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CARBOHYDRATES 

RELATED APPLICATIONS 

[0001] This application claims priority to Us. Provisional 
Application Ser. Nos. 61/049,405, ?led Apr. 30, 2008, 
61/073,530, ?led Jun. 18, 2008, 61/073,674, ?led Jun. 18, 
2008, and 61/139,453, ?led Dec. 19, 2008. The full disclosure 
of each of these provisional applications is incorporated 
herein by reference. 

BACKGROUND 

[0002] Various carbohydrates, such as cellulosic and ligno 
cellulosic materials, e.g., in ?brous form, are produced, pro 
cessed, and used in large quantities in a number of applica 
tions. 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. 

SUMMARY 

[0003] Biomass can be processed to alter its structure at one 
more levels. The processed biomass can then be used as 
source of materials and fuel. 
[0004] Many embodiments of this application use Natural 
ForceTM Chemistry. Natural Force Chemistry methods use 
the controlled application and manipulation of physical 
forces, such as particle beams, gravity, light, etc., to create 
intended structural and chemical molecular change. In pre 
ferred implementations, Natural ForceTM Chemistry methods 
alter molecular structure Without chemicals or microorgan 
isms. By applying the processes of Nature, neW useful matter 
can be created Without harmful environmental interference. 
[0005] Carbohydrate-containing materials (e.g., biomass 
materials or biomass-derived materials, such as starchy mate 
rials, cellulosic materials or lignocellulosic materials) can be 
treated and processed. In some instances, the carbohydrates 
described herein are more soluble, e. g., in Water, and are more 
readily utiliZed by microorganisms, e.g., during fermenta 
tion, in comparison to native carbohydrates, e.g., in their 
natural state. In addition, many of the carbohydrate materials 
described herein can be less prone to oxidation and can have 
enhanced long-term stability (e.g., to oxidation in air under 
ambient conditions). 
[0006] In one aspect, the invention features materials 
including a plurality of saccharide units arranged in a molecu 
lar chain. From about 1 out of every 2 to about 1 out of every 
250 saccharide units includes a carboxylic acid group, or an 
ester or salt thereof. In another aspect, materials include a 
plurality of such molecular chains. 
[0007] In some embodiments, from about 1 out of every 5 to 
about 1 out of every 250 saccharide units of each chain 
includes a carboxylic acid group, or an ester or salt thereof. 
For example, about 1 out of every 8 to about 1 out of every 100 
saccharide units of each chain includes a carboxylic acid 
group, or an ester or salt thereof In another aspect, about 1 out 
of every 10 to about 1 out of every 50 saccharide units of each 
chain includes a carboxylic acid group, or an ester or salt 
thereof. 
[0008] The materials can include, for example, di- or tri 
saccharides, or polymeric saccharides. 
[0009] In some embodiments, materials include a cellulo 
sic or lignocellulosic material. 
[0010] In some embodiments, the saccharide units include 
5 or 6 carbon saccharide units. In another embodiment, each 
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chain can have betWeen about 10 and about 200 saccharide 
units, e. g., betWeen about 10 and about 100 or betWeen about 
10 and about 50. For example, each chain includes hemicel 
lulose or cellulose. 

[0011] In some embodiments, the average molecular 
Weight of the materials relative to PEG standards can be from 
about 1,000 to about 1,000,000, such as betWeen 1,500 and 
200,000 or 2,000 and 10,000. For example, the average 
molecular Weight of the materials relative to PEG standards 
can be less than about 10,000. In some embodiments, of all 
carbohydrate inthe material, at least 10, 25, 50, 75, 80, 90, 95, 
or 98% of the carbohydrate has one or more of the above 
properties. Also featured is a preparation of such carbohy 
drate that is at least 50, 80, 90, 95, 98, or 99% pure. 
[0012] In some embodiments, each chain also includes sac 
charide units that include nitroso, nitro, or nitrile groups. 
[0013] In some embodiments, the material has a loW mois 
ture content, e.g., less than about 7.5, 5, 3, 2.5, 2, 1.5, 1, or 
0.5% percent Water by Weight. 
[0014] In another aspect, the invention features methods of 
providing functionaliZed carbohydrates that include provid 
ing a base material that includes a carbohydrate that includes 
a plurality of saccharide units; and treating the base material 
With accelerated particles in an oxidiZing environment to 
provide a functionaliZed carbohydrate in Which from about 1 
out of every 2 to about 1 out of every 250 saccharide units 
include a carboxylic acid group. 
[0015] In some embodiments, the base material is irradi 
ated. Radiation may be applied from a device that is in a vault. 
[0016] The term “?brous material,” as used herein, is a 
material that includes numerous loose, discrete and separable 
?bers. For example, a ?brous material can be prepared from a 
bleached Kraft paper ?ber source by shearing, e.g., With a 
rotary knife cutter. 
[0017] The term “screen,” as used herein, means a member 
capable of sieving material according to siZe. Examples of 
screens include a perforated plate, cylinder or the like, or a 
Wire mesh or cloth fabric. 
[0018] The term “plant biomass” and “lignocellulosic bio 
mass” refer to virtually any plant-derived organic matter 
(Woody or non-Woody) available for energy on a sustainable 
basis. 
[0019] Plant biomass can include, but is not limited to, 
agricultural or food crops (e.g., sugarcane, sugarbeets or corn 
kernels) or an extract therefrom (e.g., sugar from sugarcane 
and corn starch from corn), agricultural crop Wastes and resi 
dues such as corn stover, Wheat straW, rice straW, sugar cane 
bagasse, and the like. Plant biomass further includes, but is 
not limited to, trees, Woody energy crops, Wood Wastes and 
residues such as softWood forest thinnings, barky Wastes, 
saWdust, paper and pulp industry Waste streams, Wood ?ber, 
and the like. Additionally grass crops, such as sWitchgrass and 
the like have potential to be produced on a large-scale as 
another plant biomass source. For urban areas, the best poten 
tial plant biomass feedstock includes yard Waste (e.g., grass 
clippings, leaves, tree clippings, and brush) and vegetable 
processing Waste. Plant biomass also includes aquatic biom 
ass such as algae and seaWeed. 

[0020] “Lignocellulosic feedstock,” is any type of plant 
biomass such as, but not limited to, non-Woody plant biom 
ass, cultivated crops, such as, but not limited to, grasses, for 
example, but not limited to, C4 grasses, such as sWitchgrass, 
cord grass, rye grass, miscanthus, reed canary grass, or a 
combination thereof, or sugar processing residues such as 
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bagasse, or beet pulp, agricultural residues, for example, soy 
bean stover, corn stover, rice straw, rice hulls, barley straW, 
corn cobs, Wheat straW, canola straW, rice straW, oat straW, oat 
hulls, corn ?ber, recycled Wood pulp ?ber, saWdust, hard 
Wood, for example aspen Wood and saWdust, softwood, or a 
combination thereof Further, the lignocellulosic feedstock 
may include cellulosic Waste material such as, but not limited 
to, neWsprint, cardboard, saWdust, and the like. 
[0021] Lignocellulosic feedstock may include one species 
of ?ber or alternatively, lignocellulosic feedstock may 
include a mixture of ?bers that originate from different ligno 
cellulosic feedstocks. Furthermore, the lignocellulosic feed 
stock may comprise fresh lignocellulosic feedstock, partially 
dried lignocellulosic feedstock, fully dried lignocellulosic 
feedstock or a combination thereof. 

[0022] For the purposes of this disclosure, carbohydrates 
are materials that are composed entirely of one or more sac 
charide units or that include one or more saccharide units. 

Carbohydrates can be part of a supramolecular structure, e.g., 
covalently bonded into the structure. Examples of such mate 
rials include lignocellulosic materials, such as found in Wood. 
[0023] A “sheared material,” as used herein, is a material 
that includes discrete ?bers in Which at least about 50% of the 
discrete ?bers, have a length/diameter (L/D) ratio of at least 
about 5, and that has an uncompressed bulk density of less 
than about 0.6 g/cm3. A sheared material is thus different 
from a material that has been cut, chopped or ground. 
[0024] Unless otherWise de?ned, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. Although methods and materials similar or 
equivalent to those described herein can be used in the prac 
tice or testing of the present invention, suitable methods and 
materials are described beloW. All publications, patent appli 
cations, patents, and other references mentioned herein are 
incorporated by reference in their entirety. In case of con?ict, 
the present speci?cation, including de?nitions, Will control. 
In addition, the materials, methods, and examples are illus 
trative only and not intended to be limiting. All patents, patent 
applications and publications referenced herein are incorpo 
rated herein by reference in their entireties. 
[0025] This application incorporates by reference herein 
the entire contents of International Application No. PCT/ 
US2007/022719, ?led on Oct. 26, 2007. The full disclosures 
of each of the following US. patent applications, Which are 
being ?led concurrently hereWith, are hereby incorporated by 
reference herein: Attorney Docket Nos. 08995-0062001, 
08895-0063001, 08895-0070001, 08895-0073001, 08895 
0075001, 08895-0076001, 08895-0085001, 08895-0096001, 
and 08895-0103001. 
[0026] Other features and advantages of the invention Will 
be apparent from the folloWing detailed description, and from 
the claims. 

DESCRIPTION OF DRAWINGS 

[0027] FIG. 1 is block diagram illustrating conversion of a 
?ber source into a ?rst and second ?brous material. 

[0028] FIG. 2 is a cross-sectional vieW of a rotary knife 
cutter. 

[0029] FIG. 3 is block diagram illustrating conversion of a 
?ber source into a ?rst, second and third ?brous material. 

[0030] FIG. 4 is a block diagram illustrating a treatment 
sequence for processing feedstock. 
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[0031] FIG. 5 is a perspective, cut-aWay vieW of a gamma 
irradiator housed in a concrete vault. 
[0032] FIG. 6 is an enlargedperspective vieW of region R of 
FIG. 9. 
[0033] FIG. 7 is a schematic representation of biomass 
being ioniZed, and then oxidiZed or quenched. 
[0034] FIG. 8 is a scanning electron micrograph of a ?brous 
material produced from polycoated paper at 25x magni?ca 
tion. The ?brous material Was produced on a rotary knife 
cutter utiliZing a screen With 1/s inch openings. 
[0035] FIG. 9 is a scanning electron micrograph of a ?brous 
material produced from bleached Kraft board paper at 25x 
magni?cation. The ?brous material Was produced on a rotary 
knife cutter utiliZing a screen With 1/8 inch openings. 
[0036] FIG. 10 is a scanning electron micrograph of a 
?brous material produced from bleached Kraft board paper at 
25x magni?cation. The ?brous material Was tWice sheared on 
a rotary knife cutter utiliZing a screen With 1/16 inch openings 
during each shearing. 
[0037] FIG. 11 is a scanning electron micrograph of a 
?brous material produced from bleached Kraft board paper at 
25x magni?cation. The ?brous material Was thrice sheared on 
a rotary knife cutter. During the ?rst shearing, a 1/s inch screen 
Was used; during the second shearing, a 1/16 inch screen Was 
used, and during the third shearing a 1/32 inch screen Was used. 
[0038] FIG. 12 is an infrared spectrum of Kraft board paper 
sheared on a rotary knife cutter. 

[0039] FIG. 13 is an infrared spectrum of the Kraft paper of 
FIG. 12 after irradiation With 100 Mrad of gamma radiation. 
[0040] FIG. 14 is a l3C-NMR of sample P-l00e With a 
delay time of 1 minute betWeen pulses. 

DETAILED DESCRIPTION 

[0041] FunctionaliZed carbohydrates having desired types 
and amounts of functionality, such as carboxylic acid groups, 
nitrile groups, nitro groups, or nitroso groups, canbe prepared 
using the methods described herein. Such functionaliZed car 
bohydrates can be more soluble, easier to utiliZe by various 
microorganisms during fermentation or can be more stable 
over the long term. 

Types of Biomass 

[0042] Generally, any biomass material that includes car 
bohydrates composed entirely of one or more saccharide 
units or that include one or more saccharide units can be 

processed by any of the methods described herein. For 
example, the biomass material can be cellulosic or lignocel 
lulosic materials, starchy materials, such as kernels of corn, 
grains of rice or other foods, or materials that are or that 
include one or more loW molecular Weight sugars, such as 
sucrose or cellobiose. 

[0043] For example, such materials can include paper, 
paper products, Wood, Wood-related materials, particle board, 
grasses, rice hulls, bagasse, cotton, jute, hemp, ?ax, bamboo, 
sisal, abaca, straW, corn cobs, rice hulls, coconut hair, algae, 
seaWeed, cotton, synthetic celluloses, or mixtures of any of 
these. 
[0044] Fiber sources include cellulosic ?ber sources, 
including paper and paper products (e.g., polycoated paper 
and Kraft paper), and lignocellulosic ?ber sources, including 
Wood, and Wood-related materials, e.g., particleboard. Other 
suitable ?ber sources include natural ?ber sources, e.g., 
grasses, rice hulls, bagasse, cotton, jute, hemp, ?ax, bamboo, 
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sisal, abaca, straw, corn cobs, rice hulls, coconut hair; ?ber 
sources high in ot-cellulose content, e. g., cotton; and synthetic 
?ber sources, e.g., extruded yarn (oriented yarn or un-ori 
ented yarn). Natural or synthetic ?ber sources canbe obtained 
from virgin scrap textile materials, e.g., remnants or they can 
be post consumer Waste, e.g., rags. When paper products are 
used as ?ber sources, they can be virgin materials, e.g., scrap 
virgin materials, or they can be post-consumer Waste. Aside 
from virgin raW materials, po st-consumer, industrial and pro 
cessing Waste (e.g., effluent from paper processing) can also 
be used as ?ber sources. Also, the ?ber source can be obtained 
or derived from human (e. g., sewage), animal or plant Wastes. 
Additional ?ber sources have been described in US. Pat. Nos. 

6,448,307, 6,258,876, 6,207,729, 5,973,035 and 5,952,105. 
[0045] In some embodiments, the carbohydrate is or 
includes a material having one or more [3-1,4-linkages and 
having a number average molecular Weight betWeen about 
3,000 and 50,000. Such a carbohydrate is or includes cellu 
lose (I), Which is derived from ([3-glucose 1) through conden 
sation of [3(1Q4)-glycosidic bonds. This linkage contrasts 
itself With that for 0t(1Q4)-glycosidic bonds present in starch 
and other carbohydrates. 

HO 

0 
HO 
HO OH 

OH 
1 

OH 

HO OH 
._ \ O " , 

~O O O; 
0 

HO OH OH 

[0046] Starchy materials include starch itself, e.g., corn 
starch, Wheat starch, potato starch or rice starch, a derivative 
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, 
taro, yams, or one or more beans, such as favas, lentils orpeas. 
Blends of any one or more starchy materials are also a starchy 
material. In particular embodiments, the starchy material is 
derived from corn. Various corn starches and derivatives are 

described in “Corn Starch,” Corn Re?ners Association (11th 
Edition, 2006). 
[0047] Biomass materials that include loW molecular 
Weight sugars can, e.g., include at least about 0.5 percent by 
Weight of the loW molecular sugar, e.g., at least about 2, 3, 4, 
5, 6, 7, 8, 9, 10, 12.5, 25, 35, 50, 60, 70, 80, 90 or even at least 
about 95 percent by Wei ght of the loW molecular Weight sugar. 
In some instances, the biomass is composed substantially of 
the loW molecular Weight sugar, e.g., greater than 95 percent 
by Weight, such as 96, 97, 98, 99 or substantially 100 percent 
by Weight of the loW molecular Weight sugar. 

Feedstock Preparation 

[0048] In some cases, methods of processing begin With a 
physical preparation of the feedstock, e.g., siZe reduction of 
raW feedstock materials, such as by cutting, grinding, shear 
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ing or chopping. In some cases, loose feedstock (e.g., 
recycled paper, starchy materials, or sWitchgrass) is prepared 
by shearing or shredding. Screens and/ or magnets canbe used 
to remove oversiZed or undesirable objects such as, for 
example, rocks or nails from the feed stream. 
[0049] Feed preparation systems can be con?gured to pro 
duce feed streams With speci?c characteristics such as, for 
example, speci?c maximum siZes, speci?c length-to-Width, 
or speci?c surface areas ratios. As a part of feed preparation, 
the bulk density of feedstocks can be controlled (e.g., 
increased or decreased). 

SiZe Reduction 

[0050] In some embodiments, the material to be processed 
is in the form of a ?brous material that includes ?bers pro 
vided by shearing a ?ber source. For example, the shearing 
can be performed With a rotary knife cutter. 
[0051] For example, and by reference to FIG. 1, a ?ber 
source 210 is sheared, e.g., in a rotary knife cutter, to provide 
a ?rst ?brous material 212. The ?rst ?brous material 212 is 
passed through a ?rst screen 214 having an average opening 
siZe of 1.59 mm or less (1/16 inch, 0.0625 inch) to provide a 
second ?brous material 216. If desired, the ?ber source can be 
cut prior to the shearing, e.g., With a shredder. For example, 
When a paper is used as the ?ber source, the paper can be ?rst 
cut into strips that are, e.g., 1/4- to l/2-inch Wide, using a 
shredder, e. g., a counter-rotating screW shredder, such as 
those manufactured by Munson (Utica, N.Y). As an altema 
tive to shredding, the paper can be reduced in siZe by cutting 
to a desired siZe using a guillotine cutter. For example, the 
guillotine cutter can be used to cut the paper into sheets that 
are, e.g., 10 inches Wide by 12 inches long. 
[0052] In some embodiments, the shearing of ?ber source 
and the passing of the resulting ?rst ?brous material through 
the ?rst screen are performed concurrently. The shearing and 
the passing can also be performed in a batch-type process. 
[0053] For example, a rotary knife cutter can be used to 
concurrently shear the ?ber source and screen the ?rst ?brous 
material. Referring to FIG. 2, a rotary knife cutter 220 
includes a hopper 222 that can be loaded With a shredded ?ber 
source 224. Shredded ?ber source 224 is sheared betWeen 
stationary blades 230 and rotating blades 232 to provide a ?rst 
?brous material 240. First ?brous material 240 passes 
through screen 242, and the resulting second ?brous material 
244 is captured in bin 250. To aid in the collection of the 
second ?brous material, the bin can have a pressure beloW 
nominal atmospheric pressure, e. g., at least 10 percent beloW 
nominal atmospheric pressure, e. g., at least 25 percent beloW 
nominal atmospheric pressure, at least 50 percent beloW 
nominal atmospheric pressure, or at least 75 percent beloW 
nominal atmospheric pressure. In some embodiments, a 
vacuum source 252 is utiliZed to maintain the bin beloW 
nominal atmospheric pressure. 
[0054] Shearing can be advantageous for “opening up” and 
“stressing” the ?brous materials, making the cellulose of the 
materials more susceptible to chain scission and/or reduction 
of crystallinity. The open materials can also be more suscep 
tible to oxidation When irradiated in an oxidiZing environ 
ment. In addition, shearing generally makes a loW bulk den 
sity material that can be deeply penetrated With a beam of 
electrons. 
[0055] The ?ber source can be sheared in a dry state, a 
hydrated state (e.g., having up to ten percent by Weight 
absorbed Water), or in a Wet state, e. g., having betWeen about 
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10 percent and about 75 percent by Weight Water. The ?ber 
source can even be sheared While partially or fully submerged 
under a liquid, such as Water, ethanol, isopropanol. 
[0056] The ?ber source can also be sheared under a gas 
(such as a stream or atmosphere of gas other than air), e.g., 
oxygen or nitrogen, or steam. 

[0057] Other methods of making the ?brous materials 
include, e.g., stone grinding, mechanical ripping or tearing, 
pin grinding or air attrition milling. 
[0058] If desired, the ?brous materials can be separated, 
e.g., continuously or in batches, into fractions according to 
their length, Width, density, material type, or some combina 
tion of these attributes. For example, for forming composites, 
it is often desirable to have a relatively narroW distribution of 
?ber lengths. 
[0059] For example, ferrous materials can be separated 
from any of the ?brous materials by passing a ?brous material 
that includes a ferrous material past a magnet, e.g., an elec 
tromagnet, and then passing the resulting ?brous material 
through a series of screens, each screen having different siZed 
apertures. 
[0060] The ?brous materials can also be separated, e.g., by 
using a high velocity gas, e.g., air. In such an approach, the 
?brous materials are separated by draWing off different frac 
tions, Which can be characterized photonically, if desired. 
Such a separation apparatus is discussed in Lindsey et al, U.S. 
Pat. No. 6,883,667. 
[0061] The ?brous materials can be irradiated immediately 
folloWing their preparation, or they can may be dried, e. g., at 
approximately 105° C. for 4-18 hours, so that the moisture 
content is, e.g., less than about 0.5% before use. 

[0062] If desired, lignin can be removed from any of the 
?brous materials that include lignin. Also, to aid in the break 
doWn of the materials that include the cellulose, the material 
can be treated prior to irradiation With heat, a chemical (e.g., 
mineral acid, base or a strong oxidiZer such as sodium 
hypochlorite) and/or an enzyme. 

[0063] In some embodiments, the average opening siZe of 
the ?rst screen is less than 0.79 mm (1/32 inch, 0.03125 inch), 
e.g., less than 0.51 mm (1/50 inch, 0.02000 inch), less than 0.40 
mm (1/64 inch, 0.015625 inch), less than 0.23 mm (0.009 
inch), less than 0.20 mm (l/izs inch, 0.0078125 inch), less than 
0.18 mm (0.007 inch), less than 0.13 mm (0.005 inch), or even 
less than less than 0.10 mm (1/256 inch, 0.003 90625 inch). The 
screen is prepared by interWeaving mono?laments having an 
appropriate diameter to give the desired opening siZe. For 
example, the mono?laments can be made of a metal, e.g., 
stainless steel. As the opening siZes get smaller, structural 
demands on the mono?laments may become greater. For 
example, for opening siZes less than 0.40 mm, it can be 
advantageous to make the screens from mono?laments made 
from a material other than stainless steel, e.g., titanium, tita 
nium alloys, amorphous metals, nickel, tungsten, rhodium, 
rhenium, ceramics, or glass. In some embodiments, the 
screen is made from a plate, eg a metal plate, having aper 
tures, e.g., cut into the plate using a laser. In some embodi 
ments, the open area of the mesh is less than 52%, e.g., less 
than 41%, less than 36%, less than 31%, less than 30%. 
[0064] In some embodiments, the second ?brous is sheared 
and passed through the ?rst screen, or a different siZed screen. 
In some embodiments, the second ?brous material is passed 
through a second screen having an average opening siZe equal 
to or less than that of the ?rst screen. 
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[0065] Referring to FIG. 3, a third ?brous material 220 can 
be prepared from the second ?brous material 216 by shearing 
the second ?brous material 216 and passing the resulting 
material through a second screen 222 having an average 
opening siZe less than the ?rst screen 214. 
[0066] Generally, the ?bers of the ?brous materials can 
have a relatively large average length-to-diameter ratio (e. g., 
greater than 20-to-1), even if they have been sheared more 
than once. In addition, the ?bers of the ?brous materials 
described herein may have a relatively narroW length and/or 
length-to-diameter ratio distribution. 
[0067] As used herein, average ?ber Widths (diameters) are 
those determined optically by randomly selecting approxi 
mately 5,000 ?bers. Average ?ber lengths are corrected 
length-Weighted lengths. BET (Brunauer, Emmet and Teller) 
surface areas are multi-point surface areas, and porosities are 
those determined by mercury porosimetry. 
[0068] The average length-to-diameter ratio of the second 
?brous material 14 can be, e.g., greater than 8/ 1, e. g., greater 
than 10/ 1, greater than 15/1, greater than 20/ 1, greater than 
25/1, or greater than 50/1. An average length of the second 
?brous material 14 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 (i.e., diameter) of the second ?brous material 
14 can be, e.g., betWeen about 5 pm and 50 um, e.g., betWeen 
about 10 um and 30 um. 
[0069] In some embodiments, a standard deviation of the 
length of the second ?brous material 14 is less than 60 percent 
of an average length of the second ?brous material 14, e.g., 
less than 50 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. 
[0070] In some embodiments, a BET surface area of the 
second ?brous material is greater than 0.1 m2/ g, e.g., greater 
than 0.25 m2/ g, greater than 0.5 m2/ g, greater than 1.0 m2/ g, 
greater than 1.5 m2/ g, greater than 1.75 m2/ g, greater than 5.0 
m2/ g, greater than 10 m2/ g, greater than 25 m2/ g, greater than 
35 m2/g, greater than 50 m2/ g, greater than 60 m2/g, greater 
than 75 m2/g, greater than 100 m2/g, greater than 150 m2/g, 
greater than 200 m2/g, or even greater than 250 m2/g. A 
porosity of the second ?brous material 14 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, e.g., greater than 80 percent, greater 
than 85 percent, 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 99.5 percent. 
[0071] In some embodiments, a ratio of the average length 
to-diameter ratio of the ?rst ?brous material to the average 
length-to-diameter ratio of the second ?brous material is, e. g., 
less than 1.5, e.g., less than 1.4, less than 1.25, less than 1.1, 
less than 1.075, less than 1.05, less than 1.025, or even sub 
stantially equal to 1. 
[0072] Inparticular embodiments, the second ?brous mate 
rial is sheared again and the resulting ?brous material passed 
through a second screen having an average opening siZe less 
than the ?rst screen to provide a third ?brous material. In such 
instances, a ratio of the average length-to-diameter ratio of the 
second ?brous material to the average length-to-diameter 
ratio of the third ?brous material can be, e.g., less than 1.5, 
e.g., less than 1.4, less than 1.25, or even less than 1.1. 
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[0073] In some embodiments, the third ?brous material is 
passed through a third screen to produce a fourth ?brous 
material. The fourth ?brous material can be, e.g., passed 
through a fourth screen to produce a ?fth material. Similar 
screening processes can be repeated as many times as desired 
to produce the desired ?brous material having the desired 
properties. 

Radiation Treatment 

[0074] One or more irradiation processing sequences can 
be used to process raW feedstock from a Wide variety of 
different sources to extract useful substances from the feed 
stock, and to provide partially degraded organic material 
Which functions as input to further processing steps and/or 
sequences. Irradiation can reduce the molecular Weight and/ 
or crystallinity of feedstock. 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) electromag 
netic radiation, for example, gamma rays, x rays, or ultravio 
let rays. In one approach, radiation produced by radioactive 
substances can be used to irradiate the feedstock. In some 
embodiments, any combination in any order or concurrently 
of (1) through (3) may be utiliZed. In another approach, elec 
tromagnetic radiation (e.g., produced using electron beam 
emitters) can be used to irradiate the feedstock. The doses 
applied depend on the desired effect and the particular feed 
stock. For example, high doses of radiation can break chemi 
cal bonds Within feedstock components and loW doses of 
radiation can increase chemical bonding (e.g., cross-linking) 
Within feedstock components. In some instances When chain 
scission is desirable and/ or polymer chain functionaliZation is 
desirable, particles heavier than electrons, such as protons, 
helium nuclei, argon ions, silicon ions, neon ions, carbon 
ions, phoshorus ions, oxygen ions or nitrogen ions can be 
utiliZed. When ring-opening chain scission is desired, posi 
tively charged particles can be utiliZed for their LeWis acid 
properties for enhanced ring-opening chain scission. For 
example, When oxygen-containing functional groups are 
desired, irradiation in the presence of oxygen or even irradia 
tion With oxygen ions can be performed. For example, When 
nitrogen-containing functional groups are desirable, irradia 
tion in the presence of nitrogen or even irradiation With nitro 
gen ions can be performed. 
[0075] Referring to FIG. 4, in one method, a ?rst material 2 
that is or includes cellulose having a ?rst number average 
molecular Weight (TMNI) is irradiated in an oxidiZing envi 
ronment, e. g., by treatment in air With ioniZing radiation (e. g., 
in the form of gamma radiation, X-ray radiation, 100 nm to 
280 nm ultraviolet (UV) light, a beam of electrons or other 
charged particles) to provide a second material 3 that includes 
cellulose having a second number average molecular Weight 
(TMNZ) loWer than the ?rst number average molecular Weight. 
The second material (or the ?rst and second material) can be 
combined With a microorganism (e. g., a bacterium or a yeast) 
that can utiliZe the second and/or ?rst material to produce a 
fuel 5 that is or includes hydrogen, an alcohol (e. g., ethanol or 
butanol, such as n-, sec- or t-butanol), an organic acid, a 
hydrocarbon or mixtures of any of these. 
[0076] Since the second material 3 has cellulose having a 
reduced molecular Weight relative to the ?rst material, and in 
some instances, a reduced crystallinity as Well, the second 

Dec. 17, 2009 

material is generally more dispersible, sWellable and/or 
soluble in a solution containing a microorganism. These 
properties make the second material 3 more susceptible to 
chemical, enZymatic and/or biological attack relative to the 
?rst material 2, Which can greatly improve the production rate 
and/or production level of a desired product, e.g., ethanol. 
Radiation can also steriliZe the materials. 
[0077] In some embodiments, the second number average 
molecular Weight (MNZ) is loWer than the ?rst number aver 
age molecular Weight (TMNI) by more than about 10 percent, 
e.g., 15, 20, 25, 30, 35, 40, 50 percent, 60 percent, or even 
more than about 75 percent. 
[0078] In some instances, the second material has cellulose 
that has as crystallinity (TC2) that is loWer than the crystallin 
ity (T C1) of the cellulose of the ?rst material. For example, 
(TC2) can be loWer than (T C1) by more than about 10 percent, 
e.g., 15, 20, 25, 30, 35, 40, or even more than about 50 
percent. 
[0079] In some embodiments, the starting crystallinity 
index (prior to irradiation) is from about 40 to about 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 irra 
diation is 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, e.g., after extensive irradia 
tion, it is possible to have a crystallinity index of loWer than 5 
percent. In some embodiments, the material after irradiation 
is substantially amorphous. 
[0080] In some embodiments, the starting number average 
molecular Weight (prior to irradiation) is 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 to about 700,000, and the number 
average molecular 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 pos 
sible to have a number average molecular Weight of less than 
about 10,000 or even less than about 5,000. 
[0081] In some embodiments, the second material can have 
a level of oxidation (T02) that is higher than the level of 
oxidation (T01) of the ?rst material. A higher level of oxida 
tion of the material can aid in its dispersibility, sWellability 
and/ or solubility, further enhancing the materials susceptibil 
ity to chemical, enZymatic or biological attack. 

IoniZing Radiation 

[0082] Each form of radiation ioniZes the biomass via par 
ticular interactions, as determined by the energy of the radia 
tion. Heavy charged particles primarily ioniZe matter via 
Coulomb scattering; furthermore, these interactions produce 
energetic electrons that may further ioniZe matter. Alpha par 
ticles are identical to the nucleus of a helium atom and are 
produced by the alpha decay of various radioactive nuclei, 
such as isotopes of bismuth, polonium, astatine, radon, fran 
cium, radium, several actinides, such as actinium, thorium, 
uranium, neptunium, curium, californium, americium, and 
plutonium. 
[0083] When particles are utiliZed, they can be neutral (un 
charged), positively charged or negatively charged. When 
charged, the charged particles can bear a single positive or 
negative charge, or multiple charges, e.g., one, tWo, three or 
even four or more charges. In instances in Which chain scis 
sion is desired, positively charged particles may be desirable, 
in part, due to their acidic nature. When particles are utiliZed, 
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the particles can have the mass of a resting electron, or 
greater, e.g., 500, 1000, 1500, or 2000 or more times the mass 
of a resting electron. For example, the particles can have a 
mass of from about 1 atomic unit to about 150 atomic units, 
e.g., from about 1 atomic unit to about 50 atomic units, or 
from about 1 to about 25, e.g., 1, 2, 3, 4, 5, 10, 12 or 15 amu. 
Accelerators used to accelerate the particles can be electro 
static DC, electrodynamic DC, RF linear, magnetic induction 
linear or continuous Wave. For example, cyclotron type accel 
erators are available from IBA, Belgium, such as the Rhodot 
ron® system, While DC type accelerators are available from 
RDI, noW IBA Industrial, such as the Dynamitron®. Ions and 
ion accelerators are discussed in Introductory Nuclear Phys 
ics, Kenneth S. Krane, John 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 Mar. 2006, IWata, Y. et al., 
"Alternating-Phase-Focused IH-DTL for Heavy-Ion Medical 
Accelerators”, Proceedings of EPAC 2006, Edinburgh, Scot 
land, and Leitner, C. M. et al., “Status of the Superconducting 
ECR Ion Source Venus”, Proceedings of EPAC 2000, Vienna. 
Typically, generators are housed in a vault, e.g., of lead or 
concrete. 

[0084] Electrons interact via Coulomb scattering and 
brems sthrahlung radiation produced by changes in the veloc 
ity of electrons. Electrons may be produced by radioactive 
nuclei that undergo beta decay, such as isotopes of iodine, 
cesium, technetium, and iridium. Alternatively, an electron 
gun can be used as an electron source via thermionic emis 
sion. 
[0085] Electromagnetic radiation interacts via three pro 
cesses: photoelectric absorption, Compton scattering, and 
pair production. The dominating interaction is determined by 
the energy of the incident radiation and the atomic number of 
the material. The summation of interactions contributing to 
the absorbed radiation in cellulosic material can be expressed 
by the mass absorption coef?cient (see “Ionization Radia 
tion” in PCT/US2007/ 022719). 
[0086] Electromagnetic radiation is subclassi?ed as 
gamma rays, x rays, ultraviolet rays, infrared rays, micro 
Waves, or radioWaves, depending on its Wavelength. 
[0087] For example, gamma radiation can be employed to 
irradiate the materials. Referring to FIGS. 5 and 6 (an 
enlarged vieW of region R), a gamma irradiator 10 includes 
gamma radiation sources 408, e.g., 6OCo pellets, a Working 
table 14 for holding the materials to be irradiated and storage 
16, e.g., made of a plurality iron plates, all of Which are 
housed in a concrete containment chamber (vault) 20 that 
includes a maZe entranceWay 22 beyond a lead-lined door 26. 
Storage 16 includes a plurality of channels 30, e.g., sixteen or 
more channels, alloWing the gamma radiation sources to pass 
through storage on their Way proximate the Working table. 
[0088] In operation, the sample to be irradiated is placed on 
a Working table. The irradiator is con?gured to deliver the 
desired dose rate and monitoring equipment is connected to 
an experimental block 31. The operator then leaves the con 
tainment chamber, passing through the maZe entranceWay 
and through the lead-lined door. The operator mans a control 
panel 32, instructing a computer 33 to lift the radiation 
sources 12 into Working positionusing cylinder 36 attached to 
a hydraulic pump 40. 
[0089] Gamma radiation has the advantage of a signi?cant 
penetration depth into a variety of materials in the sample. 
Sources of gamma rays include radioactive nuclei, such as 
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isotopes of cobalt, calcium, technicium, chromium, gallium, 
indium, iodine, iron, krypton, samarium, selenium, sodium, 
thalium, and xenon. 
[0090] Sources of x rays include electron beam collision 
With metal targets, such as tungsten or molybdenum or alloys, 
or compact light sources, such as those produced commer 
cially by Lyncean. 
[0091] Sources for ultraviolet radiation include deuterium 
or cadmium lamps. 
[0092] Sources for infrared radiation include sapphire, 
Zinc, or selenide WindoW ceramic lamps. 
[0093] Sources for microWaves include klystrons, Slevin 
type RF sources, or atom beam sources that employ hydro 
gen, oxygen, or nitrogen gases. 

Electron Beam 

[0094] In some embodiments, a beam of electrons is used as 
the radiation source. A beam of electrons has the advantages 
of high dose rates (e.g., 1, 5, or even 10 Mrad per second), 
high throughput, less containment, and less con?nement 
equipment. Electrons can also be more ef?cient at causing 
chain scission. In addition, electrons having energies of 4-10 
MeV can have a penetration depth of 5 to 30 mm or more, 
such as 40 mm. In loW bulk density materials, e.g., materials 
having a bulk density of less than about 0.35 grams per cubic 
centimeter, penetration depths can be even higher. For 
example, With a 5 MeV electron gun, penetration through a 
loW bulk density material can be 5 to 6 inches or more. 
[0095] Electron beams can be generated, e.g., by electro 
static generators, cascade generators, transformer generators, 
loW energy accelerators With a scanning system, loW energy 
accelerators With a linear cathode, linear accelerators, and 
pulsed accelerators. Electrons as an ioniZing radiation source 
can be useful, e.g., for relatively thin piles of materials, 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 about 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. In other embodiments, the energy of each electron is at 
least about 3 MeV, e.g., at least about 4, 5 or 6 MeV. 
[0096] Electron beam irradiation devices may be procured 
commercially from Ion Beam Applications, Louvain-la 
Neuve, Belgium or the Titan Corporation, San Diego, Calif. 
Typical electron energies can be 1 MeV, 2 MeV, 4.5 MeV, 7.5 
MeV, or 10 MeV. Typical electron beam irradiation device 
poWer can be 1 kW, 5 kW, 10 kW, 20 kW, 50 kW, 100 kW, 250 
kW, or 500 kW. Typical doses may take values of 1 kGy, 5 
kGy, 10 kGy, 20 kGy, 50 kGy, 100 kGy, or 200 kGy. 

Irradiating Devices 

[0097] Various irradiating devices may be used in the meth 
ods disclosed herein, including ?eld ioniZation sources, elec 
trostatic ion separators, ?eld ioniZation generators, thermi 
onic emission sources, microWave discharge ion sources, 
recirculating or static accelerators, dynamic linear accelera 
tors, van de Graaff accelerators, and folded tandem accelera 
tors. Such devices are disclosed, for example, in US. Provi 
sional Application Ser. No. 61/073,665, the complete 
disclosure of Which is incorporated herein by reference. 

Electromagnetic Radiation 

[0098] In embodiments in Which the irradiating is per 
formed With electromagnetic radiation, the electromagnetic 
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radiation can have, e. g., energy per photon (in electron volts) 
ofgreater than 102 eV, e.g., greater than 103, 104, 105, 106, or 
even greater than 107 eV. In some embodiments, the electro 
magnetic radiation has energy per photon of betWeen 104 and 
107, e.g., betWeen 105 and 106 eV. The electromagnetic radia 
tion can have a frequency of, e. g., greater than 1016 HZ, 
greater than 1017 HZ, 1018, 1019, 1020, or even greater than 
1021 HZ. In some embodiments, the electromagnetic radiation 
has a frequency of between 1018 and 1022 HZ, e.g., between 
1019 to 1021 HZ. 

Doses 

[0099] In some embodiments, the irradiating (With any 
radiation source or a combination of sources) is performed 
until the material receives a dose of 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 about 25, at least about 50, at least about 
70, or at least about 80 MRad. In some embodiments, the 
irradiating is performed until the material receives a dose of 
betWeen 1.0 Mrad and 50 Mrad, e.g., betWeen 1.5 Mrad and 
40 Mrad. 

[0100] In some embodiments, the irradiating is performed 
at a dose rate of betWeen 5.0 and 1500.0 kilorads/hour, e.g., 
betWeen 10.0 and 750.0 kilorads/hour or betWeen 50.0 and 
350.0 kilorads/hours. 

[0101] In some embodiments, tWo or more radiation 
sources are used, such as tWo or more ioniZing radiations. For 

example, samples can be treated, in any order, With a beam of 
electrons, folloWed by gamma radiation and UV light having 
Wavelengths from about 100 nm to about 280 nm. In some 
embodiments, samples are treated With three ioniZing radia 
tion sources, such as a beam of electrons, gamma radiation, 
and energetic UV light. 

Quenching and Controlled FunctionaliZation of Biomass 

[0102] After treatment With one or more ioniZing radia 
tions, such as photonic radiation (e.g., X-rays or gamma 
rays), e-beam radiation or particles heavier than electrons that 
are positively or negatively charged (e.g., protons or carbon 
ions), any of the carbohydrate-containing materials or mix 
tures described herein become ioniZed; that is, they include 
radicals at levels that are detectable With an electron spin 
resonance spectrometer. The current practical limit of detec 
tion of the radicals is about 1014 spins at room temperature. 
After ioniZation, any biomass material that has been ioniZed 
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 suf?cient 
pressure to the biomass and/or utiliZing a ?uid in contact With 
the ioniZed biomass, such as a gas or liquid, that reacts With 
(quenches) the radicals. The use of a gas or liquid to at least 
aid in the quenching of the radicals also alloWs the operator to 
control functionaliZation of the ioniZed biomass With a 
desired amount and kinds of functional groups, such as car 
boxylic acid groups, enol groups, aldehyde groups, nitro 
groups, nitrile groups, amino groups, alkyl amino groups, 
alkyl groups, chloroalkyl groups or chloro?uoroalkyl groups. 
In some instances, such quenching can improve the stability 
of some of the ioniZed biomass materials. For example, 
quenching can improve the resistance of the biomass to oxi 
dation. FunctionaliZation can also improve the solubility of 
any biomass described herein, can improve its thermal stabil 
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ity, and can improve material utiliZation by various microor 
ganisms. For example, the functional groups imparted to the 
biomass material by quenching can act as receptor sites for 
attachment by microorganisms, e.g., to enhance cellulose 
hydrolysis by various microorganisms. 
[0103] FIG. 7 illustrates changing a molecular and/or a 
supramolecular structure of a biomass feedstock by pretreat 
ing the biomass feedstock With ioniZing radiation, such as 
With electrons or ions of su?icient energy to ioniZe the bio 
mass feedstock, to provide a ?rst level of radicals. As shoWn 
in FIG. 7, if the ioniZed biomass remains in the atmosphere, it 
Will be oxidiZed, such as to an extent that carboxylic acid 
groups are generated by reacting With the atmospheric oxy 
gen in air. In some instances With some materials, such oxi 
dation is desired because it can aid in the further breakdoWn 
in molecular Weight of the carbohydrate-containing biomass, 
and the oxidation groups, e. g., 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, e. g., longer than 1 day, 5 days, 30 days, 
3 months, 6 months or even longer than 1 year, material 
properties can continue to change over time, Which in some 
instances can be undesirable. Detecting radicals in irradiated 
samples by electron spin resonance spectroscopy and radical 
lifetimes in such samples is discussed in Bartolotta et al., 
Physics in Medicine and Biology, 46 (2001), 461 -471 and in 
Bartolotta et al., Radiation Protection Dosimetry, Vol. 84, 
Nos. 1-4, pp. 293-296 (1 999). As shoWn in FIG. 7, the ioniZed 
biomass can be quenched to functionaliZe and/or to stabiliZe 
the ioniZed biomass. At any point, e.g., When the material is 
“alive”, “partially alive” or fully quenched, the pretreated 
biomass can be converted into a product. 

[0104] In some embodiments, the quenching includes an 
application of pressure to the biomass, such as by mechani 
cally deforming the biomass, e. g., directly mechanically 
compressing the biomass in one, tWo, or three dimensions, or 
applying pres sure to a ?uid 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 suf?cient proximity so that the radi 
cals can recombine, or react With another group. In some 
instances, the pres sure is applied together With the application 
of heat, such as a su?icient quantity of heat to elevate the 
temperature of the biomass to above a melting point or soft 
ening point of a component of the biomass, such as lignin, 
cellulose or hemicellulose. Heat can improve molecular 
mobility in the polymeric 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. 

[0105] In some embodiments, quenching includes contact 
ing the biomass With a ?uid, such as a liquid or gas, e.g., a gas 
capable of reacting With the radicals, such as acetylene or a 
mixture of acetylene in nitrogen, ethylene, chlorinated ethyl 
enes or chloro?uoroethylenes, propylene or mixtures of these 
gases. In other particular embodiments, quenching includes 
contacting the biomass With a liquid, e.g., a liquid 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 speci?c embodiments, the quenching includes con 
tacting the biomass With an antioxidant, such as Vitamin E. If 
desired, the biomass feedstock can include an antioxidant 




















