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(54) METHOD OF TRANSPORTING VISCOUS SLURRIES

(57) A method, comprising:
providing a slurry at a first temperature and a first pres-
sure, wherein said slurry comprises a liquid carrier and
a solid;
increasing said first pressure to a second pressure of
about 50 psia to about 1250 psia, thereby forming a first
pressurized slurry;
injecting a fluid into said first pressurized slurry, thereby

forming a fluid-injected slurry, wherein said fluid-injected
slurry has a second temperature greater than said first
temperature, and said second temperature is about 100
°C to about 300 °C; and
increasing said second pressure to a third pressure of
greater than about 1250 psia, thereby forming a second
pressurized slurry.
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Description

FIELD OF THE INVENTION

[0001] The invention generally relates to methods of
transporting viscous slurries. More particularly, the in-
vention relates to methods of transporting viscous slur-
ries at high pressures.

BACKGROUND OF THE INVENTION

[0002] There are many processes for converting bio-
mass into useful products, such as fermentable sugars
and other chemicals. Some of these biomass conversion
processes require pumping biomass slurries to high pres-
sures, such as about 500 psi to about 4000 psi or even
higher. Processing biomass slurries at higher solids con-
tents is more economical, because higher solids contents
provide a higher output for a given plant size, as well as
a lower processing cost, such as in heating, cooling, and
concentration costs, because there is less water present.
However, high solids content slurries typically are thick
and viscous, and therefore are difficult, or sometimes im-
possible, to pump efficiently or effectively using conven-
tional methods.
[0003] There are a limited number of high pressure
pump technologies that can pump high solids content
slurries to high pressure. These limitations are further
exacerbated by the need for the pumps to handle high
solids content slurries, which typically have high viscos-
ities. Some have attempted to address these shortcom-
ings by preheating the high solids content slurries in in-
direct contact heat exchangers. However, this solution
often leads to fouling of the heater exchangers, thereby
lowering operability, and has high attendant capital costs
for the equipment. Furthermore, it is difficult to maintain
a uniform temperature within the slurry in the heat ex-
changers. In addition, there is a significant pressure drop
across the heat exchangers, which requires additional
pumping power in an already difficult application.
[0004] Thus, there is an ongoing need for methods for
pumping slurries to high pressures, especially for slurries
having high solids contents or high viscosities. The meth-
ods of the present invention are directed toward these,
as well as other, important ends.

SUMMARY OF THE INVENTION

[0005] In one embodiment, the invention is directed to
methods, comprising, consisting of, or consisting essen-
tially of:

providing a slurry at a first temperature and a first
pressure, wherein said slurry comprises, consists of,
or consists essentially of a liquid carrier and a solid;
increasing said first pressure to a second pressure
of about 50 psia to about 1250 psia, thereby forming
a first pressurized slurry;

injecting a fluid into said first pressurized slurry,
thereby forming a fluid-injected slurry, wherein said
fluid-injected slurry has a second temperature great-
er than said first temperature, and said second tem-
perature is about 100 °C to about 300 °C; and
increasing said second pressure to a third pressure
of greater than about 1250 psia, thereby forming a
second pressurized slurry.

[0006] In another embodiment, the invention is direct-
ed to methods, comprising, consisting of, or consisting
essentially of:

providing a slurry at a first temperature of about 1 °C
to about 50 °C and a first pressure of about 14 psia
to about 50 psia;

wherein said slurry comprises, consists of, or
consists essentially of a liquid carrier and a solid;
and
wherein said slurry has a viscosity of at least
about 5,000 cP;

injecting a fluid into said slurry to form a fluid-injected
slurry;

wherein said fluid-injected slurry has a second
temperature of less than about 100 °C; and
wherein said second temperature is greater than
said first temperature; and

increasing said first pressure to a second pressure
of about 1000 psia to about 6000 psia, thereby form-
ing a pressurized slurry.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The accompanying drawings, which are includ-
ed to provide a further understanding of the invention and
are incorporated in and constitute a part of this specifi-
cation, illustrate embodiments of the invention and to-
gether with the description serve to explain the principles
of the invention. In the drawings:

FIGURE 1 is a schematic diagram showing one em-
bodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0008] As employed above and throughout the disclo-
sure, the following terms, unless otherwise indicated,
shall be understood to have the following meanings.
[0009] As used herein, the singular forms "a," "an," and
"the" include the plural reference unless the context clear-
ly indicates otherwise.
[0010] While the present invention is capable of being
embodied in various forms, the description below of sev-
eral embodiments is made with the understanding that

1 2 



EP 3 760 863 A1

3

5

10

15

20

25

30

35

40

45

50

55

the present disclosure is to be considered as an exem-
plification of the invention, and is not intended to limit the
invention to the specific embodiments illustrated. Head-
ings are provided for convenience only and are not to be
construed to limit the invention in any manner. Embodi-
ments illustrated under any heading may be combined
with embodiments illustrated under any other heading.
[0011] The use of numerical values in the various
quantitative values specified in this application, unless
expressly indicated otherwise, are stated as approxima-
tions 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 re-
sults 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. Ac-
cordingly, the skilled person will appreciate that many
such ratios, ranges, and ranges of ratios can be unam-
biguously derived from the numerical values presented
herein and in all instances such ratios, ranges, and rang-
es of ratios represent various embodiments of the
present invention.
[0012] 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 equilibrium with one another. Above critical pres-
sure and critical temperature, the distinction between liq-
uid and gas phases disappears. A supercritical fluid pos-
sesses approximately the penetration properties of a gas
simultaneously with the solvent properties of a liquid. Ac-
cordingly, supercritical fluid extraction has the benefit of
high penetrability and good solvation.
[0013] 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 wa-
ter" 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 (e.g., above about 100 °C, above about 150 °C, or

above about 200 °C) but less than subcritical, and at pres-
sures such that water is in a liquid state.
[0014] 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 condi-
tions. 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 mix-
ture of sub-critical water and supercritical carbon dioxide"
indicates a mixture of water and carbon dioxide at a tem-
perature and pressure above that of the critical point for
carbon dioxide but below the critical point for water, re-
gardless of whether the supercritical phase contains wa-
ter 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.
[0015] As used herein, "slurry" refers to a mixture of
solid particles in a liquid. In some embodiments, instead
of a slurry, the methods of the invention can be performed
with a solution comprising dissolved solids. In some em-
bodiments of the invention, a slurry is used in the inven-
tive methods, and the slurry contains both insoluble sol-
ids and dissolved solids.
[0016] As used herein, "continuous" indicates a proc-
ess which is uninterrupted for its duration, or interrupted,
paused or suspended only momentarily relative to the
duration of the process. Treatment of biomass is "con-
tinuous" 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 proc-
ess.
[0017] As used herein, the term "biomass" means a
renewable energy source generally comprising carbon-
based biological material derived from recently-living or-
ganisms. The organisms may have been plants, animals,
fungi, etc. Examples of biomass include without limitation
wood, lignocellulosic biomass, waste feedstocks, man-
ufacturing waste (wood residues such as sawmill and
paper mill discards), agricultural residues (including corn
stover, sugarcane bagasse, rice hulls, oat hulls, etc.),
food waste, plastic, black liquor (a byproduct of wood
pulping processes), etc. Wood can be, for example, hard-
wood, softwood, annual fibers, and combinations there-
of. Biomass typically comprises cellulose, hemicellulose,
and lignin. Any suitable type of biomass can be used as
a feedstock for the invention described herein. Starch or
any other type of natural or synthetic polymer or oligomer
may also be used in the inventive process. Fossil fuels
are generally not considered biomass even though ulti-
mately derived from carbon-based biological material.
The term "biomass" as used herein does not include fossil
fuel sources.
[0018] As used herein, "fractionated biomass" refers
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to biomass, as defined herein, that has been subjected
to a treatment process, whereby hemicellulose has been
at least partially removed.
[0019] As used herein, "lignocellulosic biomass or a
component part thereof" refers to plant biomass contain-
ing cellulose, hemicellulose, and lignin from a variety of
sources, including, without limitation (1) agricultural res-
idues (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 limi-
tation, lignocellulose biomass itself, lignin, C6 saccha-
rides (including cellulose, cellobiose, C6 oligosaccha-
rides, C6 monosaccharides, and C5 saccharides (includ-
ing hemicellulose, C5 oligosaccharides, and C5 mon-
osaccharides).
[0020] As used herein, "polysaccharide" refers to linear
or branched carbohydrate molecules of the same or dif-
ferent monosaccharide units joined together by glycosid-
ic bonds having the general formula of Cx(H2O)y, where
x is about 200 to about 18,000 or higher. Typically, natural
polysaccharides present in biomass are composed of a
long chain of C5 and/or C6 sugars. For example, when a
polysaccharide is composed of C6 monosaccharides, the
general formula of a polysaccharide can be represented
as (C6H10O5)n, where n is about 30 to about 3000 or
more (i.e., the number of hexose monomers in the
polysaccharide).
[0021] As used herein, "oligosaccharide" refers to lin-
ear or branched carbohydrate molecules of the same or
different monosaccharide units joined together by glyco-
sidic bonds having the general formula of Cx(H2O)y,
where x is about 2 to about 200. Oligosaccharides can
be thought of as shorter chain polysaccharides, i.e.,
polysaccharides simply having less monomers in the pol-
ymeric chain. When an oligosaccharide is composed of
C6 monosaccharides, the general formula of an oligosac-
charide can be represented as (C6H10O5)n, where n is
about 2 to about 30 (i.e., the number of hexose monomers
in the oligosaccharide).
[0022] As used herein, "monosaccharide" refers to any
of the class of sugars that cannot be hydrolyzed to give
a simpler sugar. Monosaccharides typically are C5 (e.g.,
xylose) and C6 sugars (e.g., glucose), but may also in-
clude monosaccharides having other numbers of carbon,
such as C2, C3, C4, C7, C8, and so on.
[0023] As used herein, "C1-C5 alcohols" refers to linear
or branched C1-C5 alkanes having one or more hydroxyl
groups, or cyclic C3-C5 alkanes having one or more hy-
droxyl groups, including methanol, ethanol, 1-propanol,
2-propanol, 1,3-propandiol, cyclopropanol, 1-butanol, 2-
butanol, cyclobutanol, 1,4-butandiol, 1-pentanol, 2-pen-
tanol, 3-pentanol, 1,5-pentandiol, cyclopentanol, and
combinations thereof.
[0024] As used herein, "water-miscible organic sol-
vents" refers to organic solvents that are miscible with
water at room temperature, including C1-C5 alcohols,
acetaldehyde, acetic acid, acetone, acetonitrile, 1,2-bu-

tanediol, 1,3-butanediol, 1,4-butanediol, 2-butoxyetha-
nol, butyric acid, diethanolamine, diethylenetriamine,
dimethylformamide, dimethoxyethane, dimethyl sulfox-
ide, 1,4-dioxane, ethylamine, ethylene glycol, formic ac-
id, furfuryl alcohol, glycerol, methyl diethanolamine, me-
thyl isocyanide, 1,3-propanediol, 1,5-pentanediol, propa-
noic acid, propylene glycol, pyridine, tetrahydrofuran, tri-
ethylene glycol, and combinations thereof. Water-misci-
ble organic solvents may be completely or substantially
miscible with water. For example, as used herein, a wa-
ter-miscible organic solvent that is "substantially misci-
ble" with water means that, when the water-miscible or-
ganic solvent is added to water, at least about 50 wt.%
(e.g., at least about 60 wt.%, at least about 70 wt.%, at
least about 80 wt.%, at least about 90 wt.%, or at least
about 99 wt.%) of the water-miscible organic solvent is
miscible with water. As used herein, a water-miscible or-
ganic solvent that is "completely miscible" with water
means that about 100 wt.% of the organic solvent is mis-
cible with water. In contrast, "water-immiscible organic
solvents" refers to organic solvents that are not complete-
ly or substantially miscible with water, as defined herein.
[0025] Accordingly, in one embodiment, the invention
is directed to methods, comprising, consisting of, or con-
sisting essentially of:

providing a slurry at a first temperature and a first
pressure, wherein said slurry comprises, consists of,
or consists essentially of a liquid carrier and a solid;
increasing said first pressure to a second pressure
of about 50 psia to about 1250 psia, thereby forming
a first pressurized slurry;
injecting a fluid into said first pressurized slurry,
thereby forming a fluid-injected slurry, wherein said
fluid-injected slurry has a second temperature great-
er than said first temperature, and said second tem-
perature is about 100 °C to about 300 °C; and
increasing said second pressure to a third pressure
of greater than about 1250 psia, thereby forming a
second pressurized slurry.

[0026] In another embodiment, the invention is direct-
ed to methods, comprising, consisting of, or consisting
essentially of:

providing a slurry at a first temperature of about 1 °C
to about 50 °C and a first pressure of about 14 psia
to about 50 psia;

wherein said slurry comprises, consists of, or
consists essentially of a liquid carrier and a solid;
and
wherein said slurry has a viscosity of at least
about 5,000 cP;

injecting a fluid into said slurry to form a fluid-injected
slurry;
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wherein said fluid-injected slurry has a second
temperature of less than about 100 °C; and
wherein said second temperature is greater than
said first temperature; and

increasing said first pressure to a second pressure
of about 1000 psia to about 6000 psia, thereby form-
ing a pressurized slurry.

[0027] In some embodiments of the invention, the slur-
ry has a solids content of about 5 wt.% or more, e.g.,
about 6 wt.% or more, about 7 wt.% or more, about 8
wt.% or more, about 9 wt.% or more, about 10 wt.% or
more, about 11 wt.% or more, about 12 wt.% or more,
about 13 wt.% or more, about 14 wt.% or more, about 15
wt.% or more, about 16 wt.% or more, about 17 wt.% or
more, about 18 wt.% or more, about 19 wt.% or more,
about 20 wt.% or more, about 21 wt.% or more, about 22
wt.% or more, about 23 wt.% or more, about 24 wt.% or
more, about 25 wt.% or more, about 26 wt.% or more,
about 27 wt.% or more, about 28 wt.% or more, about 29
wt.% or more, or about 30 wt.% or more, based on the
total weight of the slurry. Alternatively, or in addition, the
slurry has a solids content of about 31 wt.% or less, e.g.,
about 30 wt.% or less, about 29 wt.% or less, about 28
wt.% or less, about 27 wt.% or less, about 26 wt.% or
less, about 25 wt.% or less, about 24 wt.% or less, about
23 wt.% or less, about 22 wt.% or less, about 21 wt.% or
less, about 20 wt.% or less, about 19 wt.% or less, about
18 wt.% or less, about 17 wt.% or less, about 16 wt.% or
less, about 15 wt.% or less, about 14 wt.% or less, about
13 wt.% or less, about 12 wt.% or less, about 11 wt.% or
less, about 10 wt.% or less, about 9 wt.% or less, about
8 wt.% or less, about 7 wt.% or less, or about 6 wt.% or
less, based on the total weight of the slurry. Thus, the
slurry can have a solids content bounded by any two of
the foregoing endpoints. For example, the slurry can
have a solids content of about 15 wt.% to about 21 wt.%,
about 9 wt.% to about 16 wt.%, or about 22 wt.% to about
31 wt.%, based on the total weight of the slurry. In a
preferred embodiment, the solids content of the slurry is
about 10 wt.% to about 30 wt.%, more preferably about
15 wt.% to about 25 wt.%, and most preferably about 19
wt.% to about 21 wt.%. The solids content, as used here-
in, may refer to the slurry, the first pressurized slurry, the
fluid-injected slurry, and/or the second pressurized slur-
ry.
[0028] In some embodiments of the invention, the fluid
that is injected comprises, consists of, or consists essen-
tially vapor, saturated vapor, superheated vapor, or com-
binations thereof. The fluid may be a single component,
such as pure water, or a mixture of different components,
such as water and ethanol (e.g., a C1-C5 alcohol). In the
case of a fluid that is a mixture, it is possible for one of
the components to be in one state while the other com-
ponent(s) is (are) in a different state(s). For example, in
a mixture of water and ethanol, at certain temperatures
and pressures the ethanol may be in a superheated vapor

state and the water may be in a saturated vapor state. A
component that is a "vapor" indicates that the component
would be in a vapor state, if present in pure form. A com-
ponent that is a "saturated vapor" indicates that the com-
ponent would be in a saturated vapor state, if present in
pure form. A component that is a "superheated vapor"
indicates that the component would be in a superheated
vapor state, if present in pure form.
[0029] In some embodiments of the invention, the fluid
that is injected comprises, consists of, or consists essen-
tially of steam, saturated steam, or superheated steam,
either as a single component, such as pure water, or as
a mixture of water with at least one second component,
such as water and ethanol (i.e., a C1-C5 alcohol). In the
case of a fluid that is a mixture, it is possible for one of
the components to be in one state while the other com-
ponent(s) is (are) in a different state(s). For example in
a mixture of water and ethanol, at certain temperatures
and pressures, ethanol may be in a superheated vapor
state and water may be in a saturated steam state. A
component that is "steam" indicates that the water com-
ponent would be steam, if present in pure form. A com-
ponent that is a "saturated steam" indicates that the water
component would be in a saturated steam state, if present
in pure form. A water component that is "superheated
steam" indicates that the water component would be in
superheated steam state, if present in pure form.
[0030] In some embodiments of the invention, the fluid
that is injected is specifically produced for the purpose
of injection (e.g., by a steam boiler). In some embodi-
ments, the fluid that is injected is a byproduct of a process
performed at the same site or at a nearby site, and the
recovered fluid is employed in the inventive process as
a means to reuse and conserve energy. In some embod-
iments, the fluid that is injected is a mixture of purposely
produced fluid and a recovered fluid.
[0031] In some embodiments, a method of the inven-
tion may further comprise adding to at least one of said
slurry, said first pressurized slurry, said fluid-injected slur-
ry, and said second pressurized slurry a component se-
lected from the group consisting of helium, nitrogen, ar-
gon, oxygen, carbon dioxide, carbon monoxide, sulfur
dioxide, hydrogen chloride, hydrogen, and combinations
thereof. As used herein, nitrogen, oxygen, and hydrogen
refer to the molecular species, not the elements. As used
herein, the component is purposefully added to the spec-
ified version of the slurry. Components (e.g., oxygen
and/or nitrogen) that are naturally dissolved in the spec-
ified version of the slurry, for example, as a result of the
presence of oxygen and nitrogen in the atmosphere, are
not included in the definition of adding one or more of the
components to the specified version of the slurry, as used
herein.
[0032] In some embodiments of the invention, at least
one of the steps of increasing the first pressure to the
second pressure and increasing the second pressure to
the third pressure comprises using at least one pressu-
rizing device selected from the group consisting of a
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pump, a screw feeder, a mechanical pressurizing device,
and combinations thereof.
[0033] In some embodiments of the invention, at least
one of said slurry and said first pressurized slurry has a
first viscosity. The first viscosity typically is quite viscous
as compared to the viscosity of pure water. By way of
illustration, at 25 °C, biomass slurries have a calculated
viscosity of about 1,000,000 cP at a solids content of
about 15 wt.%, a calculated viscosity of about 3,300,000
cP at a solids content of about 20 wt.%, and a calculated
viscosity of about 7,100,000 cP at a solids content of
about 25 wt.%. As described elsewhere herein, it is de-
sirable to process biomass slurries at high solids contents
to increase throughput and efficiency, as well as to con-
serve energy. However, biomass slurries can become
extremely thick at solids contents of about 17-18 wt.%,
and thus it is difficult to pump and process slurry at solids
contents of 17-18 wt.% and above. The present inven-
tion, however, overcomes the problems associated with
pumping such high solids content slurries having high
viscosities. Regardless of the solids content of a slurry,
the invention can benefit the pumping and processing of
any viscous liquid (e.g., viscous slurry) having a first vis-
cosity of about 5,000 cP or more, e.g., about 10,000 cP
or more, about 15,000 cP or more, about 20,000 cP or
more, about 25,000 cP or more, about 30,000 cP or more,
about 35,000 cP or more, about 40,000 cP or more, about
45,000 cP or more, about 50,000 cP or more, about
55,000 cP or more, about 60,000 cP or more, about
65,000 cP or more, about 70,000 cP or more, about
75,000 cP or more, about 80,000 cP or more, about
85,000 cP or more, about 90,000 cP or more, about
95,000 cP or more, about 100,000 cP or more, about
150,000 cP or more, about 200,000 cP or more, about
250,000 cP or more, about 300,000 cP or more, about
350,000 cP or more, about 400,000 cP or more, about
450,000 cP or more, about 500,000 cP or more, about
600,000 cP or more, about 700,000 cP or more, about
800,000 cP or more, about 900,000 cP or more, about
1,000,000 cP or more, about 1,200,000 cP or more, about
1,400,000 cP or more, about 1,600,000 cP or more, about
1,800,000 cP or more, about 2,000,000 cP or more, about
2,200,000 cP or more, about 2,400,000 cP or more, about
2,600,000 cP or more, about 2,800,000 cP or more, about
3,000,000 cP or more, about 3,500,000 cP or more, about
4,000,000 cP or more, about 4,500,000 cP or more, about
5,000,000 cP or more, about 5,500,000 cP or more, about
6,000,000 cP or more, about 6,500,000 cP or more, about
7,000,000 cP or more, about 7,500,000 cP or more, about
8,000,000 cP or more, about 8,500,000 cP or more, about
9,000,000 cP or more, or about 9,500,000 cP or more.
Alternatively, or in addition, regardless of the solids con-
tent of a slurry, the invention can benefit the pumping
and processing of any viscous liquid (e.g., viscous slurry)
having a first viscosity of about 10,000,000 cP or less,
e.g., about 9,500,000 cP or less, about 9,000,000 cP or
less, about 8,500,000 cP or less, about 8,000,000 cP or
less, about 7,500,000 cP or less, about 7,000,000 cP or

less, about 6,500,000 cP or less, about 6,000,000 cP or
less, about 5,500,000 cP or less, about 5,000,000 cP or
less, about 4,500,000 cP or less, about 4,000,000 cP or
less, about 3,500,000 cP or less, about 3,000,000 cP or
less, about 2,800,000 cP or less, about 2,600,000 cP or
less, about 2,400,000 cP or less, about 2,200,000 cP or
less, about 2,000,000 cP or less, about 1,800,000 cP or
less, about 1,600,000 cP or less, about 1,400,000 cP or
less, about 1,400,000 cP or less, about 1,200,000 cP or
less, about 1,000,000 cP or less, about 900,000 cP or
less, about 800,000 cP or less, about 700,000 cP or less,
about 600,000 cP or less, about 500,000 cP or less, about
450,000 cP or less, about 400,000 cP or less, about
350,000 cP or less, about 300,000 cP or less, about
250,000 cP or less, about 200,000 cP or less, about
150,000 cP or less, about 100,000 cP or less, about
95,000 cP or less, about 90,000 cP or less, about 85,000
cP or less, about 80,000 cP or less, about 75,000 cP or
less, about 70,000 cP or less, about 65,000 cP or less,
about 60,000 cP or less, about 55,000 cP or less, about
50,000 cP or less, about 45,000 cP or less, about 40,000
cP or less, about 35,000 cP or less, about 30,000 cP or
less, about 25,000 cP or less, about 20,000 cP or less,
about 15,000 cP or less, or about 10,000 cP or less. Thus,
the first viscosity can be bounded by any two of the fore-
going endpoints. For example, the first viscosity can be
about 15,000 cP to about 1,200,000 cP, about 35,000
cP to about 85,000 cP, or about 1,000,000 cP to about
8,000,000 cP.
[0034] Injecting a fluid into the slurry or the first pres-
surized slurry results in a fluid-injected slurry having a
second viscosity. The second viscosity typically is lower
than the first viscosity. In some embodiments of the in-
vention, the fluid-injected slurry has a second viscosity
that is no more than about 80%, e.g., no more than about
75%, 70%, 65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%,
25%, 20%, 15%, 10%, or 5%, of the first viscosity. In a
preferred embodiment, the second viscosity is about 15%
to about 20% of the first viscosity. By way of illustration,
at 200 °C (e.g., after fluid injection), biomass slurries have
a calculated viscosity of about 170,000 cP at a solids
content of about 15 wt.%, a calculated viscosity of about
560,000 cP at a solids content of about 20 wt.%, and a
calculated viscosity of about 1,200,000 cP at a solids
content of about 25 wt.%. The values (in cP) of the second
viscosity can be calculated by multiplying any of the per-
centages disclosed hereinabove by any of the first vis-
cosity values. For example, when the first viscosity is
about 3,000,000 cP to about 4,000,000, a second vis-
cosity that is about 20% of the first viscosity can be cal-
culated to be about 600,000 cP to about 800,000 cP. Any
second viscosity value (in cP) that can be calculated in
this manner is considered to be inherently disclosed
herein.
[0035] The slurry can have any suitable first pressure.
In some embodiments of the invention, the first pressure
is about 14 psia to about 50 psia. For example, the first
pressure is about 14 psia or more, e.g., about 15 psia or
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more, about 20 psia or more, about 25 psia or more,
about 30 psia or more, about 35 psia or more, about 40
psia or more, or about 45 psia or more. Alternatively, or
in addition, the first pressure is about 50 psia or less,
e.g., about 45 psia or less, about 40 psia or less, about
35 psia or less, about 30 psia or less, about 25 psia or
less, about 20 psia or less, or about 15 psia or less. In a
preferred embodiment, the first pressure is about 14.7
psia (i.e., the ambient pressure at sea level).
[0036] The first pressurized slurry can have any suit-
able second pressure, provided that the second pressure
is greater than the first pressure. In some embodiments
of the invention, the second pressure is about 50 psia to
about 1250 psia. For example, the second pressure is
about 50 psia or more, e.g., about 75 psia or more, about
100 psia or more, about 125 psia or more, about 150 psia
or more, about 175 psia or more, about 200 psia or more,
about 225 psia or more, about 250 psia or more, about
275 psia or more, about 300 psia or more, about 325 psia
or more, about 350 psia or more, about 375 psia or more,
about 400 psia or more, about 425 psia or more, about
450 psia or more, about 475 psia or more, about 500 psia
or more, about 525 psia or more, about 550 psia or more,
about 575 psia or more, about 600 psia or more, about
750 psia or more, about 800 psia or more, about 850 psia
or more, about 900 psia or more, about 950 psia or more,
about 1000 psia or more, about 1050 psia or more, about
1100 psia or more, about 1150 psia or more, or about
1200 psia or more. Alternatively, or in addition, the sec-
ond pressure is about 1250 psia or less, e.g., about 1200
psia or less, about 1150 psia or less, about 1100 psia or
less, about 1050 psia or less, about 1000 psia or less,
about 950 psia or less, about 900 psia or less, about 850
psia or less, about 800 psia or less, about 750 psia or
less, about 700 psia or less, about 650 psia or less, about
600 psia or less, about 575 psia or less, about 550 psia
or less, about 500 psia or less, about 475 psia or less,
about 450 psia or less, about 425 psia or less, about 400
psia or less, about 375 psia or less, about 350 psia or
less, about 325 psia or less, about 300 psia or less, about
275 psia or less, about 250 psia or less, about 225 psia
or less, about 200 psia or less, about 175 psia or less,
about 150 psia or less, about 125 psia or less, about 100
psia or less, or about 75 psia or less. Thus, the second
pressure can be bounded by any two of the foregoing
endpoints. For example, the second pressure can be
about 100 psia to about 850 psia, about 200 psia to about
575 psia, or about 450 psia to about 600 psia. In a pre-
ferred embodiment, the second pressure is about 70 psia
to about 600 psia, more preferably about 200 psia to
about 250 psia, and most preferably about 225 psia.
[0037] The second pressurized slurry can have any
suitable third pressure, provided that the third pressure
is higher than the second pressure. In some embodi-
ments of the invention, the third pressure is greater than
about 1250 psia. For example, the third pressure is about
1,200 psia or more, e.g., about 1,400 psia or more, about
1,600 psia or more, about 1,800 psia or more, about

2,000 psia or more, about 2,200 psia or more, about
2,400 psia or more, about 2,600 psia or more, about
2,800 psia or more, about 3,000 psia or more, about
3,200 psia or more, about 3,400 psia or more, about
3,600 psia or more, about 3,800 psia or more, about
4,000 psia or more, about 4,200 psia or more, about
4,400 psia or more, about 4,600 psia or more, about
4,800 psia or more, about 5,000 psia or more, about
5,200 psia or more, about 5,400 psia or more, about
5,600 psia or more, or about 5,800 psia or more. Alter-
natively, or in addition, the third pressure is about 6,000
psia or less, e.g., about 5,800 psia or less, about 5,600
psia or less, about 5,400 psia or less, about 5,200 psia
or less, about 5,000 psia or less, about 4,800 psia or less,
about 4,600 psia or less, about 4,400 psia or less, about
4,200 psia or less, about 4,000 psia or less, about 3,800
psia or less, about 3,600 psia or less, about 3,400 psia
or less, about 3,200 psia or less, about 3,000 psia or less,
about 2,800 psia or less, about 2,600 psia or less, about
2,400 psia or less, about 2,200 psia or less, about 2,000
psia or less, about 1,800 psia or less, about 1,600 psia
or less, or about 1,400 psia or less. Thus, the third pres-
sure can be bounded by any two of the foregoing end-
points. For example, the third pressure can be about
2,200 psia to about 2,800 psia, about 2,600 psia to about
6,000 psia, or about 3,000 psia to about 5,600 psia. In a
preferred embodiment, the third pressure is about 2,000
to about 6,000 psia, more preferably about 3,200 psia to
about 3,400 psia.
[0038] In some embodiments of the invention, prior to
the injecting step, the fluid has a fourth pressure and a
fourth temperature. In some embodiments, the fourth
pressure is a saturation vapor pressure of the fluid at the
fourth temperature. The fourth pressure typically is higher
than the second pressure, such that the fluid can be in-
jected into the first pressurized slurry. In some embodi-
ments, the fourth pressure is about 1% (e.g., about 2%,
3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%, 20%, 25%,
30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%,
or 80%) higher than the second pressure. Preferably, the
fourth pressure is about 5% higher than the second pres-
sure. Additionally, any of the foregoing percentages can
be used as endpoints in a range. For example, the fourth
pressure can be about 5% to about 45%, about 15% to
about 30%, or about 3% to about 75% higher than the
second pressure.
[0039] In some embodiments of the invention, the fluid-
injected slurry is under a pressure sufficient to keep the
fluid-injected slurry in a substantially liquid state.
[0040] The slurry can have any suitable first tempera-
ture. In some embodiments of the invention, the first tem-
perature is about 1 °C to about 50 °C. For example, the
first temperature is about 1 °C or more, e.g., about 5 °C
or more, about 10 °C or more, about 15 °C or more, about
20 °C or more, about 25 °C or more, about 30 °C or more,
about 35 °C or more, about 40 °C or more, or about 45
°C or more. Alternatively, or in addition, the first temper-
ature is about 50 °C or less, e.g., about 45 °C or less,
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about 40 °C or less, about 35 °C or less, about 30 °C or
less, about 25 °C or less, about 20 °C or less, about 15
°C or less, about 10 °C or less, or about 5 °C or less.
Thus, the first temperature can be bound by any two of
the foregoing endpoints. For example, the first tempera-
ture can be about 5 °C to about 45 °C, about 20 °C to
about 35 °C, or about 15 °C to about 50 °C. In a preferred
embodiment, the first temperature is about 20 °C to about
25 °C.
[0041] The fluid-injected slurry can have any suitable
second temperature. In some embodiments of the inven-
tion, the second temperature is about 100 °C to about
300 °C. For example, the second temperature is about
100 °C or more, e.g., about 110 °C or more, about 120
°C or more, about 130 °C or more, about 140 °C or more,
about 150 °C or more, about 160 °C or more, about 170
°C or more, about 180 °C or more, about 190 °C or more,
about 200 °C or more, about 210 °C or more, about 220
°C or more, about 230 °C or more, about 240 °C or more,
about 250 °C or more, about 260 °C or more, about 270
°C or more, about 280 °C or more, or about 290 °C or
more. Alternatively, or in addition, the second tempera-
ture is about 300 °C or less, e.g., about 290 °C or less,
about 280 °C or less, about 270 °C or less, about 260 °C
or less, about 250 °C or less, about 240 °C or less, about
230 °C or less, about 220 °C or less, about 210 °C or
less, about 200 °C or less, about 190 °C or less, about
180 °C or less, about 170 °C or less, about 160 °C or
less, about 150 °C or less, about 140 °C or less, about
130 °C or less, about 120 °C or less, or about 110 °C or
less. Thus, the second temperature can be bounded by
any two of the foregoing endpoints. For example, the
second temperature can be about 180 °C to about 230
°C, about 160 °C to about 190 °C, or about 210 °C to
about 240 °C. In a preferred embodiment, the second
temperature is about 150 °C to about 250 °C, more pref-
erably about 180 °C to about 230 °C, and most preferably
about 200 °C.
[0042] In some embodiments of the invention, the pH
of the slurry, the first pressurized slurry, the fluid-injected
slurry, and/or the second pressurized slurry can be ad-
justed via the addition of exogenous acid. As used herein,
an "exogenous acid" is an acid that is purposefully added
to a specified slurry and does not include acid that is
naturally released from the biomass during processing.
The pH of the specified slurry or slurries can be adjusted
to any suitable pH. For example, the pH can be adjusted
to about 5 or less, e.g., about 4.5 or less, about 4 or less,
about 3.5 or less, about 3 or less, about 2.5 or less, about
2 or less, about 1.5 or less, or about 1 or less. Alterna-
tively, or in addition, the pH can be adjusted to about 0.5
or more, e.g., about 1 or more, about 1.5 or more, about
2 or more, about 2.5 or more, about 3 or more, about 3.5
or more, about 4 or more, or about 4.5 or more. Thus,
the adjusted pH can be bounded by any two of the fore-
going endpoints. For example, the adjusted pH can be
about 0.5 to about 3, about 2.5 to about 3.5, or about 1
to about 3.5. In a preferred embodiment, the pH is about

3 or less. In another preferred embodiment, the methods
of the invention are substantially free of exogenous acid.
In some embodiments of the invention, an exogenous
acid is not employed.
[0043] Any suitable compound can be used for pH ad-
justment. In some embodiments where at least one ex-
ogenous acid is employed, the exogenous acid compris-
es, consists of, or consists essentially of an organic acid,
an inorganic acid, or combinations thereof. In some em-
bodiments, the exogenous acid comprises, consists of,
or consists essentially of sulfuric acid, sulfonic acid, phos-
phoric acid, phosphonic acid, nitric acid, nitrous acid, hy-
drochloric acid, hydrofluoric acid, hydrobromic acid, hy-
droiodic acid, 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 ac-
id), aliphatic fatty acids (such as oleic acid, palmitic acid,
and stearic acid), aromatic fatty acids (such as phenyl-
stearic acid), amino acids, carbonic acid (e.g., formed in
situ by the addition of carbon dioxide), sulfurous acid
(e.g., formed in situ by the addition of sulfur dioxide), or
combinations thereof.
[0044] In some embodiments of the invention, the liq-
uid carrier comprises a liquid selected from the group
consisting of water, C1-C5 alcohols, water-miscible or-
ganic solvents, and combinations thereof. In some em-
bodiments of the invention, the liquid carrier consists of
water. In some embodiments of the invention, the liquid
carrier comprises one or more water-immiscible organic
solvents (e.g., toluene, hexane, nitromethane, and the
like).
[0045] In some embodiments of the invention, the solid
comprises a material selected from the group consisting
of biomass, fractionated biomass, municipal solid waste,
a polysaccharide, an oligosaccharide, and combinations
thereof.
[0046] In some embodiments of the invention, the
method is a continuous process. In some embodiments
of the invention, the method is not a batch process.
[0047] In some embodiments of the invention, the
method is performed in a tubular apparatus.
[0048] In some embodiments of the invention, the slur-
ry or the first pressurized slurry is continuously flowing
during the injecting step, especially where the method is
performed in a tubular apparatus and especially where
the fluid is injected into a flowing stream of slurry (any
version) (rather than into a tank of slurry, even if the tank
is continuously stirred). In some embodiments, the in-
ventive method is a once-through process (as opposed
to a process employing a recirculating loop or a closed
loop).
[0049] In some embodiments of the invention, the
method further comprises contacting the second pressu-
rized slurry with a supercritical or near-critical fluid. In
some embodiments, the supercritical or near-critical fluid
comprises, consists of, or consists essentially of water.
[0050] The present invention is further defined in the
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following Examples, in which all parts and percentages
are by weight, unless otherwise stated. It should be un-
derstood that these examples, while indicating preferred
embodiments of the invention, are given by way of illus-
tration only and are not to be construed as limiting in any
manner. From the above discussion and these examples,
one skilled in the art can ascertain the essential charac-
teristics of this invention, and without departing from the
spirit and scope thereof, can make various changes and
modifications of the invention to adapt it to various usages
and conditions.

EXAMPLES

[0051] With reference to FIGURE 1, a slurry compris-
ing lignocellulosic biomass in water is stored in storage
tank 1. The slurry is then gravity fed into a low pressure
pump 2, which pressurizes the slurry to form a first pres-
surized slurry. Alternatively, the slurry can be fed to the
low pressure pump 2 by a screw feeder, a mechanical
pressurizing device, conveyor, or alternative mechanical
device (not shown). In an alternative embodiment, low
pressure pump 2 may be eliminated and replaced with a
screw feeder, a mechanical pressurizing device, convey-
or, or alternative mechanical device (not shown), which
pressurizes the slurry to form a first pressurized slurry.
[0052] Saturated vapor 3, such as saturated steam in
the case of water as the injection fluid (or superheated
vapor, such as superheated steam in the case of water
as the injection fluid), is injected into the slurry line by
one or more fluid injectors 4, thereby forming a fluid-in-
jected slurry. The temperature of the slurry increases as
the steam (in the case of water as the injection fluid)
condenses to liquid water and releases its latent heat.
Fluid typically is injected at a pressure that is slightly high-
er than the pressure of the slurry. Because temperature
and pressure are interrelated, especially in the case of
saturated vapor, the temperature of the fluid prior to in-
jection typically is dictated by the required pressure nec-
essary to ensure that the fluid has a pressure slightly
higher than the slurry, such that the fluid is capable of
being injected into the slurry. If the pressure of the fluid
is excessively high, such that by consequence the tem-
perature is also excessively high, some of the organic
material in the slurry (e.g., monomeric sugars, polymer-
ics, etc.) may degrade when contacted with the fluid hav-
ing an excessively high temperature.
[0053] The fluid-injected slurry is then pumped to high
pressure by high pressure pump 5. The high temperature
and high pressure slurry (i.e., second pressurized slurry)
may then be subjected to further processing 6, such as
supercritical or near-critical treatment. During supercrit-
ical or near-critical treatment, the second pressurized
slurry is contacted with a supercritical or near-critical fluid
(e.g., water), which breaks down the organic components
of biomass (e.g., polysaccharides) into simpler com-
pounds (e.g., oligosaccharides and monosaccharides).
[0054] The injection fluid may be a liquid or a vapor, or

a combination thereof. Although hot liquid may be inject-
ed to heat the slurry, it is advantageous to use a vapor,
because the vapor releases latent heat upon condensa-
tion, which has a much higher heating value than the
specific heat of a liquid. As a result of the higher heating
value of a condensing vapor, the use of vapor as the
injection fluid also reduces the quantity of liquid that is
effectively added to the slurry upon vapor condensation,
as compared to the amount of hot fluid that would be
required to achieve the same slurry temperature, thereby
avoiding unnecessary dilution of the slurry.
[0055] Once the slurry is heated, it is easier to pump
to high pressure because the viscosity decreases in-
versely with temperature, enabling pumping of a slurry
with a higher solids content. This process makes the in-
vention more economical and lowers the power required
to pump, which also results in beneficial energy savings.
This method is superior to prior art methods for pumping
high viscosity slurries to high pressure, including those
methods that employ heat exchangers, which are capital
intensive and have fouling problems. In addition, the di-
rect heating by fluid injection is more efficient than indirect
heating through the use of heat exchangers, and also is
not associated with the pressure drop issues that plague
methods employing heat exchangers.
[0056] 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 inven-
tion. Therefore, the scope of the invention is to be deter-
mined solely by the claims to be appended.
[0057] When ranges are used herein for physical prop-
erties, such as temperature ranges and pressure ranges,
or chemical properties, such as chemical formulae, all
combinations, and subcombinations of ranges specific
embodiments therein are intended to be included.
[0058] The disclosures of each patent, patent applica-
tion, and publication cited or described in this document
are hereby incorporated herein by reference, in their en-
tirety.
[0059] Those skilled in the art will appreciate that nu-
merous changes and modifications can be made to the
preferred embodiments of the invention and that such
changes and modifications can be made without depart-
ing from the spirit of the invention. It is, therefore, intended
that the appended claims cover all such equivalent var-
iations as fall within the true spirit and scope of the in-
vention.

Claims

1. A method, comprising:

providing a slurry at a first temperature and a
first pressure, wherein said slurry comprises a
liquid carrier and a solid;
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increasing said first pressure to a second pres-
sure of about 50 psia to about 1250 psia, thereby
forming a first pressurized slurry;
injecting a fluid into said first pressurized slurry,
thereby forming a fluid-injected slurry, wherein
said fluid-injected slurry has a second temper-
ature greater than said first temperature, and
said second temperature is about 100 °C to
about 300 °C; and
increasing said second pressure to a third pres-
sure of greater than about 1250 psia, thereby
forming a second pressurized slurry.

2. The method of claim 1,
wherein said solid is present in an amount of at least
about 5 % by weight, based on the total weight of
said slurry or wherein said solid comprises a material
selected from the group consisting of biomass, frac-
tionated biomass, municipal solid waste, a polysac-
charide, an oligosaccharide, and combinations
thereof.

3. The method of claim 1,
wherein said fluid is selected from the group consist-
ing of vapor, saturated vapor, superheated vapor,
and combinations thereof or wherein said fluid is se-
lected from the group consisting of steam, saturated
steam, superheated steam, and combinations there-
of.

4. The method of claim 1, further comprising:
adding to at least one of said slurry, said first pres-
surized slurry, said fluid-injected slurry, and said sec-
ond pressurized slurry a component selected from
the group consisting of helium, nitrogen, argon, ox-
ygen, carbon dioxide, carbon monoxide, sulfur diox-
ide, hydrogen chloride, and hydrogen.

5. The method of claim 1,
wherein at least one of said increasing said first pres-
sure to said second pressure and said increasing
said second pressure to said third pressure compris-
es using at least one pressurizing device selected
from the group consisting of a pump, a screw feeder,
a mechanical pressurizing device, and combinations
thereof.

6. The method of claim 1,
wherein at least one of said slurry and said first pres-
surized slurry has a first viscosity of at least about
5,000 cP, in particular wherein said fluid-injected
slurry has a second viscosity that is no more than
about 80% of said first viscosity.

7. The method of claim 1,
wherein said first pressure is about 14 psia to about
50 psia or wherein said second pressure is about 70
psia to about 600 psia or wherein said third pressure

is about 2000 psia to about 6000 psia or wherein
said first temperature is about 1 °C to about 50 °C
or wherein said second temperature is about 150 °C
to about 250 °C.

8. The method of claim 1,
wherein, prior to said injecting, said fluid has a fourth
pressure and a fourth temperature, and wherein said
fourth pressure is a saturation vapor pressure of said
fluid at said fourth temperature.

9. The method of claim 1,
wherein said fluid-injected slurry is under a pressure
sufficient to keep said fluid-injected slurry in a sub-
stantially liquid state.

10. The method of claim 1,
wherein said method is substantially free of exoge-
nous acid or wherein said method is a continuous
process or wherein said method is performed in a
tubular apparatus.

11. The method of claim 1,
wherein said liquid carrier comprises a liquid select-
ed from the group consisting of water, C1-C5 alco-
hols, water-miscible organic solvents, and combina-
tions thereof or wherein said liquid carrier comprises
water.

12. The method of claim 1,
wherein said slurry or said first pressurized slurry is
continuously flowing during said injecting or wherein
the method further comprises contacting said sec-
ond pressurized slurry with a supercritical or near-
critical fluid comprising water.

13. A method, comprising:

providing a slurry at a first temperature of about
1 °C to about 50 °C and a first pressure of about
14 psia to about 50 psia;

wherein said slurry comprises a liquid car-
rier and a solid; and
wherein said slurry has a viscosity of at least
about 5,000 cP;

injecting a fluid into said slurry to form a fluid-
injected slurry;

wherein said fluid-injected slurry has a sec-
ond temperature of less than about 100 °C;
and
wherein said second temperature is greater
than said first temperature; and

increasing said first pressure to a second pres-
sure of about 1000 psia to about 6000 psia,
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thereby forming a pressurized slurry.

14. The method of claim 13,

wherein said liquid carrier comprises water; and
said solid comprises a material selected from
the group consisting of biomass, fractionated bi-
omass, municipal solid waste, a polysaccharide,
an oligosaccharide, and combinations thereof.

15. The method of claim 13, further comprising:
contacting said pressurized slurry with a supercritical
or near-critical fluid comprising water.
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