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ENHANCED SOLUBLE C5 SACCHARIDE YIELDS 

CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims benefit to U.S. Application No. 61/482,437 filed May 4, 2011, 

the entire disclosure of which is incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The present invention generally relates to methods of increasing the yields of 

fermentable C5 sugars from lignocellulosic biomass. More particularly, it relates to methods of 

increasing the yields of fermentable C5 sugars from lignocellulosic biomass using steps that 

maximize monomer formation and minimize the formation of degradation products. 

BACKGROUND OF THE INVENTION 

[0003] There exist methods for converting lignocellulosic biomass into fermentable C5 sugars. 

Several of these methods first produce oligomers of the C5 sugars, which are then hydrolyzed to 

form fermentable streams of monomers of C5 sugars. Problems exist with current methods, 

including, inter alia, that the soluble higher molecular weight oligomers recondense back to 

insoluble oligomers. To counter this problem, the methods may be performed to drive the 

hydrolysis of the biomass towards monomer. However, these more stringent conditions often 

lead to degradation products, such as acids that inhibit fermentation. Also, there are separation 

challenges as well. It would, therefore, be beneficial to develop methods that avoid this tradeoff 

to maximize monomer formation and to minimize the formation of degradation products. The 

methods and compositions of the present invention are directed toward these, as well as other, 

important ends. 
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SUMMARY OF THE INVENTION 

[0004] In one embodiment, the invention is directed to methods of increasing the level of 

soluble C5 saccharides produced from lignocellulosic biomass, comprising: 

providing a fractionated lignocellulosic biomass comprising: 

a solid fraction comprising: 

optionally, insoluble C5 oligosaccharide; 

cellulose; and 

lignin; and 

a first liquid fraction at a first temperature and a first pressure comprising: 

soluble C5 saccharides selected from the group consisting of C5 

oligosaccharides, xylose, arabinose, lyxose, ribose, and mixtures thereof; 

wherein said soluble C5 saccharides are present at a first level; 

acidifying said fractionated lignocellulosic biomass to form a second liquid fraction 

comprising said soluble C5 saccharides at a second level and at a second temperature; 

wherein said second level is higher than said first level; 

optionally, separating said solid fraction from said second liquid fraction; and 

optionally, hydrolyzing said second liquid fraction to form C5 saccharides selected from 

the group consisting of C5 oligosaccharides having fewer mer units, C5 monosaccharides, and 

mixtures thereof. 

[0005] In another embodiment, the invention is directed to methods of increasing the level of 

soluble C5 saccharides produced from lignocellulosic biomass, comprising: 

providing a fractionated lignocellulosic biomass comprising: 

a solid fraction comprising: 

optionally, insoluble C5 oligosaccharide; 

cellulose; and 

lignin; and 

a first liquid fraction at a first temperature and a first pressure comprising: 

soluble C5 saccharides selected from the group consisting of C5 

oligosaccharides, xylose, arabinose, lyxose, ribose, and mixtures thereof; 
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wherein said soluble C5 saccharides are present at a first level; 

optionally, separating said solid fraction from said first liquid fraction at a second 

pressure; 

wherein said first pressure and said second pressure are substantially the same; 

contacting said first liquid fraction with a solid acid catalyst to form a second liquid 

fraction comprising said soluble C5 saccharides at a second level and at a second temperature; 

wherein said second level is greater than said first level; 

optionally, hydrolyzing said second liquid fraction to form C5 saccharides selected from 

the group consisting of C5 oligosaccharides having fewer mer units, C5 monosaccharides, and 

mixtures thereof. 

[0006] In yet other embodiments, the invention is directed to methods of increasing the level of 

fermentative product or catalytic product produced from lignocellulosic biomass, comprising: 

providing a fractionated lignocellulosic biomass comprising: 

a solid fraction comprising: 

optionally, insoluble C5 oligosaccharide; 

cellulose; and 

lignin; and 

a first liquid fraction at a first temperature and a first pressure comprising: 

soluble C5 saccharides selected from the group consisting of C5 

oligosaccharides, xylose, arabinose, lyxose, ribose, and mixtures thereof; 

wherein said soluble C5 saccharides are present at a first level; 

acidifying said fractionated lignocellulosic biomass to form a second liquid fraction 

comprising said soluble C5 saccharides at a second level and at a second temperature; 

wherein said second level is greater than said first level; 

optionally, separating said solid fraction from said second liquid fraction; 

hydrolyzing said second liquid fraction to form C5 oligosaccharides having fewer mer 

units, C5 monosaccharides, and mixtures thereof; and 

fermenting, catalyzing, or fermenting and catalyzing said C5 saccharides to form said 

fermentation product, said catalytic product, or a combination thereof. 
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[0007] In yet other embodiments, the invention is directed to products produced by the 

methods of the invention. 

[0008] In yet other embodiments, the invention is directed to compositions, comprising: 

soluble C5 oligosaccharides capable of being membrane separated, preferably having 

have about 2 mer units to about 15 mer units; and 

water; 

wherein said composition has a pH of about 1.5 to about 6.0; and 

wherein said soluble C5 oligosaccharides have about 2 mer units to about 15 mer units. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The accompanying drawings, which are included to provide a further understanding of 

the invention and are incorporated in and constitute a part of this specification, illustrate 

embodiments of the invention and together with the description serve to explain the principles 

of the invention. In the drawings: 

[0010] FIGURE 1 is a schematic diagram showing the acidification step after separation of the 

solid fraction from first liquid fraction for one embodiment of the invention. 

[0011] FIGURE 2 is a schematic diagram showing the acidification step using a solid acid 

catalyst for one embodiment of the invention. 

[0012] FIGURE 3 is a schematic diagram showing the acidification step using an immobilized 

enzyme for one embodiment of the invention. 

[0013] FIGURE 4 is a schematic diagram showing the acidification step before the separation 

of the solid fraction from first fraction for one embodiment of the invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0014] As employed above and throughout the disclosure, the following terms, unless 

otherwise indicated, shall be understood to have the following meanings. 

[0015] As used herein, the singular forms "a," "an," and "the" include the plural reference 

unless the context clearly indicates otherwise. 

[0016] While the present invention is capable of being embodied in various forms, the 

description below of several embodiments is made with the understanding that the present 

disclosure is to be considered as an exemplification of the invention, and is not intended to limit 

the invention to the specific embodiments illustrated. Headings are provided for convenience 

only and are not to be construed to limit the invention in any manner. Embodiments illustrated 

under any heading may be combined with embodiments illustrated under any other heading. 

[0017] The use of numerical values in the various quantitative values specified in this 

application, unless expressly indicated otherwise, are stated as approximations as though the 

minimum and maximum values within the stated ranges were both preceded by the word 

"about." In this manner, slight variations from a stated value can be used to achieve substantially 

the same results as the stated value. Also, the disclosure of ranges is intended as a continuous 

range including every value between the minimum and maximum values recited as well as any 

ranges that can be formed by such values. Also disclosed herein are any and all ratios (and 

ranges of any such ratios) that can be formed by dividing a recited numeric value into any other 

recited numeric value. Accordingly, the skilled person will appreciate that many such ratios, 

ranges, and ranges of ratios can be unambiguously derived from the numerical values presented 

herein and in all instances such ratios, ranges, and ranges of ratios represent various 

embodiments of the present invention. 

[0018] A supercritical fluid is a fluid at a temperature above its critical temperature and at a 

pressure above its critical pressure. A supercritical fluid exists at or above its "critical point," the 

point of highest temperature and pressure at which the liquid and vapor (gas) phases can exist in 
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equilibrium with one another. Above critical pressure and critical temperature, the distinction 

between liquid and gas phases disappears. A supercritical fluid possesses approximately the 

penetration properties of a gas simultaneously with the solvent properties of a liquid. 

Accordingly, supercritical fluid extraction has the benefit of high penetrability and good 

solvation. 

[0019] Reported critical temperatures and pressures include: for pure water, a critical 

temperature of about 374.2°C, and a critical pressure of about 221 bar; for carbon dioxide, a 

critical temperature of about 31°C and a critical pressure of about 72.9 atmospheres (about 1072 

psig). Near-critical water has a temperature at or above about 300°C and below the critical 

temperature of water (374.2°C), and a pressure high enough to ensure that all fluid is in the 

liquid phase. Sub-critical water has a temperature of less than about 300°C and a pressure high 

enough to ensure that all fluid is in the liquid phase. Sub-critical water temperature may be 

greater than about 250°C and less than about 300°C, and in many instances sub-critical water has 

a temperature between about 250°C and about 280°C. The term "hot compressed water" is used 

interchangeably herein for water that is at or above its critical state, or defined herein as near-

critical or sub-critical, or any other temperature above about 50°C but less than subcritical and at 

pressures such that water is in a liquid state 

[0020] As used herein, a fluid which is "supercritical" (e.g. supercritical water, supercritical 

CO2, etc.) indicates a fluid which would be supercritical if present in pure form under a given set 

of temperature and pressure conditions. For example, "supercritical water" indicates water 

present at a temperature of at least about 374.2°C and a pressure of at least about 221 bar, 

whether the water is pure water, or present as a mixture (e.g. water and ethanol, water and CO2, 

etc). Thus, for example, "a mixture of sub-critical water and supercritical carbon dioxide" 

indicates a mixture of water and carbon dioxide at a temperature and pressure above that of the 

critical point for carbon dioxide but below the critical point for water, regardless of whether the 

supercritical phase contains water and regardless of whether the water phase contains any carbon 

dioxide. For example, a mixture of sub-critical water and supercritical CO2 may have a 

temperature of about 250°C to about 280°C and a pressure of at least about 225 bar. 
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[0021] As used herein, "continuous" indicates a process which is uninterrupted for its duration, 

or interrupted, paused or suspended only momentarily relative to the duration of the process. 

Treatment of biomass is "continuous" when biomass is fed into the apparatus without 

interruption or without a substantial interruption, or processing of said biomass is not done in a 

batch process. 

[0022] As used herein, "resides" indicates the length of time which a given portion or bolus of 

material is within a reaction zone or reactor vessel. The "residence time," as used herein, 

including the examples and data, are reported at ambient conditions and are not necessarily 

actual time elapsed. 

[0023] As used herein, "lignocellulosic biomass or a component part thereof' refers to plant 

biomass containing cellulose, hemicellulose, and lignin from a variety of sources, including, 

without limitation (1) agricultural residues (including corn stover and sugarcane bagasse), (2) 

dedicated energy crops, (3) wood residues (including sawmill and paper mill discards), and (4) 

municipal waste, and their constituent parts including without limitation, lignocellulose biomass 

itself, lignin, C6 saccharides (including cellulose, cellobiose, C6 oligosaccharides, C6 

monosaccharides, and C5 saccharides (including hemicellulose, C5 oligosaccharides, and C5 

monosaccharides). 

[0024] In one embodiment, the invention is directed to methods of increasing the level of 

soluble C5 saccharides produced from lignocellulosic biomass, comprising: 

providing a fractionated lignocellulosic biomass comprising: 

a solid fraction comprising: 

optionally, insoluble C5 oligosaccharide; 

cellulose; and 

lignin; and 

a first liquid fraction at a first temperature and a first pressure comprising: 

soluble C5 saccharides selected from the group consisting of C5 

oligosaccharides, xylose, arabinose, lyxose, ribose, and mixtures thereof; 

wherein said soluble C5 saccharides are present at a first level; 
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acidifying said fractionated lignocellulosic biomass to form a second liquid fraction 

comprising said soluble C5 saccharides at a second level and at a second temperature; 

wherein said second level is greater than said first level; 

optionally, separating said solid fraction from said second liquid fraction; and 

optionally, hydrolyzing said second liquid fraction to form C5 saccharides selected from 

the group consisting of C5 oligosaccharides having fewer mer units, xylose, arabinose, lyxose, 

ribose, and mixtures thereof. The method is shown schematically in FIGURE 1. 

[0025] In another embodiment, the invention is directed to methods of increasing the level of 

soluble C5 saccharides produced from lignocellulosic biomass, comprising: 

providing a fractionated lignocellulosic biomass comprising: 

a solid fraction comprising: 

optionally, insoluble C5 oligosaccharide; 

cellulose; and 

lignin; and 

a first liquid fraction at a first temperature and a first pressure comprising: 

soluble C5 saccharides selected from the group consisting of C5 

oligosaccharides, xylose, arabinose, lyxose, ribose, and mixtures thereof; 

wherein said soluble C5 saccharides are present at a first level; 

optionally, separating said solid fraction from said first liquid fraction at a second 

pressure; 

wherein said first pressure and said second pressure are substantially the same; 

contacting said first liquid fraction with a solid acid catalyst to form a second liquid 

fraction comprising said soluble C5 saccharides at a second level and at a second temperature 

(acidifying step); 

wherein said second level is greater than said first level; and 

optionally, hydrolyzing said second liquid fraction to form C5 saccharides selected from 

the group consisting of C5 oligosaccharides having fewer mer units, xylose, arabinose, lyxose, 

ribose, and mixtures thereof. The method is shown schematically in FIGURE 1. 
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[0026] In yet other embodiments, the invention is directed to methods of increasing the level of 

fermentation product or catalytic product produced from lignocellulosic biomass, comprising: 

providing a fractionated lignocellulosic biomass comprising: 

a solid fraction comprising: 

optionally, insoluble C5 oligosaccharide; 

cellulose; and 

lignin; and 

a first liquid fraction at a first temperature and a first pressure comprising: 

soluble C5 saccharides selected from the group consisting of C5 

oligosaccharides, xylose, arabinose, lyxose, ribose, and mixtures thereof; 

wherein said soluble C5 saccharides are present at a first level; 

acidifying said fractionated lignocellulosic biomass to form a second liquid fraction 

comprising said soluble C5 saccharides at a second level and at a second temperature; 

wherein said second level is greater than said first level; 

optionally, separating said solid fraction from said second liquid fraction; 

hydrolyzing said second liquid fraction to form C5 saccharides selected from the group 

consisting of C5 oligosaccharides having fewer mer units, xylose, arabinose, lyxose, ribose, and 

mixtures thereof; and 

fermenting, catalyzing, or fermenting and catalyzing said C5 saccharides to form said 

fermentation product, said catalytic product, or a combination thereof. 

[0027] The acidifying step may be accomplished in a number of ways, including adding an 

aqueous acid (as shown schematically in FIGURE 1 and FIGURE 4), contacting with a gaseous 

compound that forms acid in situ, and/or contacting with a solid acid catalyst (as shown 

schematically in FIGURE 2). The addition of acid hydrolyzes soluble higher molecular weight 

C5 oligosaccharides and/or insoluble C5 oligosaccharides to form more soluble lower molecular 

weight C5 oligosaccharides, such that the second level of the soluble C5 saccharides is greater 

than the first level of the soluble C5 saccharides. The addition of acid shifts MW distribution of 

soluble higher molecular weight C5 oligosaccharides to a lower average molecular weight, such 

that the soluble C5 saccharides in second liquid fraction have an average molecular weight that 

is lower than the average molecular weight of the soluble C5 saccharides in the first liquid 

-9-



WO 2012/151526 PCT/US2012/036597 

fraction. For example, the C5 oligosaccharides in the first liquid fraction have about 2 mer units 

to about 25 mer units; and the C5 oligosaccharides in the second liquid fraction have about 2 mer 

units to about 15 mer units. 

[0028] In certain embodiments, the acidifying step comprises adding to the fractionated 

lignocellulosic biomass (as shown schematically in FIGURE 4) or to the first liquid fraction (as 

shown schematically in FIGURE 1) at least one aqueous acid selected from the group consisting 

of an organic acid, an inorganic acid, and mixtures thereof. Suitable inorganic acid include, but 

are not limited to: sulfuric acid, sulfonic acid, phosphoric acid, phosphonic acid, nitric acid, 

nitrous acid, hydrochloric acid, hydrofluoric acid, hydrobromic acid, hydroiodic acid. Suitable 

organic acids include, but are not limited to, aliphatic carboxylic acids (such as acetic acid and 

formic acid), aromatic carboxylic acids (such as benzoic acid and salicylic acid), dicarboxylic 

acids (such as oxalic acid, phthalic acid, sebacic acid, and adipic acid), aliphatic fatty acids (such 

as oleic acid, palmitic acid, and stearic acid), aromatic fatty acids (such as phenylstearic acid), 

and amino acids. In certain embodiments, the acid is preferably sulfuric acid, hydrochloric acid, 

phosphoric acid, nitric acid, or a combination thereof. Sulfuric acid is especially preferred. In 

certain embodiments, the acid is present at a level of about 0.05%, by weight, to about 2.0%, by 

weight, based on the total weight of the fraction to which the acid is added (either fractionated 

lignocellulosic biomass or first liquid fraction. In certain other embodiments, the amount of acid 

may be present in an amount from about 0.07% to about 2%, about 0.1% to about 1.5%, about 

0.1%) to about P/o, about 0.1 % to about 0.5%>, about 0.1 % to about 0.4%>, about 0.1 % to about 

0.3%), about 0.1%) to about 0.2%>, about 0.5%> to about 2%, about 0.5% to about 1.5%, about 

0.5%) to about P/o, less than about 2%, less than about 1.5%, less than about 1%, less than about 

0.5%), less than about 0.4%, less than about 0.3%, less than about 0.2%, or less than about 0.1%. 

[0029] In certain other embodiments, the acidifying step comprises contacting said fractionated 

lignocellulosic biomass with a gaseous compound that forms acid in situ. Gaseous compounds 

that form acid in situ include, but are not limited to, SO2, CO2, NO2, HX (where X is CI, Br, F, or 

I), or a combination thereof. In certain embodiments, the acid is present at a level of about 

0.05%), by weight, to about 2.0%), by weight, based on the weight of the liquid fraction. In 

certain other embodiments, the amount of acid may be present in an amount from about 0.07% to 
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about 2%, about 0.1% to about 1.5%, about 0.1 %> to about 1%, about 0.1 %> to about 0.5%>, about 

0.1%) to about 0.4%), about 0.1 % to about 0.3%>, about 0.1 % to about 0.2%, about 0.5% to about 

2%>, about 0.5%) to about 1.5%, about 0.5% to about 1%, less than about 2%, less than about 

1.5%, less than about 1%, less than about 0.5%, less than about 0.4%, less than about 0.3%, less 

than about 0.2%, or less than about 0.1%. 

[0030] In yet other embodiments, the acidifying step comprises contacting said fractionated 

lignocellulosic biomass with a solid acid catalyst (as shown schematically in FIGURE 2). 

Suitable solid acid catalysts include, but are not limited to, zeolites, anionic exchange resins, and 

combinations thereof. 

[0031] The methods of the invention are preferably run continuously, although they may be run 

as batch or semi-batch processes. 

[0032] The methods of the invention may be carried out in any suitable reactor, including, but 

not limited to, a tubular reactor, a digester (vertical, horizontal, or inclined), or the like. Suitable 

digesters include the digester system described in US-B-8,057,639, which include a digester and 

a steam explosion unit, the entire disclosure of which is incorporated by reference. 

[0033] In certain embodiments, the fractionated lignocellulosic biomass is formed by 

contacting said lignocellulosic biomass with a first reaction fluid comprising hot compressed 

water and, optionally, carbon dioxide; 

wherein said first reaction fluid further comprises acid (either inorganic acid or organic 

acid, when said lignocellulosic biomass comprises softwood; 

wherein said first reaction fluid is at a temperature of at least 100°C under a pressure 

sufficient to maintain said first reaction fluid in liquid form. 

When the lignocellulosic biomass comprises hardwoods or components other than softwood, the 

method is preferably carried out without the addition of acid (either inorganic or organic) or 

formed in situ (other than carbonic acid formed from carbon dioxide). Suitable inorganic acid 

include, but are not limited to: sulfuric acid, sulfonic acid, phosphoric acid, phosphonic acid, 

nitric acid, nitrous acid, hydrochloric acid, hydrofluoric acid, hydrobromic acid, hydroiodic acid. 
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Suitable organic acids include, but are not limited to, aliphatic carboxylic acids (such as acetic 

acid and formic acid), aromatic carboxylic acids (such as benzoic acid and salicylic acid), 

dicarboxylic acids (such as oxalic acid, phthalic acid, sebacic acid, and adipic acid), aliphatic 

fatty acids (such as oleic acid, palmitic acid, and stearic acid), aromatic fatty acids (such as 

phenylstearic acid), and amino acids. In preferred embodiments, the fractionating step is carried 

out at a temperature no greater than about 240°C to prevent lignin fouling of the processing 

equipment. In other preferred embodiments, the fractionating step is carried out without the 

optional carbon dioxide. 

[0034] In certain embodiments of the methods, the first temperature and the second 

temperature are substantially the same. Preferably, the first temperature and said second 

temperature are both no greater than about 240°C. More preferably, the first temperature and 

said second temperature are about 220°C to about 240°C. 

[0035] In certain embodiments of the methods, the second temperature is less than the first 

temperature. Preferably, the first temperature and said second temperature are both no greater 

than about 240°C. More preferably, the first temperature and said second temperature are both 

no greater than about 180°C. 

[0036] In certain embodiments, the methods further comprise the step of reducing the first 

pressure of the first liquid fraction prior to separating the solid fraction from the second liquid 

fraction. 

[0037] In certain embodiments, the second liquid fraction is hydrolyzed to form C5 saccharides 

(oligosaccharides and monosaccharides) enzymatically (as shown schematically in FIGURE 3 

with immobilized enzyme) or chemically. In certain embodiments, the second liquid fraction is 

hydrolyzed to form C5 saccharides using, for example, the addition of acid (either inorganic or 

organic) or formed in situ (other than carbonic acid formed from carbon dioxide). Suitable 

inorganic acid include, but are not limited to: sulfuric acid, sulfonic acid, phosphoric acid, 

phosphonic acid, nitric acid, nitrous acid, hydrochloric acid, hydrofluoric acid, hydrobromic 

acid, hydroiodic acid. Suitable organic acids include, but are not limited to, aliphatic carboxylic 
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acids (such as acetic acid and formic acid), aromatic carboxylic acids (such as benzoic acid and 

salicylic acid), dicarboxylic acids (such as oxalic acid, phthalic acid, sebacic acid, and adipic 

acid), aliphatic fatty acids (such as oleic acid, palmitic acid, and stearic acid), aromatic fatty 

acids (such as phenylstearic acid), and amino acids, using, for example, a dilute acid. In 

preferred embodiments, the C5 oligosaccharides are contacted with dilute sulfuric acid (at a level 

of about 0.05% to about 2%, by weight, based on the total weight of the second liquid fraction) 

for a time sufficient to hydrolyze said C5 oligosaccharides to C5 monosaccharides (xylose, 

arabinose, lyxose, ribose, or mixtures thereof). 

[0038] In certain embodiments, the C5 oligosaccharides and monosaccharides (xylose, 

arabinose, lyxose, ribose, or mixtures thereof) may be fermented to ethanol, butanol, and the like 

and mixtures thereof, using techniques known to those skilled in the art, including, but not 

limited to, yeast fermentations using Saccharomyces cerevisiae and Clostridium sp. In certain 

preferred embodiments, an oligomer fermentor is able to uptake oligomers directly (generally up 

to a maximum size, for example, of 6 mer units, for Clostridium thermocellum). Thus, by 

shifting the distribution to oligomers having fewer mer units, the solubility at lower temperatures 

is enhanced thereby preventing precipitation, but more of the oligomers are accessible to 

fermentation by organism able to uptake oligomers, such as Clostridium thermocellum. 

[0039] Preferably, the yield of xylose is at least 68%, more preferably, at least 70%, of 

theoretical yield. Preferably, the yield of the soluble C5 saccharides is at least 68%, more 

preferably, at least 70%, of theoretical yield. 

[0040] In certain embodiments, the methods further comprise the step of producing at least one 

of acetic acid and furfural from said soluble C5 saccharides into at least one of said acetic acid 

and furfural by conventional methods well known to those in the art. For example, furfural may 

be produced, for example, by dehydration with an inorganic acid (such as sulfuric acid at pH 1-2) 

at elevated temperatures (e.g., greater than about 240°C to about 300°C) for about 10 seconds. 

The acetic acid may be released from the hemicellulose in the lignocellulosic biomass. 
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[0041] In certain embodiments, the invention is directed to the products produced by the 

methods of the invention. In particular, the products are compositions with soluble C5 

saccharides having a lower average molecular weight than conventional methods. The methods 

of the invention lead to soluble oligomers that are less likely to recondense back to insoluble, 

higher molecular weight oligomers, thereby maximizing monomer formation and minimizing the 

formation of degradation products. In certain embodiments, the C5 saccharides are preferably 

maintained as a soluble lower molecular weight oligomers rather than as monosaccharides to 

permit facile separation. Furfural and formic acid are major degradation products in the 

dehydration route. Glycolaldehyde, glyceraldehyde, dihydroxyacetone, and pyruvaldehyde, 

which are products produced via retro-aldol route, are also other possible degradation. 

[0042] In certain embodiments, the compositions comprise water and soluble C5 

oligosaccharides capable of being membrane separated. In certain embodiments, the C5 

oligosaccharides have about 2 mer units to about 15 mer units. In certain preferred 

embodiments, the compositions have a pH of about 1.5 to about 6.0, preferably about 2.0 to 

about 2.5. 

[0043] In certain embodiments, the distribution of said C5 oligosaccharides is shifted such that 

the largest oligomers in the distribution remain soluble at lower temperatures for post processing 

and separation. For example, it is preferable for purposes for separation to have soluble C5 

oligosaccharides rather than monosaccharide because the soluble C5 oligosaccharides may be 

separated using membrane separation, nanofiltration, and other size exclusion techniques. 

[0044] While the preferred forms of the invention have been disclosed, it will be apparent to 

those skilled in the art that various changes and modifications may be made that will achieve 

some of the advantages of the invention without departing from the spirit and scope of the 

invention. Therefore, the scope of the invention is to be determined solely by the claims to be 

appended. 
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[0045] When ranges are used herein for physical properties, such as molecular weight, or 

chemical properties, such as chemical formulae, all combinations, and subcombinations of 

ranges specific embodiments therein are intended to be included. 

[0046] The disclosures of each patent, patent application, and publication cited or described in 

this document are hereby incorporated herein by reference, in their entirety. 

[0047] Those skilled in the art will appreciate that numerous changes and modifications can be 

made to the preferred embodiments of the invention and that such changes and modifications can 

be made without departing from the spirit of the invention. It is, therefore, intended that the 

appended claims cover all such equivalent variations as fall within the true spirit and scope of the 

invention. 
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CLAIMS 

is claimed is: 

A method of increasing the level of soluble C5 saccharides produced from lignocellulosic 

biomass, comprising: 

providing a fractionated lignocellulosic biomass comprising: 

a solid fraction comprising: 

optionally, insoluble C5 oligosaccharide; 

cellulose; and 

lignin; and 

a first liquid fraction at a first temperature and a first pressure comprising: 

soluble C5 saccharides selected from the group consisting of C5 

oligosaccharides, xylose, arabinose, lyxose, ribose, and mixtures thereof; 

wherein said soluble C5 saccharides are present at a first level; 

acidifying said fractionated lignocellulosic biomass to form a second liquid 

fraction comprising soluble C5 saccharides at a second lever and at a second temperature; 

wherein said second level is higher than said first level; 

optionally, separating said solid fraction from said second liquid fraction; and 

optionally, hydrolyzing said second liquid fraction to form C5 saccharides 

selected from the group consisting of C5 oligosaccharides having fewer mer units, 

xylose, arabinose, lyxose, ribose, and mixtures thereof. 

A method of claim 1, 

wherein said acidifying comprises adding to said fractionated lignocellulosic 

biomass at least one aqueous acid selected from the group consisting of an organic acid, 

an inorganic acid, and mixtures thereof. 

A method of claim 2, 

wherein said inorganic acid is sulfuric acid, hydrochloric acid, phosphoric acid, 

nitric acid, or a combination thereof. 
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4. A method of claim 3, 

wherein said inorganic acid is present at a level of about 0.05%, by weight, to 

about 2.0%, by weight, based on the weight of said first liquid fraction. 

5. A method of claim 1, 

wherein said acidifying comprises contacting said fractionated lignocellulosic 

biomass with a gaseous compound that forms acid in situ. 

6. A method of claim 5, 

wherein said gaseous compound is SO2, CO2, NO2, HX wherein X is CI, Br, F, or 

I, or a combination thereof. 

7. A method of claim 1, 

wherein said acidifying comprises contacting said fractionated lignocellulosic 

biomass with a solid acid catalyst. 

8. A method of claim 7, 

wherein said solid acid catalyst is a zeolite, an anionic exchange resin, or a 

combination thereof. 

9. A method of claim 1, 

wherein said method is continuous. 

10. A method of claim 1, 

wherein said second level of said soluble C5 saccharides is greater than said first 

level of said soluble C5 saccharides. 
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11. A method of claim 1, 

wherein said soluble C5 saccharides in second liquid fraction have an average 

molecular weight that is lower than the average molecular weight of said soluble C5 

saccharides in said first liquid fraction. 

12. A method of claim 1, 

wherein said C5 oligosaccharides in said first liquid fraction have about 2 mer 

units to about 25 mer units; and 

wherein said C5 oligosaccharides in said second liquid fraction have about 2 mer 

units to about 15 mer units. 

13. A method of claim 1, 

wherein said fractionated lignocellulosic biomass is formed by contacting said 

lignocellulosic biomass with a first reaction fluid comprising hot compressed water and, 

optionally, carbon dioxide; 

wherein said first reaction fluid further comprises acid, when said lignocellulosic 

biomass comprises softwood; 

wherein said first reaction fluid is at a temperature of at least 100°C under a 

pressure sufficient to maintain said first reaction fluid in liquid form. 

14. A method of claim 1, 

wherein said first temperature and said second temperature are substantially the 

same. 

15. A method of claim 14, 

wherein said first temperature and said second temperature are both no greater 

than about 240°C. 

16. A method of claim 1, 

wherein said second temperature is less than said first temperature. 
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17. A method of claim 16, 

wherein said first temperature and said second temperature are both no greater 

than about 240°C. 

18. A method of claim 1, further comprising: 

reducing said first pressure of said first liquid fraction prior to separating said 

solid fraction from said second liquid fraction. 

19. A method of claim 1, 

wherein said hydrolyzing said second liquid fraction to form C5 saccharides 

comprises contacting said C5 oligosaccharides with dilute acid for a time sufficient to 

hydrolyze said C5 oligosaccharides to C5 oligosaccharides having fewer mer units, C5 

monosaccharides, and mixtures thereof. 

20. A method of claim 1, 

wherein said hydrolyzing said second liquid fraction to form C5 saccharides 

comprises enzymatic hydrolysis. 

21. A method of claim 1, 

wherein the yield of said xylose is at least 68% of theoretical yield. 

22. A method of claim 1, 

wherein the yield of said soluble C5 saccharides is at least 68% of theoretical 

yield. 

23. A method of claim 1, further comprising: 

producing at least one of said acetic acid and furfural from said soluble C5 

saccharides. 

24. A product produced by the method of claim 1. 
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25. A composition, comprising: 

soluble C5 oligosaccharides capable of being membrane separated; and 

water; 

wherein said composition has a pH of about 1.5 to about 6.0; and 

wherein said soluble C5 oligosaccharides have about 2 mer units to about 15 mer 

units. 

26. A method of increasing the level of soluble C5 saccharides produced from lignocellulosic 

biomass, comprising: 

providing a fractionated lignocellulosic biomass comprising: 

a solid fraction comprising: 

optionally, insoluble C5 oligosaccharide; 

cellulose; and 

lignin; and 

a first liquid fraction at a first temperature and a first pressure comprising: 

soluble C5 saccharides selected from the group consisting of C5 

oligosaccharides, xylose, arabinose, lyxose, ribose, and mixtures thereof; 

wherein said soluble C5 saccharides are present at a first level; 

optionally, separating said solid fraction from said first liquid fraction at a second 

pressure; 

wherein said first pressure and said second pressure are substantially the 

same; 

contacting said first liquid fraction with a solid acid catalyst to form a second 

liquid fraction comprising said soluble C5 saccharides at a second level and at a second 

temperature; 

wherein said second level is greater than said first level; and 

optionally, hydrolyzing said second liquid fraction to form C5 saccharides 

selected from the group consisting of C5 oligosaccharides having fewer mer units, 

xylose, arabinose, lyxose, ribose, and mixtures thereof. 
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27. A method of claim 26, 

wherein said solid acid catalyst is a zeolite, an anionic exchange resin, or a 

combination thereof. 

28. A method of claim 26, 

wherein said method is continuous. 

29. A method of claim 26, 

wherein said second level of said soluble C5 saccharides is greater than said first 

level of said soluble C5 saccharides. 

30. A method of claim 26, 

wherein said soluble C5 saccharides in second liquid fraction have an average 

molecular weight that is lower than the average molecular weight of said soluble C5 

saccharides in said first liquid fraction. 

31. A method of claim 26, 

wherein said C5 oligosaccharides in said first liquid fraction have about 2 mer 

units to about 25 mer units; and 

wherein said C5 oligosaccharides in said second liquid fraction have about 2 mer 

units to about 15 mer units. 

32. A method of claim 26, 

wherein said fractionated lignocellulosic biomass is formed by contacting said 

lignocellulosic biomass with a first reaction fluid comprising hot compressed water and, 

optionally, carbon dioxide; 

wherein said first reaction fluid further comprises acid, when said lignocellulosic 

biomass comprises softwood; 

wherein said first reaction fluid is at a temperature of at least 100°C under a 

pressure sufficient to maintain said first reaction fluid in liquid form. 
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33. A method of claim 26, 

wherein said first temperature and said second temperature are substantially the 

same. 

34. A method of claim 33, 

wherein said first temperature and said second temperature are both no greater 

than about 240°C. 

35. A method of claim 26, 

wherein said second temperature is less than said first temperature. 

36. A method of claim 35, 

wherein said first temperature and said second temperature are both no greater 

than about 240°C. 

37. A method of claim 26, further comprising: 

reducing said first pressure of said first liquid fraction prior to separating said 

solid fraction from said second liquid fraction. 

38. A method of claim 26, 

wherein said hydrolyzing said second liquid fraction to form C5 saccharides 

comprises contacting said C5 oligosaccharides with dilute acid for a time sufficient to 

hydrolyze said C5 oligosaccharides to C5 oligosaccharides having fewer mer units, 

xylose, arabinose, lyxose, ribose, and mixtures thereof. 

39. A method of claim 26, 

wherein said hydrolyzing said second liquid fraction to form C5 saccharides 

comprises enzymatic hydrolysis. 

40. A method of claim 26, 

wherein the yield of said xylose is at least 68% of theoretical yield. 
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41. A method of claim 26, 

wherein the yield of said soluble C5 saccharides is at least 68% of theoretical 

yield. 

42. A method of claim 26, further comprising: 

producing at least one of said acetic acid and furfural from said soluble C5 

saccharides. 

43. A product produced by the method of claim 26. 

44. A method of increasing the level of fermentative or catalytic product produced from 

lignocellulosic biomass, comprising: 

providing a fractionated lignocellulosic biomass comprising: 

a solid fraction comprising: 

optionally, insoluble C5 oligosaccharide; 

cellulose; and 

lignin; and 

a first liquid fraction at a first temperature and a first pressure comprising: 

soluble C5 saccharides selected from the group consisting of C5 

oligosaccharides, xylose, arabinose, lyxose, ribose, and mixtures thereof; 

wherein said soluble C5 saccharides are present at a first level; 

acidifying said fractionated lignocellulosic biomass to form a second liquid 

fraction comprising said soluble C5 saccharides at a second level and at a second 

temperature; 

wherein said second level is greater than said first level; 

optionally, separating said solid fraction from said second liquid fraction; 

hydrolyzing said second liquid fraction to form C5 saccharides selected from the 

group consisting of C5 oligosaccharides having fewer mer units, xylose, arabinose, 

lyxose, ribose, and mixtures thereof; and 
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fermenting, catalyzing, or fermenting and catalyzing said C5 saccharides to form 

said fermentation product, said catalytic product, or a combination thereof 

45. A method of claim 44, 

wherein said fermentative product or said catalytic product is ethanol, butanol, or 

a combination thereof 

46. A method of claim 44, 

wherein said acidifying comprises adding to said fractionated lignocellulosic 

biomass at least one aqueous acid selected from the group consisting of an organic acid, 

an inorganic acid, and mixtures thereof. 

47. A method of claim 46, 

wherein said inorganic acid is sulfuric acid, hydrochloric acid, phosphoric acid, 

nitric acid, or a combination thereof. 

48. A method of claim 46, 

wherein said inorganic acid is present at a level of about 0.05%, by weight, to 

about 2.0%), by weight, based on the weight of the second liquid fraction. 

49. A method of claim 44, 

wherein said acidifying comprises contacting said fractionated lignocellulosic 

biomass with a gaseous compound that forms acid in situ. 

50. A method of claim 49, 

wherein said gaseous compound is SO2, CO2, NO2, HX wherein X is CI, Br, F, or 

I, or a combination thereof. 

51. A method of claim 44, 

wherein said acidifying comprises contacting said fractionated lignocellulosic 

biomass with a solid acid catalyst. 
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52. A method of claim 51, 

wherein said solid acid catalyst is a zeolite, an anionic exchange resin, or a 

combination thereof. 

53. A method of claim 44, 

wherein said method is continuous. 

54. A method of claim 44, 

wherein said second level of said soluble C5 saccharides is greater than said first 

level of said soluble C5 saccharides. 

55. A method of claim 44, 

wherein said soluble C5 saccharides in second liquid fraction have an average 

molecular weight that is lower than the average molecular weight of said soluble C5 

saccharides in said first liquid fraction. 

56. A method of claim 44, 

wherein said C5 oligosaccharides in said first liquid fraction have about 2 mer 

units to about 25 mer units; and 

wherein said C5 oligosaccharides in said second liquid fraction have about 2 mer 

units to about 15 mer units. 

57. A method of claim 44, 

wherein said fractionated lignocellulosic biomass is formed by contacting said 

lignocellulosic biomass with a first reaction fluid comprising hot compressed water and, 

optionally, carbon dioxide; 

wherein said first reaction fluid further comprises acid, when said lignocellulosic 

biomass comprises softwood; 

wherein said first reaction fluid is at a temperature of at least 100°C under a 

pressure sufficient to maintain said first reaction fluid in liquid form. 
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58. A method of claim 44, 

wherein said first temperature and said second temperature are substantially the 

same. 

59. A method of claim 58, 

wherein said first temperature and said second temperature are both no greater 

than about 240°C. 

60. A method of claim 44, 

wherein said second temperature is less than said first temperature. 

61. A method of claim 60, 

wherein said first temperature and said second temperature are both no greater 

than about 240°C. 

62. A method of claim 44, further comprising: 

reducing said first pressure of said first liquid fraction prior to separating said 

solid fraction from said second liquid fraction. 

63. A method of claim 44, 

wherein said hydrolyzing said second liquid fraction to form C5 saccharides 

comprises contacting said C5 oligosaccharides with dilute acid for a time sufficient to 

hydrolyze said C5 oligosaccharides to C5 oligosaccharides having fewer mer units, 

xylose, arabinose, lyxose, ribose, and mixtures thereof. 

64. A method of claim 44, 

wherein said hydrolyzing said second liquid fraction to form C5 saccharides 

comprises enzymatic hydrolysis. 
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