mL of standard) was analyzed every 8 injections to ensure that the
integrity of the column and detector were maintained during the experiment. The

gtandard curve coefficient of variation (R3 value) was af least 0.989 and the concentration
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of the verification standards were within 10% of the actual concentration. The HPLC

conditions were as follows:

Table 30, HPLC Parameters

" Injection volume: 20 ul.
nanopure water*, 0.45 gm

Mobile phase: filtered and degassed

Flow rate: 0.5 mLU/min
Column - o
temperature: 85°C

avaporaior iemperature

110 °C, nebulizer

temperature 90 °C

5 *Initial tests noted that better separation was observed
when using nanogure water than 13/83 acetonifrile; water
in the mobile phase (manufacturer does not recoprmend
using greater than 20% zcetopitrile with this column).

Dretector
temperatinre;

10 Results
The results of the HPLC analysis are presented in Tahles 31, 32, and 33,

Table 31. Sugar Concentration Expressed as mg/mi. and mg/g of Extract

Xylose Arabinose | Glucose . | Celiobiose
MW ~150 MW ~450 mW~180 Galactose { Mannose 1 w342
Sample 1D {see gluc) {see gluc) !
Cshos Cakl100s Cohiez06 maimbomaly | mo/mb:male Gaala22014
Mono Mongo fono gmi.omgig . mg - 9’8 Bisace
i Y ! : ! '
| 98| i | MO0 | ot mL | Tl
P-i32 0.00 .00 0.60 6.00 .00 2.80 £.00 ooo ¢ 008 g.oo | 00D 0.00
P-132-10 0.00 (.00 0.00 ¢ 0.00 3,34 8.680 .00 0.00 000 : 000 | 0033 2.13
P-132-100 0.35 7.04 .00 (.00 .34 5.14 .00 0.00 G.0G 500 1038 7.20
P-132-BR 0.35 5.80 0.42 7.7 G.34 5,62 £.08 0.00 0.00 0.00 0.0¢ .60
G ! i
G132 0.38 588 .38 573 .84 12.66 | 034 5.04 (.92 13,76 0.60 .00
3-132-10 .50 7.50 .41 6.18 1.67 16.04 ¢+ 035 51¢ 1 0.88 14.568 0.00 .00
| ©-132.100 . 0.00 .00 .37 5.54 0.41 614 .00 0.00 : 0.55 £.28 0.45 G.71
i G-132-16-U8 | 034 573 0.39 £.45 0.33 5.43 0.00 ¢+ 000 | G600 0.00 0.00 .00
G-132-180-U8 | 0,00 0.00 | 037 6.22 | 0.35 580 | .33 | 543 040 | 870 0.39 §.45 .
A | i ; ‘ i
| A-132 1.38 20.39 000 [ 000 | 08 1 1827 0.38 5.84. 1.67 16.02 0.00 0.00
; f132-10 1,19 17.87 000 i 0.00 000 @ 600 0.66 : 000 8.37 552 0.00 0.00 |
A-32900 1 1.07 18.11 GO0 P 000 | (.35 518 | 600 | 050 ¢ 0400 0.00 0.81 122 |
Wa ! ! i
Whs-132 i 048 7.41 0.41 6.15 0.39 580 ¢ 0.00 0.00 0.00 0.00 1 000 £.00
Wo-132-10 0.67 8.4 (.40 5.9¢ 0.73 1095 1 084 507 (.50 7.5 000 (.06
WS-132-100 .43 8,39 0.37 5.51 036 ¢ 536 ¢ 000 (.00 0,368 £33 5 0,35 5,25




Table 32. Sugar Coneentration Expressed at % of Paper

Sugar
concentration
{% of dry
sampla)}

P132  P132410  P132-100  P132-US

cailobiose .00 0.581 0.72 0.00
giucose 6.00 (.88 0.87 0.56
rylose 0.00 .00 0.70 (1.B8
galacinse 0.00 0.00 0.00 0.00
arabinose 0.00 (.00 0.0¢ 072
Mannose .00 0.00 .00 0.00

Table 33. Sugar Concentration Expressed at % of Total Sample

Sugar
concentration A13Z- Al32- $G132. SG132- | SG132  SG132- W8132- WS132-
(% of dry A2 Tag 00 | PSR Ty 100 | 40-US  too-us | 192 10 160
sampig}

Csliobiose G.00 Q.00 1.22 .00 0.00 0.67 080 0.85 (.00 0.00 0.53

Glucose 162  0.00 0.52 127 1.80 0.81 e.54 (.58 0.52 110 .54

Xylose 204 179 1.81 0.58 D75 0.00 0.57 0.00 6.74 0.85 084

Galactoss 058 D00 080 0.50 0.52 6.00 0.00 0.54 0.00 0.54 0.04

Arablnose 000 800 000 0.57 .62 0.53 065 0.82 0.62 0.60 0.58

Mannose 180 0.565 £.00 1.38 1.47 Q.83 0.00 .67 G600 0.76 0.53
5

Example 16- Toxicity Study
Twelve samples were analyzed {or toxicity against a panel of three ethanol-
producing cultures. In this study, glucose was added to the samples in order to
distinguish between starvation of the cultures and toxicity of the samples. A thirteenth
10 sample was tested for toxicity against Pichia stipifis. A summary of the protocol used is
listed in Table 32. A description of the chemicals and equipment used in the toxicity

testing is reported in Tables 34-36.
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Table 34. Conditions for Toxicity Testing

Organism _
Variable Zymomonas mobilis Saccharomyces cerevesiae Pichia stipitis
Test Repetition Duplicate
incculation Volume {mL} E .1 1
incubsation Temperature 30°C 25°C 25°C
Shaker Speed (rpm} 105 500 125
Ertenmaver Flask Volume 250 mL 500 mi. 250 mlL
Mediy volume 100 mL 100 mL 100 mb
Total Incubation fime
fhours) 36 26 48
Ethabal Analysis 24, 30, 38 -
(hours) 24,30, 36 24, 38, 48
Cell Counis (hours) 24, 38 24, 38 24,48
pH { hours 0 hours G hours

Table 35. Reagents Used for Toxicity Testing

Media
Urea ScholAR CThemistry 9472706 AlT284-43
y@asé:;‘;"ge” Becton Dickinson 201940 7128171
Pepions Becton Dickinseh 211877 4303198
Xylose Fluka 95731 1204473
e 51707231
Glucose Bigma G-5400 107HG245
Yeast Exiract
{used for 3. RBecton Dickinson 288620 4026828
cerevisiae)
Yeast Extract
(used for . i
stipitis and Z. Becton Dickingon 212750 7485583
mobilis)
MgS0, THC Sigma MEG21 034K00866
(NH 250, Sigma A4d18 11 7RE424
KHyPO, Sigma P5378 074K0160
YVl Broth Secton Dickinson 271120 B278265
Table 36, VSI Components Used in Shake Flask Study
Component Catalog # Lot #
YSI Ethanol Membrane 2786 07L400153
YSI Ethanol Standard (3.2 gL} 2790 012711040
Y51 Ethanol Buffer 2787 071000053, 67100215

Testing was performed using the three microorganisms as described below.
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Saccharomyces cerevisiae ATCC 24858 (American Type Culture Collection)

A slant of 5. cerevisiae was prepaved from a rehydrated tyophilized culture
obtained from ATCC. A portion of the slant material was streaked onto an YM Broth +
26 g/1. agar (pH 5.0) and incubated at 30 °C for 2 days. A 250 mL Erlenmeyer flask
containing 50 mL of medium (20 g/L. glucose, 3 g/l yeast extract, and 5.0 g/L peptone,
pH 5.0) was inoculated with one colony from the YM plate and incubated for 24 hours at
25 °C and 200 rpm. After 23 hours of growth, a sample was taken and analyzed for
optical density (600 nm in a UV spectrophotometer) and purity (Gram stain). Based on
these results, one flask {called the Seed Flask) with an OD of 14.8 and clean Gram Stain
was chosen to moculate all of the test flasks,

The test vessels were 500 mL Erlenmeyer flasks containing 100 mlL of the sterils
medium described above, All flasks were autoclaved at 121 °C and 15 psi prior to the
addition of the test materials. The test materials were not sterilized, as autociaving will
change the content of the samples. The test samples were added at the time of
inoculation (rather than prior to} to reduce the possibility of contamination, In addition to
the test samples, 1 mL (1% v/v) of seed flask material was added to each flask. The

flasks were incubated as described above for 36 hours.

Pichia stipitis NRRL Y-7124 (ARS Culture Collection)

A slant of P. stipitis was prepared from a rehydrated yophihized culture obtamed
from ARS Culture Collection. A portion of the slant muaterial was streaked onto an YM
Broth + Z0 ¢/L agar (pH 5.0} and incubated at 30 °C for 2 days. A 230 ml. Erlenmever
flask containing 100 mL of medium {40 g/L glucose, 1.7 g/L yeast nitrogen base, 2.27
g/L urea, 6.56 g/L peptone, 40 /L xylose, pH 5.0} was inoculated with a small amount of
plate material and incubated for 24 hours at 25 °C and 125 rpm. After 23 hours of
growth, & sample was taken and analyzed for optical density (600 nm ina UV
spectrophotometer) and purity (Gram stain). Based on these results, one fask (called the
Seed Flask) at an optical density of 5.23 and with a clean Gram Stain was choéen o
inoculate ali of the test flasks.

The test vessels were 250 mL Erlenmever flasks containing 100 mL of the sterile
medium described above. All flasks were autociaved empty at {21 °C and 15 psi and

filter sterilized (0.22 pm filter) media added to the flasks prior to the addition of the test
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materials. The test materials were not sterilized, as rutoclaving wili change the content
of the samples and filter sterilization not appropriate for sterilization of solids. The fest
samples were added at the time of inoculation {rather than prior o) to reduce the
possibility of contamination. In addition to the test samples, 1 mL (1% v/v) of seed flask
material was added to each flask. The flasks were incubated as described above for 48

hours,

Zymomonas mobilis ATCC 31821 (American Type Culture)

A slant of Z. mobilis was prepared from a rehydrated lyophilized culture obtained
from ATTC. A portion of the slant material was streaked onto DYE plates {glucose 20
g/L, Yeast Exwact 10 g/L, Agar 20 ¢/, pH 5.4) and incubated at 30 °C and 5% CO; for 2
days. A 20 mL screw-cap test tube containing 15 mb of medium (25 g/L glucose, 10 g/L
yeast extract, 1 g/l Mg8Q,  7TH,0, 1 o/L (NH4}:504, 2 ¢/L KHPO,, pH 5.4) was
inoculated with one colony and incubated for 24 hours at 30 °C with no shaking. After
23 hours of growth, a sample was taken and analyzed for optical density (600 nm in a UV
spectrophotometer) and purity {gram stain). Based on these results, one tube {OD 1.96)
was chosen to inoculate the second seed flask. The second seed flask was a 125 ml flask
containing 70 mbL of the media described above and was inoculated with 700 pL (1% v/v}
and incubated for 24 hours at 30 °C with no shaking. Afler 23 hours of grow(h, a sample
way laken and analvzed for optical density (600 nm 1n a UV specophotometer) and
purity (gram stain}. Based on these resulls, one flask (called the Seed Flask) with an OD
of 3.72 was chosen io inoculate all of the test fiasks.

The test vessels were 250 mL Erlenmever flasks contatning 100 mL of the sterile
medium described above with the exception of veast extract at § g/l All flasks were
autoclaved empty at 121 °C and 15 psi and filter sterilized {0.22 um filter} media added
10 the flasks prior to the additton of the test materials. The test materials were not
sterilized, as autoclaving will change the content of the samples and filter sterilization not
appropriate for sterilization of solids, The test samples were added at the time of
inoculation to reduce the possibility of contammnation. In addition to the test samples, 1
ml, (1% v/v) of sead flask material was added to each flask. The flasks were incubated

as described above for 36 hours
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Analysis

Two samples were analyzed for cell concentration (using spread plating for Z.
mobilis and direct counts thaemocytometer and microscope for §. cerevisiue and P.
stipitis). Appropriately diluted samples of Z. mobiiis were spread on Dextrose Yeast
Extract (ghicose 20 g/L, Yeast Extract 10 g/L, Agar 20 g/L., pH 5.4) plates, mncubated at
30 °C and 5% CO2 for 2 davs, and the number of colonies counted. Appropriately
diluted samples of S, cerevisiae and P. sfipitis were mixed with 0.05% Trypan bine,
loaded into a Neubauer haemocvtometer. The cells were counted under 40 X
magnification.

Three samples were analyzed for ethanol concentration using the YST Biochem
Analyzer based on the alcohol dehydrogenase assay (Y SL Interscience). Samples were
cemirifuged at 14,000 rpm for 20 minutes and the supernatant stoved at -20 °C to preserve
integrity, The samples were diluted to between 0-3.2 g/L ethanol prior to analysis. A
standard of 3.2 g/L ethanol was analyzed approximately every 30 samples to ensure the
integrity of the membrane was maintained during anaiysis. The optical density {600 nm)
of the samples is not reported because the solid test samples interfered with absorbance

measurement by increasing the turbidity of the samples and are inaccurate.

Results of Ethanol Analysis

Performance was used to compare each sample to the control for each
microorganism (Tables 37-39). However, the % performance cannot be used to compare
between strains. When comparing slrains, the total concentration of ethanol should be
used. When analvzing the data, a % performance of less than 80% may indicate toxicity
when accompanied by low cell number, The equation used to determine % performance
isy

% Performance = {ethanol in the sample/ethanol in control) x 106



Table 37. Ethanol Concentration and % Performance Using Saccharomyces

cerevisige
& 24 hours 30 hours 36 hours i
Ethanol o . Ethanol o Ethanol o
Sample # | Concentration ° - Concentration " Concentration .
. Performance | e/l Performance Performance
5 P32 4.0 140 5.2 ; 1 26

P132-1G | 4.2 147 5.1 125 3.86 209
P132-100 4.3 149 5.6 136 3.47 187
AJ32 3.5 191 6.5 | 160 5.24 283
Al32-10 1.9 67 6.3 153 3.54 299
A132-100 4.4 154 5.6 137 4.04 218
(3132 5.3 E 186 6.6 146 3.99 215
f 132-10 5.2 [ 180 6.4 156 4,63 250
G132-100 5.3 191 6.3 155 | 4.60 248
WS132 4.8 168 6.3 155 l 451 244
WS132-10 4.9 172 6.0 146 4.55 248
WS132-100 ° 4.9 170 57 140 4,71 :‘ 254
Control 2.9 160 4.1 100 .85 100

Table 38. Ethancl Concentration and % Performance Using Pichia séipitis

5
24 hours 35 hours 48 hours
Ethanol o, Ethanol | % Ethanol o,
Sample # Conc&s}gm:on Parformance Cons;g ?Ei;atson Performance Conc{z?z;atrcn Performance
P132 2.8 130 3.4 188 2.1 178
P132-10 7.3 344 11.8 B5S 15.8 242
£132-100 5.2 247 8.G 472 13.3 288
A132 12.2 575 : 14.7 812 4.9 324
At13210 5.1 710 18.7 1033 26.0 585
A132-100 0.8 514 16.7 923 22,2 483
G132 8.0 375 | 129 713 13.3 ' 288
132440 0.1 476 16.0 : 884 ; 22.3 485
G132-100 5.6 408 158.2 837 218 470
WS132 5.8 480 14.9 ! 820 , 17.9 389
W3132-10 7.8 370 é 16.1 840 19.3 418
WwWS132-160 ¢ 8.1 428 15.0 829 15,1 328 {
Sample A% 3.2 156 18.8 166 20.8 160
Control 2.1 100 L 1.8 100 4.6 10C

Sampies in BOLD were the highest ethanol producers, over 20 g/L. and similar to the concentrations in
wood hvirolyzates (H.K. Sreenath and T'W, Jeffrizs Bioresource Technology 72 (2000) 253.260).

* Analvzed in later shake flask experiment.

10
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Table 39. Ethanol Concentration and % Performance Using Zymomonas mobiiis

24 hours 30 hours ] 36 hours !
Sample # Ethanol “% Performance Ethanaol % Performance | Ethanol Yo |
Congentration Cancentration l Concerntration Performance
L
13 | 7.5 a5 . : : )
P132-10 7.5 85 4.8 59 ! .8 84
P132-100 7.3 83 8.2 ! 77 7.1 58
A132 8.6 109 | 8.3 103 | 2.1 : 112
A132-10 8.2 105 3.4 105 ! 8.8 108
A132-100 | 8.2 a2 7.8 94 : 7.6 83
WS1232 ; 7.9 58 7.1 ! 85 7.7 Gd
WS132-10 | 8.2 83 8.8 85 7.3 a0
WE132-100 | 8.7 a8 8.9 03] 8.3 102
G132 8.7 29 7.1 88 : 8.1 o
G132-10 7.8 as 7.0 28 7.3 20 ;
G132-100 8.6 08 7.8 58 8.3 102
Cordrol 8.8 100 8.0 100 8.1 100

Resudts from Cell Concentration Analysis

5 % Cells is used to compare each sampie to the control for each organism (Tables
40-423. However, the % celis canmot be used to compare between strains, When
comparing strains, the total concentration of cells should be used. When analyzing the
data, & % performance of less than 70% may indicate toxicity when accompanied by low
ethanol concentration. The equation used w determine % performance is:

10 %% celly = (number of cell in the sample/number of cells in contrsl) x 104

Tabile 46, Results from Cell Concentration Analysis for Saccharomyces cerevisiae

24 hours 38 hours
Cell Cell
% Sampie # Concengt;ation % Cells Ccncergtratian % Cells

P132-10 63
P132.100 1.35 113 1.89 86
At32 - 3.80 318 2.59 88
A132-10 1.73 : 144 2.80 129
A132-100 3.08 33t 2.5% 83
G132 2.4 178 342 103
G132-10 2.33 194 2.59 85
G132-100 3.57 228 2,868 88
WS132 410 341 2.66 88
WE122-10 2.63 219 2.81% &3
Wa132-100 2,28 21 2.40 78
Controf 1.20 100 3.03 100
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Table 41, Results from Cell Concentration Analysis for Pichia stipitis

24 howrs 48 hours
Cell Cell
| Sample # Conceniration | % Celis | Concentration | % Cells |
P13z 16.4 108 20.3 gy
F132-10 11.8 76 9.5 41
F132-100 6.8 43 17.8 75
A132 ; 7.1 : 47 10.2 44
A132-10 12.7 B4 9.3 49
8132100 11.8 78 18.3 78
G132 4.5 30 4.8 21
G132-10 22.8 151 8.8 43
| 313z-100 10.1 &7 21.7 893
WS132 178 117 8.2 35
W5132-10 5.3 : 30 10.8 48
WS132-1080 8.3 . &z 10.7 45
. Control | 15.1 100 23.4 0o

Table 42, Results from Cell Concentration Analysis for Zymeomonas mobilis

| 24 hours 36 hours
3 Celf Cell
Sample # Concentration % Cells l Concentration % Cells
P132 7.08 86 2.97 86
#132.10 21.80 264 4.37 88
P132-100 480 54 3.35 | 75
A132 6,85 ] a4 ; 1.86 44
A132-4G 8,13 74 4.05 21
A132-100 9.60 118 4.20 24
G132 7.48 20 3.84 86
©132.10 14,75 178 ! 2.89 85
5132-100 5,00 72 2.55 : 57
W5132 g9.70 ; 117 4,55 | 102
WSR2 13.20 ! 160 4.32 ; g7
WE132-100 515 g2 2.88 65
Control | 827 100 4.47 100

Example 17~ Shake Flagk Fermentation of Celluiose Bamples Using P. stipifis

Summary
Thirteen samples were tested for ethanol production in P. sfipifis culture without

sugar added. They were tested in the presence and absence of celiulase {Accellerase
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1000® enzyme complex, Genencor), Equipment and reagents used for the experiment are

listed below in Tables 43-45.

Table 43. Eguipment and frequency of maintenance

Equipment Manufacturer Frequency of Maintenance
B. Braun Biotech,
Shakers (2} Certomat BS-1 Quarterly
Spectrophotometer Unicam, UvV300 Biannual
Y5 Biochem Analyzer Interscience, YS! Maonthiy
Table 44, YSI Components used in shake flask study
Componeant Latatog # Lot
Y51 Ethanol Membrane 2788 7L10015
Y8! E%thanoigii)aﬂdard (3.2 2790 012711040
. - 071000053,
Y& Sthano! Buffer Z787 87160215
Table 45, Chemicals used for shake flask fermentation
Media
Component Manufacturer Refarence # Lot #
ScholAR
Ureg Chemistry 9472708 AD-7284-43
veast MIrogen  pecton Dickinson 281840 7128171
Peplone Bacton Dickinson 211677 4303198
Yivi Broth Becton Dickinson 271120 6278268
Accelierase® Accelierase® .
Enzyme complex Ganencor 1000 1600784133
P . X 1304473
Xytose BioLhemika 95731 51707251
Giucose Sigma &-5400 107HOZ45

A slant of P. stipitis NRRL Y-7124 was prepared from a rehydrated lyophilized
culture obtained from ARS Culiure Collection. A portion of the slant material was
streaked onto a Yeast Mold (YM) Broth + 20 g/L agar (pH 5.0} and incubated at 30 °C
for 2 days. A 250 mlL Erlenmeyer flask containing 100 mL of mediam (40 g/l glucose,
1.7 /1. yeast nitrogen base, 2.27 g/L urea, 6.56 g/L. peptone, 40 g/L. xviose, pH 5.0) was
inoculated with one colony and incubated for 24 hours at 25 °C and 100 rpmu, After 23
hours of growth, a sample was taken and analyzed for optical density (600 nm ina UV
spectrophotometer) and purily (Gram stain}. Based on these results, one flask (called the
Seed Fiask) at an optical density of 6.79 and with a clean Gram stain was chosen to

inoculate alt of the test flasks,
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The test vessels were 250 ml. Erlenmever flasks containing 100 mL of medium.
{1.7 g/l yeast nitrogen base, 2.27 g/L. urea, and 6.56 g/L peptone). No sugar {glucose or
xylose) was added to the growth flask medium. All flasks were autoclaved empty at 121
°C and 15 psi and filter sterilized (0.22 pm fikier) media added to the flasks prior to the
addition of the test materials. The test materials were not sterilized, as autoclaving will
change the content of the samples and filter sterilization is not appropriate for
sterilization of solids. The test samples {listed in Table 46) were added at the iime of
inoculation {rather than prior to) 1o reduce the possibility of contamination. In addition to
the test samples, 1 mL (1% v/v} of seed flask material was added to cach flask. Flasks
comtsimng sarmple P132-100 required the addition of 8.4 mL 1 M NaOH to bring the pH
to 5.0. The flasks were incubated at 30 °C and 150 rpm above for 96 hours.

One set of duplicate flasks per feedstock contained Accellerase® enzyme
complex (1.25 mL per flask, highest recommended dosage is 0.25 mL per gram of
biomass, Genencor) to attempt simultaneous saccharification and fermentation (SSF).
The other set of duplicate flasks did not contain Accellerase® enzyme complex. A total
of 52 flasks were analvzed.

Six control flasks wers also analyzed. Positive control flasks contained SolkaFloc
200 NF Powdered Cellulose {lot # UA 158072, International Fiber Corporation) at a
concentration of 2.5 grams per 100 mL flask {25 grams per L) with and without addition
of Accellerase® enzyme complex. In addition, a control containing sugars (glucose and

xylose) only was used,

Tahie 46. The amount of eack feedstock added fo each flask

Amount added to Flask

)
o i

P13z

P132-10 2.5

F132-100 2.5
A132 A
A132-10 &
A132-100 5
G732 5
3132-10 5
132-100 5
Wws132 5
WS132-10 5
WS132-100 5
Sample A 5
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Analysis

Samples were analyzed for ethanol concentration (Tables 47, 48, and 49} using
the 'YSI Biochem Amnalyzer based on the alcohol dehydrogenase assay (Y51,
Interscience). Samples were centrifuged at 14,000 rpm for 20 mimutes and the
supernatant stored at -20 °C. The samples were diluted to between 0-3.2 g/L ethanol
prior to analysis. A standard of 2.0 g/L ethanol was analyzed approximately every 30

samples to ensure the integrity of the membrane was mainfained during analysis,

Results

Table 47. Besults of Control Flasks

at“hanoi Concentration {ufL}

Control

. _celluiose, no enzyme
. Containing Crystalline :

Cellutose {Solka Floc), | 0.00 C.00 0.00 G.06
| __No sugar, No enzyme
I Containing Crystatiine
| Calivlose (Solka Fleo) 7.88
} at 25 gfﬁ_(, noc sugar, 6.56 9.80 { 8.85
| Accellerase® added :

Table 48. Results of Shake Flasks without Accellerase® 1000 Lnzyme Complex

Sample Number Ethanot Concentration {g/L)
24 hours % 35 hours 48 hours 86 hours
P132 D.09 0.00 (.00
. P132-10 : 0.02 .01 0.02
o PM32-100 0.08 0.01 ; C.00
A132 1.74 1.94 258
L A132-10 1.82 2,36 2.30
A132-100 0.30 0.73 1.31
G132 0.40 0.09 0.24
3132-10 064 0.42 0.22 .
B3zl 018 0.08 0.05 . |
P Waia2 D.47 ‘ 0.80 ‘ 0.68 i
L WS132-10 0.47 : 0.48 0.34
L WE132-100 G.14 0.07 0.08
] Sample A § 1.88 1.89 2,20
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Table 46, Results of Shake Flasks with Aceelierase® 1060 Enzyme Complex

Ethanol Concentration {g/l.}

Sample Number | 4B hours 9%
F132 B.72 8.30 5.80
P132-10 4,48 4.49 1,24
P132-100 4.28 4,70 3.35
A132 2.81 2.03 4.30
A132-10 1.62 2.11 2.71
A132-100 1.92 . 1.02 1.47
G132 0.40 £.32 .44
G132-10 1.04 0.563 0.07
5132-100 2.56 2.34 0.12
WE132 1.47 1.07 0.9%
WS132-10 1.18 0,73 0.23
WS132-100 3.58 5 3.39 0.27
Sample A 2.35 i 3,39 2.98

Example 18- Ceflluizase Assay
Summery

Thirteen sampies were tested for cellulase susceptibility using an industry
cellulase (Accelleraze® 1000, Genencor) under optimum conditions of temperature and
pH.

Protocol

The protocol is a modification of the NREL “Laboratory Anatytical Procedure
LAP-O09 Enzymatic Saccharification of Lignocellulosic Biomass”. A sample of material
was added to 10 mL 0.1 M sodium citrate buffer (pId 4.8) and 40 mg/mL tetracycline (to
prevent growth of bacteria) in a 50 mL tube in duplicate. The amount of sample added to
each tube is listed in Table 50. Some samples were difficult 1o mix (P132, P132-14,
P132-100}, so were added at a Jower concentration. A positive control of 0.2 grams
SolkaFloe 200 NF Powdered Cellalose (lot # UAT158072, International Fiber
Corporation) and a negative control (no sample) were also included. Encugh reverse
osmosis (RO) water {0 bring the volume 10 a total of 20 ml. was added to the tubes. Both
the sodium citrate buffer and water were heated to 530 “C prior to use.

Accellerase® 1000 enzyme was added to cach tube at a dosage of 0.25 mL per
gram of biomass (highest dosage recommended by Genencor). The tubes were incubated
at 45° angle at 130 rpm and 50 degrees C (recommended by Genencor) for 72 hours.
Samples were taken at 0, 3, 6, 9, 12, 18, 24, 48, and 72 hours (Table 52 and 533},

centrifuged at 14,000 rpm for 20 minutes and the supernatant frozen at -20 *C. The



ghicose concentration in the samples was analyzed using the YS! Biochem Analyzer

{Interscience) using the conditions described in Table 51. A glucose standard solution of

2.5 o/l was prepared by dissolving 2.500 grams glucose (Sigma Cat? G7528-5KG,

Lot#: 107H0245) in distilled water, Once dissolved, the total volume was broughtto ! L
5 with distilled water in a volumetric flask, The standard was prepared fresh weekly and

stored at 4 °C,

Table 50. Ameunt of Each Sample Added

: Xyleco Nurmber Amount added §o Tube ’
i
P132-10 .
P132-100 0.5
At32 0.75
A132-10 0,75
A132-100 _ 0.75
132 0,758
G132-10 : 6,75
(5132-100 .75
w3132 0.75
WS132-10 .75
W3132-100 0.75
Sampie A 075
SolkaFlos 200NF 6.2
{Control) )
Negative Coniro! 0

10 Table 51, YSI Components Used in Shake Flask Study

Component Catalog # Lot#
Y51 Glucose Membrans 2365 O70100124
YS! Glucose Buffer 2387 014614A

15



Results

Table 532, Cellulase Assay Results

Glucose Concentration (mg/ml.) at incubation Time (hours)
Sample Number T , T i | §
P132

P132-10 036 | 3.37 | 508 | 639 | 898 | 751 | 899 | 1125 1165
P132-100 001 | 386 | 567 . 7.31 | B.0OS | 947 | 1070 @ 1270 | 13.80
A132 L 039 | 151 | 192 | 240 | 264 | 3.04 | 330 | 290 408
A132+10 0.42 | 180 | 227 | 263 | 286 | 316 | 343 | 402 | 444
A132-100 0.46 | 208 | 272 | 396 | 343 | 378 | 409 | 484 | 526
G132 040 | 118 | 135 | 1.52 . 160 | 167 | 1.85 | 210 | 2.21
613210 0.34 | 134 | 164 195 | 203 | 208 | 236 | 277 | 3.2
$132-100 061 | 184 | 232 | 280 | 314 | 352 , 307 481 | 544
WS132 0.35 | 148 | 181 | 244 | 226 | 250 | 270 | 318 | 3.26
W5132-10 044 | 177 222 | 280 276 | 261 | 315 | 382 | 382
WS132-100 | 070 | 276 | 363 | 459 478 528 | 596 | 699 | 7.43
Sample A 0.42 | 109 | 134 155 | 189 | 1.66 | 217 296 | 3.71
Negative Control | o | g5 | ot | 001 | 002 | GO1 | 002 @ 002 | 002

{no sampie) -
P °§§;’:ﬁg§‘;‘:‘}mi 017 | 238 | 365 | 471 | 525 | 598 | 719 936 9.8

Chart 1. Ghucose Concentration (Top 4 producers)

TBOO pmemrmn e e
16.00
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The amount of cellulose digested in the tube was calculated as follows:
g/ml. ghucose x 26 mL (volume of sample) ¥ 4.9 (to correct for the water molecule

added upon hydrolysis of cellulose)
5 The percent of the total sample released as giucose (in Table 53 below) was
calculated as foliows:

g of celinlese digested/g of sample added (see Table 5 for details) * 100

Table 53. Cellulase Assay Resnlts

Sample Percent of the Total Sample Releasad as Glusose (%) at incubation Time {h)

ws !3 6 | 9 11 |28 ] 48} 72 |

18
Pi3z

i

! Number

202 | 1498 | 2546 | 31.36 39.38 | 43.81 5420 | 5627 |
P132.40 | 118 12.02 | 1825 | 2297 | 2506 | 27.00 | 32.28 | 4043 | 41.87
P132.100 | 3.17 | 13.7% | 20.38 | 2628 | 2902 | 34.06 | 38.45 4565 | 4981
A132 0.85 | 3.55 | 458 | 574 | 620 | 727 | 7.87 | 9.3 9.70
A132-10 | 094 & 425 | 542 | 620 | 682 | 756 | 818 | 980 | 9.89
A132-400 | 1.03 = 494 | 650 | 7.55 | 818 | 905 | 877 | 1157 | 12.88
G132 0.80 | 271 | 322 | 362 | 37e | 398 | 439 | 499 | 536
G132-10 | 0.74 . 314 | 391 | 466 | 482 | 499 | 5862 | 660 | 7.20
©132400 | 130 | 434 | 554 | 681 | 749 | 842 | 948 | 1150 | 13.01
WS132 | 077 | 348 | 432 | 511 | 538 | 598 | 843 | 758 | 778
WS132-10 | 0.98 | 418 | 530 | 622 | 658 | 624 | 7.51 | 864 | 912
WS132-100 161 | 6.55 | 8.60 | 10.99 & 1142 | 12.67 | 1428 1673 | 17.78
Sample A | 0.94 254 | 319 | 370 | 401 | 396 | 516 | 7.08 | 886

Fositive |
. Control | 1.20 | 2115 | 3272 | 4230 | 47.07 | 5373 | B4.53 | 83.16 88.56
| (SolkaFiag) | | - % i
10
Example 18- Shakes Flask Fermentation Using Pichis stipitis
Summaiy
Shake flask fermentation using FPichia stipiiis was performed using four celluiosic
materials having the highest % performance from Table 36.
15

Protocol

Experiments were run under the parameters outlined in Tables 54-56.
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Table 34, Equipment and Frequency of Maintenance

Equipment Manufacturer, Name Freguency of Maintanance
Shakers (2) B. Braun Bictach, Certomat BS-1 Cuarterly
Specirophotometer Unicam, UV300 Biannual
Y8! Biochem Analyzer inferscience, YS! Monthly

Table 55, YS! Components Used in Shake Flask Study

Component Reference # Lot#
Y St Ethanot Membrane 2788 07M100381
Y381 Ethano! Standard (3.2 g/L) 2780 1271040
YSi Ethanol Buffer 2787 Q74100215

[

Table 86, Chemicals Used for Shake Flask Fermentation

Media ? ;

Component Manufacturer Reference # | Lotd
Urea SchotAR 9472705 AD-T284.43
Chemisiry
Veast NIfOSeN | Becton Dickinson 2019040 | 7128171
Peptone i Becton Dickinson 211677 . 4303198
YM Broth i Becton Dickinson 271120 6278265
Xvyiose i Alfa Aesar * A10843 10130019
Glucose Fisher Sclentific BF350-1 (30064
Seed Development

For all the following shake flask experiments the seed flasks were prepared using
10 the following procedure.
A working cell bank of P. stipitis NRRL Y-7124 was prepared from a rehydrated
Iyophilized culture obtained from ARS Culture Collection. Cryovials containing P.
stipitis culture in 15 % v/v glycerol were stored at -75 °C. A portion of the thawed
working cell bank material was streaked onto a Yeast Mold (YM) Broth + 20 ¢/L agar
15 {(pH 5.0) and incubated at 30 °C for 2 days. The plates were held for 2 days at 4 °C
before use. A 250 mL Erlenmever flask containing 100 wml of medium (40 g/l ghicose,
1.7 g/L veast nitrogen base, 2.27 ¢/L urea, 6.56 g/L peptone, 40 g/L xviose, pH 5.0} was
inoculated with one colony and incubated for 24 hours at 25 °C and 100 rpm. After 23
hours of growth, a sample was taken and analyzed for optical density (600 nm ina UV
20 spectrophotometer) and purity (Gram stain). Based on these results, one flask {calied the
Seed Flagk) at an optical density of between 4 and 8 and with a clean Gram stain was

used 1o inoculate all of the test flasks.
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Three experiments were run nsing samples A132-10, A132-100, G132-10, and
G132-100. Experiment #1 tested these four samples for ethanol concentration at varyving
concentrations of xyiose and at constant concentrations of glucose. Experiment #2 tested
these four samples for ethanol concentration at double the concentration of feedstock
used in the experiments of Table 36. Finally, experiment #3 tested these four samples for
ethanol concentration while varying both the xylose and the glucose concentrations,

sirnultaneously.
FExperiment #1-Varying the Xviose Conceniration
Four cellulosic samples (A132-10, A132-100, G132.10, and Gi32-100) were

tested at varving xylose concentrations as listed in Table 57 below.

Table 57, Media Composition of Experiment #1 Flasks

Xylose Concentration  Glucose Conceniration

Tregtment (g/L) (giL}
180 % Xylose 40.0 40.0
50 % Xyiose 20.6 40.0
25 % Xylose 16.0 40.0
14 % Xylose 4.0 40.0
0 % Xylose 0.6 40.0

The fest vessels (a total of 40, 250 mi. Erlenmneyer flasks) contained 100 mL of
medium. Five different types of media were prepared with the amount of xylose and
glucose outlined in Table 57, In addition, the media contained 1.7 g/L yeast nitrogen
base (Becton Dickinson # 291940) 2.27 ¢/L urea (ScholAR Chemistry #9472706) , and
6.56 g/L pepione (Becton Dickinson #211677). All flasks were autoclaved empty at 121
°C and 15 psi and filter sterilized (0.22 pm filter) media was added to the flasks prior to
the addition of the test materials, Flasks were held at room temperature for 4 days and
inspected for contamination {cloudiness) prior to use. The test materials were not
sterilized, as autoclaving will change the content of the samples and filter sterilization not
appropriate for sterilization of solids. The test samples (A132-10, A132-100, G132-10,
and G132-100 at 5 g per 100 mL) were added at the time of inoculation (rather than prior
to}) to reduce the possibility of contamination. In addition to the test samples, 1 mL (1%
v/v) of seed flask material was added to each flask. The flasks were ncubated at 30 °C

and 130 rpmo for 72 hours.
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Unfortunately, one flask (sample A132-100 with 100% Xylose) was broken
during the testing. Therefore, ail results past 24 howrs of incubation are reporied as a
single flask. After 72 hours of incubation, 100% of the original amount of cellulosic
material (5.0 g) was added to the 100% Xylose fiasks (7 flasks in total, one flask
containing sample A132-100 was broken) and incubated as above for an additional 48

hours,

Table 38, Addition of Feedstock to 160 % XKylese Flasks at Incubation Time 72

hours
Feadstook Addead at 72 hours {(grams)
A132-10 5
A132-100 5
313210 5
(3132-100 5
Analysis

Samples were taken from the 40 test flasks at incubation times of 0, 6, 12, 24, 36,
48, and 72 hours. In addition, samples were taken at 24 and 48 hours post-addition of the
second feedstock amount in the 100% Xylose flasks {see Table 58).

A total of 292 samples were analyzed for ethanol concentration using a Y'SI
Biochem Analyzer based on the aleohol dehydrogenase assay (Y 81, Interscience).
Samples were centrifaged at 14,000 rpm for 20 minutes and the supernatant stored at -20
“C. Of note, time { samples required filtration through a 0.45 um syringe filter. The
samples will be diluied o between 0-3.2 g/L ethanof prior 1o analysis. A standaerd of 2.0
/L ethanol was analyzed approximately every 30 samples to ensure the integrity of the
membrane was maintained.

A total of 47 samples were apalyzed for cell count. Sampies will be taken at 72
hours incubation and 48 hours post-addition of more cellulosic material. Appropriately
diluted samples were mixed with 0.05% Trypan blue and loaded into a Neubauer

haemocytometer. The cells were counted under 40 X magnification.

Experiment #2— Analysis of 2 X Feedstock Concentration
The test vessels {a total of & 250 mL. Erlenmeyer fiasks) contained 100 mL of
medium. The media contained 40 g/l glucose, 40 g/L xylose, 1.7 /L yeast nitrogen hase
(Becton Dicldnson # 201940) 2.27 g/L urea (ScholAR Chemistry #9472706} , and 6.56
69
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/L peptone (Becton Dickinson #211677). Flasks were prepared as in Experiment #1.
The test samples {A132-10, A132-100, G132-10, and G132-100 at 10 g per 100 ml)
were added af the time of inoculation {rather than prior to) to reduce the possibility of
contamination. In addition to the test samples, 1 mL {196 v/v) of seed flask material was

added to each flask. The flasks were incubated at 30 °C and 1350 rpm above for 72 hours.

Analysiy

Samples were from the 8 test flasks at an Incubation time of 0, 6, 12, 24, 36, 48,
and 72 hours. Ethano! analys3s of the 56 samples were performed as per experiment #1
and are reported in Table 59. A cell count was performed on the 72 hour sample as per

experiment #1 and is presented in Table 60.

Table 89, Ethanol Concentration in Flasgks with Double Feedstock

3 Sampie Tithe | " Ethanol Concentration {giL.)
| pie TIMe 1R8240 | A432-100 613310 | Gi32-100 |
& ) t 1.38 | 0.26 0.12 0.11
L 3 1.78 0.21 .20 010
12 216 0.73 i 0.68 R
24 15,05 1635 1 16.55 1260
I 36 2175 | 171.55 18.00 530 |
] 48 26.35 | 23,95 24 85 20.65
1 72 28.95 | 2735 | 2gap 27.40

Table 46. Cell Concentration at 72 hour Incubation Time in Flasks with Double
Feedstoek

Sample Cell Concentration { x 10°/mL)}
At32-40 4.06
A132-100 5.37
G320 5148
G132-100 447

Experiment #3-Varying Sviose and Glucose Concentrations

Four cellulosic samples (A132-10, A132-100, G132-10, and G132-100) were
tested at varying xylose and glucose concentrations as listed in the table below (Table
60}
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Table 61. Media Composition of Experiment #3 Flasks

Treatmant Xylose Concentration Glucose Concentration
(giL} {giL}

50 % Sugar 20.0 20.0

25 % Sugar 16.0 10.0

10 % Sugar 4.0 40

0 % Sugar 0.0 9

The test vessels (a total of 32, 250 mL Erlenmever flagks) contained 100 mL of
medivm. Four different types of media were prepared with the amount of xylose and
glucose outlined in Table 61. In addition, the media contained 1.7 g/L veast nitrogen
base (Becton Dickinson # 261940) 2.27 L urea {Schol AR Chemistry #9472706) , and
6.56 g/l peptone (Becton Dickinson #211677). The flasks were prepared as per
Experiment #1. The test samples (A132-10, A132-100, G132-10, and G132-100) were
added at the time of inoculation (rather than prior to} to reduce the possibility of
contamination, In addition to the test samples, 1 mL {1% v/v) of sced flask material was
added to each flask. The flasis were incubated at 30 °C and {50 rpm for 72 hours.
Analysis

Samples were taken from the 32 test flasks at an incubation time of 0, 6, 12, 24,
36, 48, and 72 hours (see Tables 62-65). A total of 224 samples were analyzed for
ethanol concentration using the YS] Biochem Analyzer based on the alcohol
dehydrogenase assay (Y81, Interscience). Samples were centrifuged at 14,000 rpm for 20
minutes and the supernatant stored at ~20 °C. Of note, some of the samples required
centrifugation and then filtration through a 0.45 pm syringe filter, The samples were
diluted to between 0-3.2 @/l ethanol prior to anaiysis. A standard of 2.0 g/LL ethanol was
analyzed approximately every 30 samples to ensure the integrity of the YS! membrane

was maintained,
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Table 62. Ethanol Results Sample A132-19

Ethano! Concentration (g/L)

!
! Sampie

[ Time 10 % 25 % B0 % 100 % 0 % 10 %
B 0.43 | 042 | 042 | 0.41 0.39 053 | 0.57 D5 |
§ 1.186 1.16 1.156 1.16 1.2 .83 0.91 (.83 0,88
12 1.72 1.86 3.71 1.7% 1.60 1.21 2.13 2.47 2.32
24 1885 15.80 17.05 17.08 16,85 1.02 4.88 8,77 13.35
36 17.10 17.40 20.25 21,35 20.25 1,28 4.27 9.99 17.55
48 16.40 17.08 18.70 23.00 28.80 1.47 3.03 8.33 16.60
Fe 15.15 16.65 18.25 21.85 28.00 1.14 1.582 508 14.20
24
hours §
bost. - - ] - ~ | 2315 ~ - o -
addition f
48 !
hours
post. - - - 2188 - - - -
| addition ; ;
* Analysis from experiment #3.
Table 63. Ethanol Results Sample A132-100
| sam | Ethanol Concentration {giL}
Tim% € 0% | 10% | 25% | 50% | 100% | 0% 0% T 26% | 0%
Rylose | Xylose | Xylose Xylose | Xylose | Sugars® Sugars” | Sugars” : Sugars” .
0 .11 009 | 047 | 0.20 | 0.18 0.42 0.14 0.09 013 |
g .13 0.15 0.15 0.15 0.14 0,10 .11 0.1 0.13
12 0.88 1.00 1.18 125 | 088 | 0.8 1.58 1.55 1.57
24 15.90 15.70 16,50 16.05 § 14.80™ 018 3.33 7,99 11458
36 16.00 17.90 16.90 10.46 | 17.80™ 0.21 2.85 B.37 16.10
48 15,75 1670 | 19.30 | 22145 | 27.00% 0,54 1.47 7.54 18.60
T2 14.85 15,35 1 18.55 21.30 | 2850 0.78 (.51 447 12.80
24 |
haufs ! i *4
Iy - SO B B Rt - - - ~
addition 3 ‘;
48 !
hours ; ! .
| post. - - - e 23.60 - - . -
{ addition " '
*

Analysis from experiment #3.

* % Al results based on anatysis of one flask.




Table 64. Ethanol Results Sample G132-10

[ Sample Ethanol Concentrafion {g/lL.)
| Time G % W % i 25 Y 50 % 100 % 0 % 10 % 25 % 5 %
! : Xviose | Xylose | Xyiose | Xylose | Xylose | Bugars® | Sugars® | Sugars® | Sugars® |
| 4] 0.08 0.08 0.08 008 1 008 0.05 0.05 005 | 008
! 5] 0.14 0.13 .14 0.14 0,13 0.11 .12 041 1 0.2
! 12 1.01 0.98 1.00 0.87 1.14 0.48 1.80 1.78 1.71
24 15.90 15,70 18.30 | 18.05 14.60 0.13 3.96 3.54 11.10
‘ 38 15,10 17.45 16.80 | 1875 | 22145 ¢ 009 | 3.02 8.68 16.55
[ 4B 15.85 16.80 1625 | Z1.48 | 2400 | 007 | 208 8.1G 16.50
72 13.5¢ 15.80 18.55 ! 21.25 26.55 ¢os 01 5.55 14.15
24 - " - | - 24.95 O - =
hours i i I
| post: ;
addition ! i !
a8 | - - N T = | - = T
hours | : ‘ i
post- i | l
addition i ! i | | E
*  Analysis from experiment #3.
5 Table 65. Ethanol Resulis Sample G132-160
Ethanol Concantration {g/L) }
SampieTime | 0% | of | B% 0% | igonwn | 0% 16 % % | 50%
b * * e -
8 0.04 0.04 | 004 0.05 0.05 : 0.08
5 0.7 067 0,08 | D08 0.07 004 | 0.05 | 0.05 0,08
12 0.80 G.58 0.87 0.58 2.71 013 1.37 ¢ 1.48 1.44
24 13.05 14,45 14.90 13.95 12.05 0.03 3.67 7.62 10.856
36 15.10 17,10 18.25 18.20 $9.25 0.01 3.00 B.73 16,10
48 14.40 17.00 18.35 22.85 24 45 (.01 1.81% 7.76 15.85
72 14.70 15.40 | 1848 2240 2755 0.03 0.01 5.08 14.36
24 hours i
pogt- - - - - i 2520 o - - -
adgdition ‘
48 hours E
post- - - - - 24,60 - - - ! -
addifion i :
* Analysis from experiment #3.
Samples were taken at 72 hours incubation for cell counis (see Tables 66-67).
10 Appropriately diluted samples were mixed with 0.05% Trypan blue and loaded into a

Neubauer haemocytometer. The cells were counted under 40 X magnification.

Resulis
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One seed flask was used to inoculate all Experiment #1 and #2 {est flasks. The
optical density (600 nm) of the seed flask was measured to be 5.14 and the cell
concentration was 4,65 x 10° cells/mL {Tables 65-66). Therefore, the initial
concentration of cells in the test flasks was approximately 4.65 x 10° sells/mL.

g A second seed flask was used to moculate Experiment #3 flasks. The optical
density (600 nm) of the seed flask was 5.78 and the cell concentration was 3.75 % 10t
cells/mL. Therefore, the initial concentration of cells in the test flasks was approximately

3.75 x 10° cells/mL.

10 Table 66, Cell Counts at Incubation Time of 72 hours

; Gell Concentration { x 10%/mL)
Sampie [ 0% 0% | 25% \ 50% | 100% | 0% 6% | 25% 1 50 %
Xylose | Xylose | Xylose _Sugar | Sugar | Sugar |

Y
[
1
1

: . 0. 3.72 4.92 0.22 0.26 .

. A132-100 0.88 1.07 0.89 0.78 0.33 | 0.44 1.81

i G132-10 0.95 4.50 2.67 2.67 .17 0.49 1.82

[ 132100 8.53 | 4.02 4,84 4,47 0.33 0.88 222 |

* Samples were heavily contaminated after 72 hours of growth. This is expected beoause the
Pichia did not grow well without sugar added, end contaminants (from the non-sterile samples)
were able to out-grow the Pichia.

15 Table 67. Cell Counts at Incubation Time of 48 bours Post-Addition (100 % Xyvlose

and Clucose

Sample Cell Concentration { x 10%/mL)
A132410 017
A132.100 3.38
G132-10 3.4
G5132-100 5.53
20 Example 20- Toxicity Testing of Lignocellulosic Samples against P, s#ipiis and S,
ceravisiae
Stmmary

Thirty-seven samples were analyzed for toxicity against two ethanol-producing
cultures, Saccharomyces cerevesiae and Pichia stipitis. In this smdy, glucose was added
25 1o the samples in order to distinguish between starvation of the cultures and foxicity of

the samples.



Tabie 68. Conditions for Toxicity Testing

Organism
Variable Saccharomyces cerevisiae | Pichia stipitis
inooulation Volume (mL) 0.5-1, T
’ (target 8-7 x 10° cellsimLy | {iarget 3-4 x 107 celis/mi)
Tast Rapetition Single Flasks
Incubation Temperature . ! .
(£1°C) . 25°C 3 25 °C
Shaker Speed (rpm) 200 | 125
Type of Container B0 ml. Erenmevyer Flask 250 mi Erdenmever Flask
Media volums ! 100 mL 100 mi
Total Incubation ime | 72 s 75 :
! {hours) s
{ ; ;
Ethanol Analysis 0.6,12,24.36.45,72 | 0,6, 12, 24,36,48.72 |
(hours) : {
Cell Counts (hours) 24,72 24,72 ‘
pH O hours : 0 hours

Protocol

A summary of the protocol used is listed in Table 68. A description of the

5 chemicals used in toxicity testing is listed in Table 69. Two control flasks (no sample

added) were performed for each microorganism for each week of testing. A fotal of' 82
flasks were analyzed.

During the experiments, no ethanol or cells appeared in the P. s#pitis flasks
containing samples C, C-1e, C-5e, and C-10e in the first 24 hours of incubation, In order

10 to confirm the results, the test was repeated. The second test confirmed some inhibition

of P. stipitis growth when samples C, C1E, C5E, and C10E were added to the flasks.

Table 69. Chemicals and Materials Used for Toxicity Testing

Media Referance #

Manufscturar Lot #

u f ‘SchclAR Chemistry 9472708 AD-7284-43 |
:1 Yeas;}?;iog@n ! Becton Dickinson 2891840 7128171
Peptonge | Becton bickinson 211677 4303198
Xylose Alfa Aesar P A10B43 10130819
Glucose Sigma 3-5400 107H0245
. east Exiract Becton Dickinson 288620 4026828
YM Broth Becton Dickinson 271128 6278268
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Table 70. YSI Components Used in Toxicity Study

Component Catalogus #
Y S| Ethanct Membrane 2786
Y5 Ethano! Standard (3.2 g/l} 2780
YS! Ethanol Buffer 2787

Test Samples

Seven test samples (all with the C designation) were ground using a coffee
grinder suitable for small samples. The samples were ground to a consistent particle size
{between samples) with the naked eye. Sample number C-100e ground casily to a small
particle size.

All samples were added to the flasks at a concentration of 50 grams per liter with
the exception of the six P samples {23 grams per liter). These saraples were white to off-
white in color and visually fluffy and the flasks would not mix properly (not enough free
tiguid) at the 50 grams per liter concentration. Sampiés S dissolved easily and could in
the future be added to the flasks at a higher concentration. Samples A and G could be
added at 100 grams per liter in the futare.

Testing was performed using the two microorganisms as described below,

Snccharomyces cerevisiae ATCC 24858 (American Type Culture Collection)

A working cell bank of S. cerevisiae ATCC 24858 was prepared from a
rebydrated Iyvophilized culture obtained from American Type Calure Collection.
Cryovials containing 5. cerevisiae culture in 15 % v/v glveerol are stored at -75°C. A
portion of the thawed working cell bank material will be streaked onto a Yeast Mold
{(YM) Rroth - 20 g/L agar (pH 5.0} and incubated at 30 °C for 2 days. A 250 mL
Erlenmeyver flask containing 50 mlL of medium (20 g/L glucose, 3 g/L. yeast extract, and
5.0 g/L peptone, pH 5.0) was moculated with one colony from the YM plate and
incubated for 24 hours at 25 °C and 200 mpm. After 23 hours of growtly, a sample was
taken and analyzed for optical density {600 nm in a UV spectrophotometer) and purity
(Gram stain). Based on these results, one flask (called the Seed Flask) with an OD of 9-
15 and pure Gram stain was t0 be used for inoculating the growth flasks. After 23 hours
of growth, the seed flask had a low OD (5.14) and cell count (1.35 x 108 celig/mL). Of
note, the colony taken from the sced plate was smaller than usual, Therefore, 0.5 mL of

seed material {(as opposed to the planmed 0.1 ml) was added to each test vessel.
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The test vessels were 500 mlL Erlenmeyer flasks containing 100 mL of the sterile
medium described above. All flasks were anfoclaved at 121 °C and 15 psi prior to the
acdition of the test materials, The test materials were not sterilized, as sutoclaving would
change the content of the samples. The test samples were added at the time of
inoculation {rather than prior to} to reduce the possibility of contamination. In addition to
the test samples, 0.5 -1.0 mL {0.5-1.0% v/v) of seed flask material was added to each

flaskt. The flasks were incubated as described above for 72 hours.

Pichin stipitis (ARS Culture Collection)

A working cell bank of P, stipitis NRRL Y-7124 was prepared from a rehydrated
lyophilized culture obtained from ARS Culture Collection. Cryovials containing P,
stipitis culture in 15 % v/v glycerol are stored at -75 °C. A portion of the thawed
working cell bank material was streaked onto & Yeast Mold (YM) Broth + 20 g/L agar
{pH 5.0) and incubated at 30 °C for 2 days. The plates were heid for up to 5 days at 4 °C
before use. A 250 ml Erlenmeyer flask containing 100 mL of medium (40 g/L. glucose,
1.7 ¢/ yeast nitrogen base, 2.27 /L urea, 6.56 ¢/L. peptone, 40 g/L xvlose, pH 5.0} was
inoculated with one colony and incubated for 24 hours at 25 °C and 125 rpm, After 23
hours of growth, & sample was taken and analyzed for optical density (600 nm in a UV
spectrophotometer) and purity (Gram stain). Based on these results, one flask (calied the
Seed Flask) at an optical density of 5-9 and with a pure Gram Stain was used to inoculate
all of the test flasks.

The test vessels were 250 mL Erlenmeyer flasks containing 100 mL of the sterile
medivm described above. Al] flasks were autoclaved empty at 121 °C and 15 psi and
filter sterilized (0.22 pm fiter) medium added to the flasks prior fo the addition of the test
materials. The test materials were not sterilized, as autoclaving would change the content
of the samples and filter sterilization not appropriate for sterilization of solids. The test
samples were added at the time of incculation (rather than prior to) to reduce the
possibility of contamination. In addition to the test samples, 1 mL (1% v/v} of seed flask
material was added to each flask. The flasks were incubated as described above for 72

hours.,
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Analysis

Samples were taken from seed flasks just prior to inoculation and each test flask
at 24 and 72 hours and analyzed for cell concentration using direct counts. Appropriately
diluted samples of S. cerevisiae and P. stipitis were mixed with 0.05% Trypan blue,
loaded into a Neubauer haemocytometer. The cells were counted under 40 X
magnification.

Samples were taken from each flask at 0, 6, 12, 24, 36, 48 and 72 hours and
analyzed for ethanol concentration using the YSI Biochem Analyzer based on the alcohol
dehydrogenase assay (Y 51, Interscience). Samples were centrifuged at 14,000 rpm for 20
minutes and the supernatant stored at -20 °C. The samples wili be diluted to 0-3.2 g/L
gthanol prior to analysis. A standard of 2.0 g/L ethanol was analyzed approximately
every 30 samples to ensure the integrity of the membrane was maintained during

analysis.

Calculations
The following caiculations were used to compare the cell counts and ethanel

concentration (o the control flasks.

Yo performance = {concentration of ethanol in test flaskiethanol in controly*100%

celis = (number of cells in test flask/mumber of cells in conirol flasky* 100

Regults

The 5. cerevisiae seed flask had an optical density (600 nm) of 5.14 and a cell
concentration of 1.35 x 10° cells/mL. One half mL of seed flask material was added to
cach of the test flasks. Therefore, the starting cell concentration in each flask was 6.75 x
10% /. During the second week of testing, the S cerevisiae sced flask had an optical
density (600 nm) of 4.87 and a cell concentration of 3.15 x 107 cellymL. One mL of
seed flask material was added to each of the test flasks. Therefore, the starting cell
concentration in each flask was 6.30 x 10°mL. The pH of the 5. cerevisige flasks at a
sample time of { hours is presented in Table 71. The pH of the flask contents was within

the optimal pH for & cerevisiae growth (pH 4-6). No pH adjustment was required.
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Table 73, pH of S, cerevisiae flasks at sample time 0 hours

| Sample Number | pH | Sampie Number | pH i
P 5.04 o 5.46
P1E 4.99 CikE ‘ 5.54
PEE 5.04 i C5E .50
P10E 4,98 C10E 5,33
P5E0E 4.87 C30E : 512
P100E 4.43 508 ! 4.8G
& 545 C100E 4.66
GiE 547 57 5.11
: (GAE 5.46 ST1E 5.06
G10E 5.38 STEE 4,96
GEOE 507 ST10k 4,84
A 572 ST30E 568 i
ATE 560 ; STS0E 4,45 :
ASE 5.62 STH00E 4.23
A10OE 5.61 control A 5.02
ABDE 574 condrol B 8.04
5* 5.10 ‘:
S1E 508
S5E 5.07
310E 5.04
S30E 484
S50E 4587
51008 4.33

* 487 refers to sucrose
* 4 rafers (0 GO

* =0T refers to starch

5
The ethanol concentration and performance i the 5. cerevisige flasks are
presented in Table 72 and 73. The highest ethanol concentrations were produced by the S
series.
10 Table 72. Ethanol Concentration in 5. cerevisiae flasks
Sample Ethanol Concentration {g/L} at the following times (hours)
Number 6 | & i | 2 | 36 | 4 | 12
P1E 0.03 0603 1 028 5.10 8.03 5.46 0.58
PEE G.03 0.04 1 Q.57 8.84 i B3B8 3.40 .04
P10E 0.06 .08 0.65 8.63 : 7.56 5.57 7 .40
‘ P50E 0.04 , 0.03 0.26 2.80 i 585 .50 i 568
| PIBOE ! 004 1 002 1 042 3.64 8.26 751 | 3.03
€] 0.04 0.04 | 057 + 1020 | 824 6.66 2.84
G1E (.04 0.05 0.48 1020 1 8.24 G.04 3 2.84
G5E 0,11 0.11 0.44 10.G0 8.7 6.36 P 0.88
GiGE 0.05 0.04 0.40 8.87 841 1 573 . 0.11
EB0E 0.05 0.05 .48 9.72 §.33 6.13 2.38
A (.29 (.38 .48 .43 8,76 7.08 4.68
AE 0.34 044 | 078 9.68 8.9 7.18 2.64
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ASE 0.55 0.45 0.99 9,44 8.96 7.56 3.80
ALOE 0.55 0.55 0.83 9,58 8,33 6.28 140
ABQE 0.22 .08 .38 3.38 8.01 599 | (.08
5 0.03 0,03 0.3 573 7.06 1090 | 45.90
S1E 0.05 0.06 0.31 7.24 9.52 1210 , 1490 |
S5E 0.02 0.05 0.34 5.87 7.68 11.80 16,00 |
S10E 0.03 0.04 035 . 588 7.72 11.50 18.30
S30E 0.03 0.05 009 | 594 7.97 11.20 20.40
S50E* 0.5 0.18 0.47 | 5486 7.88 13.00 18.30
S100E 0,11 0.10 021 | 700 ¢ 406 13.80 12.70
o 0.01 0.04 032 | 847 . 7.5 548 540 |
C1E 0.00 0.06 0.37 893 | 7.86 5.00 1.37 |
CEE 0.03 0.65 0,48 932 | 700 5.589 1.4 |
G10E 0.02 0.04 052 | 914 7.67 E.34 0.35
C30E 0.02 0.05 0.28 9.15 8.15 8 84 247
C5DE 0.03 0.08 0.44 831 - 779 5.78 .78
C100E | 003 0.06 0.58 906 | B85 5.05 109
87 0.2 0.05 D99 ;. BBE | BAES 5.09 D.42 |
ST1E 0.03 0.04 070 1 887 | 729 481 1.04 !
ST5E 0.02 0.04 852 | 8681 | 718 4,07 0.85
ST10E 0.02 £.05 033 | 887 | 7.05 5,26 .68
ST30E 0.03 0.04 071 | B.A7 5,968 4.89 0.21
STESDE | 004 0.07 0.34 BAGE | BB 704 3,20

STI00E 1 003 0.10 0.30 530 | 8.62 7.29 423

controf A ¢ 001 0,07 0.85 592 . B18 7.81 8.26

cantrol B 8.01 0.04 0.27 4.86 5.43 8.01 8.75

control A* 0.04 0.21 1.35 519 731 7E5 | B4G

control B 0.03 0.20 118 516 5.96 762 | 5232

* anadyzed week 2
See Table 72 for Bample Number key

Table 73. Performance in 8 cerevisiae flusks

! Sample Performance {%) at the following times {hours)

Number T2

HE 4.8 1089 89.0 B.9

P5E , 164.0 87.3 43.0 0.8

P10E | 123.0 104.8 70.4 21.5
P50E | 51.8 80.1 108.6 B7.3
P100E 67.5 1131 94.8 45,5

G 189.2 112.8 84.2 43.8

GI1E 186.2 128.5 7.7 43.6

GSE 185.5 118.1 80.4 13.5

G10E 185.0 11819 73.2 1.7

: GEOE 180.3 114.0 77.5 36.5
A 156.4 119.9 89.6 71.6
| A1E 179.2 121.8 90.8 40.8
ASE : 175.1 122.7 95.6 58.4

A1DE | 177.7 114.0 79.4 215

ASOE 174.0 108.7 75.7 15.1
5 108.3 28.6 127.7 244.2
S1E 134.3 130.3 1820 228.5
SBE 108.9 1081 | 150.4 201.8
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S10E 1081 : 1056.7 145.4 2065
S30E 110.2 1084 141.8 313.4
SROEY 105.5 119.9 171.3 349.2
“B100E 129.9 1451 174.8 i 195.1
c 1571 103.8 £9.3 08.3
Cig 1656.7 107.6 5.7 21.0
CEE 172.9 108.4 71.9 217
C10E 168.6 1050 67.5 54
C30kF 169.8 111.6 73.8 7.9
Ch0E 172.7 106.8 7314 27.8
C100E 168.1 93.8 75.2 18,7
ST 158.4 91.8 64,3 8.5
STiE 164.6 48.8 60.8 18.0
STHE 159.7 98.0 62.8 131
S5TI0E 166.4 9685 66.5 ] 10.4
S5T308 1571 95,3 81.8 3.2
STA0E 157.0 112.1 89.0 49.2
ST100E 172.5 118.0 92.2 88.0
control A 108.8 112.0 Q8.7 06,2
control B 80.2 88.0 101.3 1063.7
coftfrol A" 100.3 110.1 98.5 U85
control B* 949.7 £89.8 1004 101.5

The cell concentration and % cells in the 5. cerevisiae flasks are presented in

Table 74. High cell counts were observed in all flasks; however, not all of the cells

* analyzed week 2

appear 1o be making ethanol.

Table 74. § cerevisice Cell Counts and % Cells

Bample Number

Cefl Count

{celis x 10% mL)

{count/ count control} *100

% Cells




S30E 0.31 0.74 48.3 102.1
350> 0.44 0.80 86.5 108,85
S100E 0.53 0.84 82.4 1217
C 0.4% 1.81 70.8 2821
C1iE 0.71 2.48 110.6 347.6
ChE 0.83 2.33 83.6 337.4
C10E 0.77 1.55 120.0 224.5
C30E 0.75 5 1.80 117.6 280.7
CHBOE 0.84 4.70 100.1 248,72
C100E 0,81 1.51 127.% 218.7
ST Q.75 ! 175 ; 117.6 | 253 4
STIE i 0.57 3 1.36 ] 89.4 197.0
S5TB8E 0,58 1.49 80.7 2158
ST10E (.81 1.32 95 .4 191.2
ST30E 1.55 0.80 91.8 86,9
STEOE (.59 1.30 g1.8 188.3
STI100E (3.4 1.24 G3.5 17%.8
control A (.81 0.79 ! 127 .4 114.4
sontrol B 047 : 0.59 72.9 85.9
control A* (.66 i 042 131.2 917
controt B* ; (.35 | 0.50 69.0 108.1

The P. stipitis seed flask had an optical density (600 nm) of 5.01 and a cell
concentration of 3.30 x 10% cells/mL. One mL of seed flask material was added to each
of the test flasks. Therefore, the starting cell concentration in each flask was 3.30 x
10%mL. During the second week of testing, the P. stipitis seed flask had an optical
density (600 nm) of 545 and a cell concentration of 3.83 x 10 cells/mL. One mlL of
seed flask material was added {0 cach of the test flasks. Therefore, the starting cell
concentration in each flask was 3.83 x 10%mL. The pH of the P. stipitis flasks at a
sample time of 0 hours is presented in Table 75. The pH of the flask contents was within

the optima! pH for P. siipifis growth (pH 4-7). No pH adjustment was required.

Table 75. pH of 2 stipifis Flagks at Sample Time § Hours

Tpie Number

P 4 91

P1E 4.87 i CiE 5.30

P5E , 4.90 C5E 5,20

! P1OE 478 C10E 5.06
E P50E 4.46 CA0E | 4.89 |

P100E 4.24 C50E i 4.70

G 5.45 _ C100E 4.59

G1E 5.43 ST 4,95

GBE 5.48 ' STIE : 4.90

G10E 5,32 STSE 481

G50E 499 5T10E 483

A, 5.69 ST30E 4.67
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AtE 5.68 STEOE 424

ABE 5.60 ST100E 407

AMBE 5.58 controf A 4,93

AS0E 589 conirol B 4,81
i 3 5,00
| S1E 4.04
% S5E 4,86
; 310 4,78
830k 451
51008 408

The ethanol concentration and performance in the P. stipitis flasks are presented

in Table 76 and 77. The highest ethanol concentrations were the G and A series. Flasks

C-30e, C-50e, and C-100e also contained high concentrations of ethancl. The cell

concentration and % cells in the P. s#ipitis flasks are presented in Table 78. Low cell

concentrations were observed in the flasks with the S designations. Low cell counts were

also observed in flasks containing samples C, CIE, CSE, and C10E at the 24 hour sample

time.

Table 76. Ethanol corcentration in P. stipiris flasks

Samuple

Ethano! Concentration {(giL) at tha

fullowing times {

hours)

S

P1E 0.0z 0.03 0.04 | 424 9.03 12.40 | 17.30
P5E 0.02 0.03 0.42 §.72 12.40 1580 | 1880
P1OE 0.02 0.02 0.01 1.38 8 69 13.00 ¢ 17.00
PE0OE 0.01 0.02 0.62 0.03 377 10,60 | 16,90
PAOGE 0.02 0.03 0.07 2.75 10.50 15680 | 1R.80
It 0.02 £.08 0.20 1080 | 1770 16,40 | 2540
G1E 0.04 0.12 0.5 1220 | 19.80 3380 | 2860
G5E L0007 0.14 0.73 12 .50 19,10 2450 | 27.50
GI0E | 0.04 0,19 0.472 10,20 19.10 22,90 28.20
GEOE 005 (.22 0.25 873 18.40 22 20 28.00
A 0.13 0.28 0.82 6,10 19.40 1930 | 18.60
AE 0.22 D58 3 1.08 15.10 2740 27.60 | 27.70
ABE | 0.32 0.43 0.43 1080 | 2210 27.10 28.10
A10E 0.33 0.51 1.15 1480 | 2200 57.10 27.80
ABOE 0.30 0.10 0.47 1340 | 2020 24.80 27.10
S G.01 0.01 0.26 288 | 750 10.20 13.30
S1E 0.02 0.02 0.22 4.985 [ 1180 § 1420
855 0.2 0.07 0.19 425 .50 11.70 14 70
S0 .03 0.02 0,17 2 08 8.87 1190 1470
S30E 0.08 0.05 0.03 2.96 873 12.60 16.50
S50E 0.08 (.05 0.04 2.04 6.12 7.95 12.50
5100E 0.1 0.10 0.08 3.36 7.82 10.50 13.80
c” 0.02 0.03 oos ¢ 023 1.86 288 6.57
C1E* | 0.03 0.03 093 | 007 0.95 185 | 10.20




CHE* 0.03 0.02 004 | 0.05 0.37 1.59 4 80
C10E* 0.03 0.04 004 | 005 3.81 15,20 28.30
C30E 0.07 | 0.03 0.60 12.30 21.20 26.00 27.2D
CHOE 0.02 | 002 0.45 12,20 15.50 23.80 29.20
C100E D05 | 0.04 0.38 11,40 18,70 2280 | 2770
]T 603 | 003 0.37 .69 10.70 13.50 10.80
ST1E 0,01 1 600 0.48 524 9.37 12.50 15,70
STSE 0.02 0.03 0.29 545 10.10 11.90 14,70
ST10E 0.02 0.02 0.42 5.80 9,44 12.20 14.80
ST30E 0.05 0.04 6,73 5,70 9.50 1210 15,20
STH0E 0.02 0.05 0.19 516 9.47 12.70 15.20
ST100E* 607 0,15 it | 498 10.70 15.40 18.80
control A 0.02 0.03 0.37 4.05 7,50 9,24 11.50
control B 0.02 0.02 0.30 4.72 7.44 0.44 11,50
control A* 0.02 0.05 0.68 4,85 8,59 11,10 16.40
control B* 0.02 0.058 0.74 506 10.80 13.00 14.00
* analyzed week 2
Table 77. Performance in P. stipiris flasks
Sampie Performance (%] at the following times (hours) N
Humber 24 36 48 72 !
P 120.3 1147 1810 1478 |
P1E 1024 120.6 137 B 150 4
P5E g 162.3 166.0 167.0 161.7
P10E 333 118.3 1392 147.8 7
PAOE 0.7 50.5 112.4 147 0
P10DE 506 140.6 167.0 163.5
G 260.9 236.9 07,7 220.9
iE 294.7 262 4 254 3 248.7
 GBE 301.9 255.7 262.3 239.1
Gi0E 246 4 2867 2452 2452 |
G50E 210.9 2483 2377 243 5
] A : 388.0 259.7 206 6 161.7
AIE | 388.9 298.9 295 5 240.9
T ABE 256.0 2859 2604 74473
: ATOF 359.9 294.5 240 1 242 .6
ABDE ! 323.7 270.4 285 5 235.7
B S 889 100.4 108.2 1157
S1E 420.3 123.4 174D 123.5
S5E 1072.7 113.8 1253 127 .8
5 S10E 72.0 118.7 127.4 1278 |
‘ S30E 715 116.9 134.9 1435 .
SH0E B4 4 82.1 85 1 1087
S100E 812 104.7 1124 120.8
B c* 4.2 17.0 22.2 43,2
CiE" 1.4 9.7 15.4 87.1
CBE 0.8 3.8 3.0 316 f
C1oE” 6.9 40.1 1261 246.1
Ca0E 297 .1 2B3.8 378.4 3365 |
CB0E 2071 261.0 254.8 253.9
C100E ! 275.4 2503 2452 2404
sT g 161.8 143.2 144.5 84.8 i
STiE_ | 1266 1254 1338 1566 |
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' ST5E 131.6 135.2 / 127.4 127.8
STHOE 135.3 126.4 130.6 129.6
ST30E 137.7 127.2 ! 129.6 132.2
STS0E 124.6 126.8 1368.0 132.2

STi00E" 120.3 109.7 1278 123.7
control A a97.8 100.4 98.9 100.0
conirol B 101.8 ao.6 101.1 100.0
control A" ! 89 8 88.1 " 52.1 1079
conirol B* ! 110.2 110.8 107.8 921

*analyzed in week 2

Table 78. P. stipitis Cell Counts and % Celis

Cell Count % Cells
Sample Numbar] {cells x 105 mL) {countf count controf) *100
: . 24hows | 72 hours ] 24 hours ' 72 hours
| P 2.78 | 11.00 80.8 148.0
j P1E 2.10 ] 7.20 £0.9 96.9
P&E i 203 5.68 84.9 ' 130.3
P10E : 1.42 7.73 41,2 104.0
P50E 0.33 ' 8.63 9.8 116.2
P100E 1.58 8.25 45.8 111.0
G 1.50 14.20 43,5 ; 191.1
G1E 3.80 810 113.0 109.0
GSE 2.83 8.45 84.9 86.8
G16E 4.35 13.30 126.1 178.0
GEOE 3,75 11.60 108.7 156.1
A 7.43 8.55 | 215.4 115.1
ALE 413 £.53 119.7 | 128.3
ABE 3.68 9.75 106.7 ‘: 131.2
A10E 4,50 ; 7.50 130.4 100.9
ABOE 8.23 ! 5.33 180,65 74.7
8 3.53 i 5.55 102.3 74.7
S1E 3,00 3.30 87.0 44.4
SBE 3.68 3.00 106.7 40,4
S10E 1,73 578 50,1 77.8
SBOE 2.55 5.48 ' 73.9 73.8
350E 2.83 % 5.15 76.2 82.8
S100E 2.25 | 4.43 65.2 | 59.6
cr 0.00 0.26 0.06 ; 7.2
CAE* 0.00 § 0.28 0.00 9.9
CEE* E 0.00 ? 0.08 0.00 2.1
C10E* 0.00 5.85 0.00 160.7
C30E ] 578 4.20 167.5 56.5
CBOE 3.40 7.35 88.6 98.9
C100E 1.98 .60 57.4 88,8
ST 2.58 7.65 73.9 103.0
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STiE 2.00 8.70 58.0 1171
STEE 1.85 8.75 538 90.8
STI0E 1.82 5.40 53.0 ; 72.7
8T30E 2.78 6.15 808 82.8
STE0E 1.33 i 3.45 38.86 46.4
ST1O0E* 4.35 : 3.83 5G.8 105.2
controt A 3.80 713 i 1043 8¢.0
control B 3.30 773 85.7 1040
conirol A* 7.50 : 3.23 103.0 88.7
controf B* 7.08 | 4.05 96.8 111.3

* analyzed wesk 2

Cell Toxicity Results Summary

Zymomonas mobilis

As shown in Chart 1A, elevated cell numbers {e.g., greater than the control) were
observed in samples containing P-132-10, G-132-10, and WS-132-10 at the 24 hour time
point. Cell numbers in the presence of all other sampies were comparable to the control.
This observation indicates that the substrates were not toxic towards Z. mobilis for up to
24 hours after seeding.

Al the 36 hour time point, a decrease in cell pumbers {e.g., due to a loss of cells or
cell death) was observed for all samples, including the control. The greatest decrease in
cell numbers was observed for those samples containing P-132-10, G-132-10. The likely
cause of this effect is common fo all samples, including the control. Thus, the cause of
this effect 1s not the test substrates, as these vary in each sample, and are not present in
the control. Possible explanations for this observation include inappropriate culturs
conditions (e.g., temperature, media compositions}, or ethanol concentrations in the

samyple.
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Chart 1A, Cell Concentrations for Z. mobilis

Celt Concentration (x 10.sup.8 celisfinl ]

As shown in Chart 1B, all cells produced comparable amounts of ethanol (e.g., 5-
10 g/1.) at each time point, irrespective of the substrate. Consistent with the cell number
data presented in Chart 1A, ethanol concentration in each sample peaked at the 24 hour
time point. In contrast to the cell number data, ethanol concentration did not decrease at
subseguent time points. This was expected as cthanol was not removed from the system.
In addition, this data suggests that ethanol production in these sampies may have resulted
from fermentation of glucose in the culture media. None of the substrates tested

appeared fo increase ethanol production.
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Chart 1B, Efhanol Concentrations for Z. mobilis
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Together, Charts 1A and 1B suggest that ethanol concentrations above about 6
o/L may be toxic to Z. moebilis. This data is also presented as a percentage normalized
against the control, as shown in Chart 1C.
Chart 1C. % Growth and Ethanol Production for £. mobilis

300

& Cells 24 hr 1 Eteh 24 hr Cells 38 tw B2 Eioh 36 hr |

Pichig stipitis
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As shown in Chart 2A, cell numbers were comparable to the control.
Furthermore, although shghtly reduced cell numbers were present in samples comntaining
{3-132 and WS-132, reduced cell numbers were not observed for G-132-10, (3-132-104,
A-132-10, or A-132-100. Thus, it is unlikely that substrates G or A are toxic. Rather, the
reduced cell numbers observed for G-132 and WS-132 are likely to have been caused by
an experimental anomaly or by the presence of unprocessed substrate somehow impeding
cell growth. Overall, this data suggests that glucose present in the conirol and
experimental samples is likely to be sufficient to promote optimal FP. stipitis growth, and
that the presence of an additional substrate in the sample does not increase this growth

rate. These results also suggest that none of the samples are toxic in P. seipitis.

Chart 24, Cell concentrations for P. stipitis

Cell Concentration (x 10.5up.2 colls/ml}

As shown in Chart 2B, despite the similar cell numbers reported in Chart 2B,
oreatly increased ethanol production was observed in all samples containing an
experimental substrate. Ethanol concentrations increased over time for each of the three
time poinis fested. The highest concentration of ethanol was observed for A-[32-10 at
the 48 hour time point (e.g., approximately 26.0 /1), By comparing the subsirate
concentrations with the highest levels of ethano! production with the cell number data
presented in Chart 2B, it can be seen that P. stipifis do not appear to be sensitive to
increasing ethanol concentrations, Furthermore, ethano! production does not appear to be
related to cell munber, but rather appears to be related to the type of substrate present in

the sample.
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Chart 2B. Ethanol Concentratiens for P, sripitis
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Together, the results presented in Charts 2A and 2B suggest that the experimental
5 substrates do not promote increased P, stipitis growth, however, they greatly increase the
amount of ethanol produced by this cell type. This data is also presented as a percentage

novmalized against the control, as shown in Chart 2C.

Chart 2C. % Growth and Ethanol Production for F. stipifis
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Saecharonvees cerevisiae
As shown in Chart 34, G-132-100, A-132, A-132-10, A~132-100, and WS-132

promoted slightly elevated cell numbers compared to the control. No significant

reductions in cell number were observed for any sample. These results suggest that none

5 of the sampies are toxic in S cerevisiae.

Chart 34, Cell Concentrations for 5 cerevisiae
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As shown in Chart 3B, increased ethano! production was observed in cells treated
10 with each cell type compared to the control. Comparison of those samples contaming the
highest amount of ethanol with the cell number data presented in Chart 3A suggests that
ethancl concentrations in excess of 5 g/L. may have had an adverse effect on cell
numbers, However, this observation is not the case for all sampies.

Chart 38, Eshanol Concentrations for 8, cerevisiae
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This data is also presented as a percentage normalized agamst the control, as

shown tn Chart 3C.
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Chart 3C, % Growth and Ethanol Production for 5. cerevisiae

|® Celis 24 r 0 Etoh 24 r & Cells 36 v @ Etoh 36 fir

In conclusion, none of the samples tested appeared to be toxic in Z. mobilis, P,
stipitis, or 8. cerevisiae. Furthermore, P. stipitis appeared to be the most efficient of the

three cell types for producing ethanol from the experimental substrates tested.

OTHER EMBODIMENTS

A number of embodiments of the invention have been described. Nevertheless, it

will be understeod that various modifications may be made without departing from the
spirit and scope of the invention.

For example, the fibers can be in any desived form, and can have a variety of
different morphologies. Generally, it is desirable that the cellulosic material have a high
surface area. In some cases, the fibers may be incorporated into single or multi-laver
sheets, e.g., the fibers may be part of a HEPA filter or the like. The sheet material can
have a surface area of, for example, from about 1 to 500 m*/ g. The fibrous materizl can
be overlaid, e.g., meltbiown, folded, in the form of a screen or mesh, or provided in other
geometries. The fibers may be extruded or coextruded.

The fibers may have any desired particie size, from nano-scale, e.g., less than
about 1000 nm, e.g., iess than 500 nmz, 250 nm, 100 nm, 50 nm, 25 nm, or even less than
1 mm, 1o large particle sizes, e.g., greater than 100 microns, 200 microns, 500 microns or

even 1000 microns, or agglomerates of particles.
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While biomass subsirates have been discussed herein, such subsirates can be used
m combination with other substrates, for example the inorganic and synthetic substrates
disclosed in U.S, Provisional Application No. §1/252,300, filed October 16, 2009, the full
disclosure of which is incorporated herein by reference,

The fibers or a fibrous material containing the fibers may be pretreated with a
microorganism and/or enzyme, and/or the fibers or fibrous material can be contacted with
a microoganism and/or enzyme during a bioprocess such as saccharification or
fermentation,

As discussed above, enzymes can be immeobilized on the fibers, instead of or in
addition to microorganisms.

Enzymes and biomass-destroying organisms that break down biomass, such as the
cellulose and/or the lignin portions of the biomass, contain or manufacture varicus
cetlulolytic enzymes (cellulases), ligninases or various small molecule biomass-
destroying metabolites. These enzymes may be a complex of enzymes that aot
synergistically 1o degrade crystaliine cellulose or the lignin portions of biomass.
Examples of cellulolytic enzymes include: endoglucanases, cellobiohydrolases, and
ceilobiases (B-glucosidases). During saccharification, 2 celiulosic substrate is instially
hydrolyzed by endoglhicanases at random locations producing oligomeric intermediates.
These intermediates are then substrates for exo-splitting glucanases such as
cetlobiohydrolase to produce celiobiose from the ends of the cellulose polymer.
Cellobiose is a water-sohuble 1,4-linked dimer of glucose. Finally cellobiase cleaves
celiobiose to yvield glucose,

A cellulase is capable of degrading biomass and may be of fungal or bacterial
origin, Suitable enzymes include cellulases from the genera Bacillus, Fseudomonas,
Humicola, Fusarium, Thielavia, Acremonium, Chrysosporium and Trichoderma, and
include species of Humicola, Coprinus, Thielavia, Fusarium, Myceliophthora,
Acremonium, Cephalosporium, Scytalidium, Penicillium or Aspergillus (see, e.g., EP
458162), especially those produced by a strain selected from the species Humricola
insolens (reclassified as Scvialidivum thermophilum, see, e.g., U.S. Patent No. 4,435,307},
Coprinmis cinereus, Fusarium oxysporum, Myceliophthora thermophila, Meripilus
giganteus, Thielavia terrestris, Acremonium sp., Acvemonium persicinum, Acremonium

acremonium, Acremonium brachypenium, dcremouium dichromosporum, Acremonium
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obclavatum, Acremonium pinkerioniae, Acremonium roseogriseum, Acremonium

incoloratium, and Acvemonium furatum; preferably from the species Humicola insolens

DSM 1800, Fusarium oxysporum DSM 2672, Myceliophthora thermophile CBS 117,65,
Cephalosporium sp. RYM-202, Acremonium sp. CBS 478.94, Acremonium sp. CBS
265.95, dcremonium persicinum CBS 169.65, dcremonium acremonium AHU 9319,
Cephalosporium sp. CBS 535.71, Acremonivum brachypenium CBS 866.73, Acremonium
dichromaosporum CBS 683.73, Acremonium obclavaium CBS 311.74, Acremonium
pinkerionige CBS 157.70, Acremonium roseogriseum CBS 134,56, Acremonium
incoloratum CBS 146,62, and Acremonium firatum CBS 299.70H. Cellulolytic enzymes
may also be obtained from Chrysosporium, preferably a steain of Chrysosporium
lucknowense. Additionally, Trichoderma (particularly Trichoderma viride, Trichoderme
reesel, and Trichoderma koningi?), alkalophilic Baciflus {see, for example, U.S. Patent
No. 3,844 890 and BEP 458162), and Sireptomyces (see, e.g., EP 458162} may be used.

Suitable cellohiases include 2 cellobiase from Aspergillus niger sold under the
tradename NOVOZYME 188™,

Enzyme complexes may be utilized, such as those available from Genencor under
the tradename ACCELLERASE®, for example, Accellerase® 1500 enzyme complex.
Accellerase® 1500 enzyme complex containg multiple enzyme activities, mainly
exoglucanase, endoglucanase (2200-2800 CMC U/yg), hemi-celiuiase, and beta-
ghucosidase (525-775 pNPG Ufg), and has a pH of 4.6 1o 5.0. The endoglucanase activity
of the enzyme complex is expressed in carboxymethyicellulose activity units (CMC Uj,
while the beta-glucosidase activity is reported in pNP-giucoside activity units (pNPG U).
In one embodiment, a blend of Accellerase® 1500 enzyme complex and NOVOZYME™
188 cellobiase is used.

Accordingly, other embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method comprising:

contacting a low molecular weight sugar, in a medium, with a sheet comprising
oxidized biomass fibers and a fermenting microorganism immobilized on the fibers, and

fermenting the low molecular weight sugar under conditions suitable for
converting said sugar to an organic acid by the fermenting microorganism, wherein

the biomass fibers have been oxidized in an oxidizing medium by an oxidation
method selected from the group consisting of; 5 to 60 Mrad irradiation, chemical

oxidation at a pH below about 5.5, sonication and pyrolysis.

2. The method of claim 1 wherein the wherein the organic acid is selected from
the group consisting of butyric acid, lactic acid, acetic acid, propionic acid, succinic acid,
3-hvdroxypropionic acid, a salt of any of these acids and mixtures of any of the acids and
respective salts.

3. The method of claim 2 wherein the organic acid is butyric acid.

4. The method of claim 2 wherein the organic acid is lactic acid.

5. The method of claim 1 further comprising fermenting the organic acid to an

alcohol.

6. The method of claim 5 wherein the alcchol s butanol.

7. The method of claim 1 wherein the fibers have a nano-scale average particle

gize,

8. The method of claim 1 wherein the microorganisim s a bacterium.
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9. The method of claim 1 wherein the fibers have been oxidized by irradiation

and the irradiation is with ionizing radiation.

10. The method of claim 9 wherein irradiating is performed using a particle

beam.

11. The method of claim 1 wherein the biomass fibers comprise a cellulosic or

lignocellulosic material.

12. The method of claim 1, wherein the blomass fibers are derived from biomass
selected from the group consisting of paper, paper products, paper waste, wood, particle
board, sawdust, agricultural waste, sewage, silage, grasses, rice hulls, bagasse, jute,
hemp, flax, bamboo, sisal, abaca, straw, corn cobs, corn stover, switchgrass, alfalfa, hay,

coconut hair, cotton, seaweed, algae, and mixtures thereof.
13. The method of claim 1 wherein the biomass {ibers are dertved from a
biomass feedstock that has internal fibers, and that hias been sheared to an extent that its

internal fibers are substantially exposed.

14. The method of claim 1 wherein the biomass fibers have a porosity greater

than 70%.
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15. The method of claim 1 wherein the biomass fibers are extruded or

coextruded.

16. The method of claim 1 wheremn the sheet is overlaid, folded, or in the form of

4 screen or mesh.

17. The method of claim 1 further comprising recovering the biomass fibers after

fermenting and reusing the fibers in a second, subsequent fermentation process.

18. The method of claim 1 wheremn the sheet is a multilayer sheet.

19. The method of claim 9 wherein irradiating is performed using an electron

beam.

20. The method of claim 1 wherein the oxidized biomass fibers are produced by
oxidizing a starting fibrous biomass to an extent that functional groups are generated on

the starting fibrous material.
21. The method of claim 7 wherein the functional groups are selected from the
group consisting of hydroxyl groups, aldehyde groups, ketone groups, ester groups or

carboxylic acid groups.

22. The method of claim 7 wherein the microorganism is bonded to the oxidized

biomass fibers through the functional groups.
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PROCESSING BIOMASS

ABSTRACT
Biomass {e.g., plant biomass, animal biomass, and municipal waste biomass) is
processed for use in the production of useful products, such as fuels. For example,
systems can use biomass materials, such as cellulosic and/or lignocellulosic materials, to
enhance the production of a product, e.g., the production of ethanol and/or butanocl by

fermentation.

Figure 1
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