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SYSTEM AND METHOD FOR INCREASING CARBOHYDRATE AND
LIGNIN CONCENTRATION IN HYDROLYSATE OF BIOMASS
PRETREATMENT

RELATED APPLICATIONS
[0001] This application claims priority of U. S. Provisional Application
No. 61/570,635 filed on December 14, 2011, the content of which is hereby
incorporated into this application by reference.

l. Field of the Invention

[0002] This disclosure pertains to treatment of biomass to enhance
conversion efficiency from biomass to biofuels, or other useful chemicals. More
specifically, the disclosure relates to amethod for increasing the hydrolysate
concentration in aflowthrough pretreatment system.

. Background

[0003] Cellulosic biomass is useful for generating biofuels such as ethanol
and other valuable chemicals. Many cellulosic biomass such materials specifically
known as lignocellulosic materials, or biomass, (e.g. wood and solid wastes), have
been used as source material to generate carbohydrates, which in turn may be used to
produce ethanol, as well as other products. However, large-scale utilization of plant
biomass is hindered, at least in part, by the lack of technologies capable of efficiently
converting the biomass into component fractions or reactive intermediates at alow
cost. For example, most plant biomass is resistant to the digestion by cellulase, which
may lead to low cellulose hydrolysis yields.

[0004] Pretreatment of biomass may render the biomass more amenable to
enzymatic digestion. For instance, biomass components (e.g., lignin) that impede
access to cellulase enzymes may be removed during pretreatment. Pretreatment may
also cause structural changes (e.g. particle size, porosity, surface area) to the biomass
which may render them more accessible to enzymes. Various biomass pretreatment
technologies have been developed. Examples of these developments include use of
dilute acids or bases, steam explosion, autohydrolyisis, controlled pH, AFEX, and

agueous ammonia pretreatment.
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[0005] Autohydrolysis pretreatment employs hot water or steam to pretreat
biomass. However, high pretreatment severity (e.g. temperature >190°C) is generally
required to produce digestible substrate which may result in high losses of
hemicellulose sugars. For instance, depending on residence time, xylose losses can be
as high as 25%, or even higher. In addition, inhibitors released from the biomass and
produced in the course of sugar and lignin degradation may negatively affect the
qualities of the insoluble materials, such as substrate fermentability and digestibility.

[0006] In conventional steam pretreatment in which the residence time of
the solids and liquid isthe same, whether operated in batch or continuous mode,
dissolved biomass components may degrade once they are dissolved or suspended in
solution. In addition, solubilized lignin and hemicellulose components may
precipitate during cooling, which decreases the reactivity of the biomass to enzymatic
hydrolysis.

[0007] One approach for improving pretreatment effectiveness involves
washing of the solid biomass after closed-system pretreatment ("post-washing").
Post-washing at high temperatures, for example, at 140°C, helps produce reactive
biomass material and also removes some lignin and hemicellulose solubilzation
products. The amount of lignin and hemicellulose solubilzation products removed in
post- washing may not be as much asthe amount that would be removed if washing
were done at pretreatment reaction temperatures. Furthermore, once-through washing
typicaly dilutes solubilized components, making them more expensive to recover or
process in subsequent steps. Although post-washing of solid biomass at moderate
temperatures (e.g., 100°C) and under atmospheric pressure may help eliminate certain
complexities, it isnot very efficient in producing adequate yield of the biomass solids
and makes achieving sterilization more difficult.

[0008] Ancther approach for enhancing pretreatment effectiveness
involves flowing hot water, or acid, through the solid biomass, aso known as
flowthrough pretreatment. Flowthrough pretreatment with hot water, or very dilute
acid, may effectively remove hemicellulose and lignin, and may generate highly
active substrate (Liu & Wyman, 2003, 2004). For example, hot water flowthrough
pretreatment removes significant amount of dissolved hemicellulose and lignin thus
avoiding precipitation. When flowthrough pretreatment iscarried out with hot liquid

at atemperature of, for example, between 120°C and 240°C, the reactivity of the
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resulting biomass solids are several-fold greater than that of a closed-system control.
However, conventional flowthrough operation uses too much energy and water.
Moreover, the hemicellulose hydrolyzate recovered from flowthrough pretreatment

may be too dilute which increases the cost of subsequent sugar recovery.

SUMMARY

[0009] The presently disclosed instrumentalities advance the art by
providing systems and methods for obtaining hydrolysate from biomass. More
particularly, the disclosed methodology may result in increased concentration of
carbohydrate and/or lignin in the hydrolysate obtained from flowthrough pretreatment
of biomass. By recycling the hydrolysate in the flowthrough, the disclosed methods
also reduce the consumption of water and energy.

[0010] Flowthrough pretreatment of biomass has been reported as being
infeasible because the process uses excessive amount of energy and water. In one
embodiment, the disclosed process uses counter-current flowthrough in which the
direction of the pretreatment liquid is opposite to the flow of the biomass in the
vessel. Ascompared to batch pretreatment or co-current flowthrough, counter-current
flowthrough may substantially reduce the amount of energy and water required for the
process.

[0011] In addition, the disclosed process may also help reduce
carbohydrate degradation and increase carbohydrate concentration in the hydrolysate
obtained from pretreatment of the biomass. When the substantially dry biomass is
mixed with hydrolysate rather than water, the water in the hydrolysate may act as a
solvent to dissolve the carbohydrate and lignin, thus preventing dilution of the
hydrolysate. In another aspect, because the incoming hydrolysate may enter the
vessel and iswashed out directly with minimum exposure to reaction conditions,
degradation of the carbohydrate may be kept to the minimum.

[0012] In one embodiment, the disclosed system may include avessel in
which the biomass may make contact with the pretreatment liquid. The vessel may
have a solid inlet, asolid outlet, aliquid inlet and aliquid outlet. The biomass may
enter the vessel through the solid inlet and may flow in the vessel from the solid inlet
towards the solid outlet. In one aspect, the vessel may be oriented such that the flow
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of the biomass in the vessel is driven by gravity. In another aspect, the flow rate of
the biomass may be regulated.

[0013] In one embodiment, liquid (also referred to as a " pretreatment
liquid"), such as water or other liquid, may be passed through the biomass to generate
aflowthrough mixture (also referred to as an "effluent” or "reactor effluent”). The
pretreatment liquid may be heated to atemperature that is higher than room
temperature before entering the vessel. The effluent may contain the liquid and one
or more components of the biomass. The pretreatment liquid may flow from the liquid
inlet towards the liquid outlet. In one aspect, the liquid may flow in adirection that is
opposite to the flow of the biomass. In another aspect, the liquid may flow in the
same direction as the flow of the biomass. The flow rate of the pretreatment liquid
may be regulated. In one embodiment, the flow rate of the pretreatment liquid inside
the vessel is at least 2 times, or 2-10 times faster than the mass flow rate of the
biomass. In another embodiment, the flow rate of the pretreatment liquid inside the
vessel is 3-4 times faster than that of the biomass inside the vessel.

[0014] Asthe pretreatment liquid makes contact with the biomass, various
component of the biomass, such as carbohydrate, lignin, may enter the pretreatment
liquid forming ahydrolysate. The hydrolysate may exit the vessel through the liquid
outlet. In one aspect, the exiting hydrolysate may be subject to afermentation
process. In another aspect, the system may contain a means, such as aconduit, for
conveying the hydrolysate from the liquid outlet back into the vessel, where the
recycled hydrolysate makes further contact with the biomass. The conduit may be an
integral part of the vessel. Alternatively, the conduit may be connected to but
separate from the vessel.

[0015] In another embodiment, the pretreatment liquid may be fresh water,
dilute acid base or salt solution, or recycled hydrolysate. In one aspect, the
pretreatment liquid and the biomass may enter the vessel separately. In another
aspect, the pretreatment liquid may be pre-mixed with the biomass outside of the
vessel. The liquid and the biomass may then enter the vessel in the form of apre-mix.

[0016] In another embodiment, the system may contain afirst heating
means in the conduit which may heat the hydrolysate as it flows through the conduit.
In another embodiment, the system may also contain a second heating means. In one

aspect, the second heating means may be located inside the vessel. In another aspect,
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the second heating means may help generate atemperature gradient in the vessel, with
the temperature increasing from the solid inlet to the solid outlet. The temperature
gradient may bein the range of from 20°C to 240°C. |In another aspect, the
temperature gradient may be in the range of from 50°C to 220°C, 130°C to 220°C, or
150°C to 220°C, with temperature increasing from the side of the solid inlet. 1n one
embodiment, when the flowthrough pretreatment is a counter-current system, the
hydrolysate (liquid) outlet is on the same side of the vessel as the solid (biomass)

inlet.

[0017] In one embodiment, acertain amount of the biomass may be mixed
in the vessel with afirst inflow of aliquid. In another embodiment, the biomass may
be mixed with aliquid before entering the vessel and may enter the vessel with the
liquid as apre-mix. Asthe biomass moves (or flows) through the vessel, the biomass
makes contact with the liquid and various components (e.g., carbohydrate, lignin, etc.)
are dissolved in the liquid forming ahydrolysate. In another embodiment, the flow of
the pretreatment liquid may be in a direction opposite to the flow of the biomass in the
vessel.

[0018] After making contact with the biomass, the liquid may exit through
the liquid (hydrolysate) outlet of the vessel as afirst effluent. The first effluent may
contain carbohydrate, lignin, among others, forming ahydrolysate of the biomass. In
one aspect, the first effluent may be subject to afermentation process. In another
aspect, the first effluent may pass through aconduit and enter the vessel as a second
inflow. The second inflow may be mixed with the solid biomass outside of the vessel
forming apre-mix. The pre-mix may then enter the vessel through the solid inlet.

[0019] The biomass may exit the vessal through the solid outlet. Because
the exiting biomass may take away certain amount of liquid from the vessel,
additional fresh liquid may be included in the second inflow. Thus, in one
embodiment of the instant disclosure, the second inflow may include the first effluent
and the additional fresh liquid. This process may be repeated 5-100 times. In one
aspect, the process may be repeated at least 10 times. In another aspect, in a
continuous operation, the process may be repeated indefinitely unless the operation is

shut down for maintenance or other reasons.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Figure 1is aschematic drawing of an exemplary flowthrough
pretreatment system showing major components of the system.

[0021] Figure 2 illustrates the calculation of hydrolysate concentration in
systems using hydrolysate for flowthrough pretreatment and in systems using water
for flowthrough pretreatment.

[0022] Figure 3 shows the oligomer concentration, xylan hydrolysis
conversion, and the concentration of degradation product in a counter-current
flowthrough system with five scenarios of temperature gradients.

[0023] Figure 4 shows the oligomer concentration, xylan hydrolysis
conversion, and the concentration of degradation product in a co-current flowthrough
system with five scenarios of temperature gradients.

[0024] Figure 5 compares the concentrations of degradation product [P] in
(1) co-current, (2) counter-current and (3) counter-current with temperature gradient

flowthrough systems.

DETAILED DESCRIPTION

[0025] The present disclosure provides systems and methods for
increasing the recovery of carbohydrate, lignin, proteins, and other useful materials
from biomass. The methods may also be used to increase the concentration of these
materials recovered from biomass.

[0026] In one embodiment, avessel is used for flowthrough pretreatment
of the biomass. Asshown in Fig. 1, biomass (stream 102) may enter the vessel (or
reactor) through a solid inlet. The biomass may be any materials that contain
molecules that can be broken down to fermentable sugars. In one embodiment, the
biomass is alignocellulosic biomass. Typically, the solid biomass that enters the
vessel isdry or mostly dry and is mixed with a pretreatment liquid in the vessel. The
pretreatment liquid may be water, an acid or base solution, asalt solution or a
hydrolysate of the biomass.

[0027] Biomass may enter the vessel through the solid inlet. In one
embodiment, the biomass may be pre-mixed with aliquid before entering the vessel.
By way of example, the solid biomass (stream 102) may be mixed with the recycled
hydrolysate (stream 106) to form a stream 110, which isthen fed into the vessel (Fig.
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1). The biomass may move (or flow) in the vessel and exit the vessel from a solid
outlet (stream 122).

[0028] The pretreatment liquid may enter the vessel through aliquid inlet
as stream 126 (Fig. 1). In one embodiment, the liquid may flow in adirection
opposite from the direction of the biomass movement. In another embodiment, the
liquid may flow in the same direction as that of the biomass movement.

[0029] The pretreatment liquid may exit the vessel as a hydrolysate
(stream 114 in Fig. 1) through aliquid outlet. In one aspect, the hydrolysate of stream
114 may be divided into two separate portions: one portion (stream 106) may be
returned to the vessel to pretreat more biomass; the other portion (stream 118) may be
subject to further processing as ahydrolysate. Stream 106 may be mixed with
incoming biomass to help remove air from the biomass. Stream 118 may contain
significant amount of carbohydrate and lignin and may be subject to further separation
or fermentation processes.

[0030] The process of using recycled hydrolysate to pretreat the biomass
as described above may be repeated for many cycles. The disclosed process may be
applied to single stage or multi-stage reactors. Additional inlets and outlets may exist
between the two ends of avessel for multi-stage reactors or for a single-stage reactor
having multiple reaction zones. In one aspect, the vessel or reactor may have uniform
temperature. In another aspect, the vessel or reactor system may have atemperature
gradient. For example, the temperature may increase from the end of solid inlet
towards the solid outlet.

[0031] In one aspect, the liquid inlet and the solid outlet may have
separate openings on the vessel, or the liquid outlet and the solid inlet may have
separate openings on the vessel. 1n another aspect, the liquid inlet and the solid outlet
may share the same openings on the vessel, or the liquid outlet and the solid inlet may
share the same openings on the vessel.

[0032] In one embodiment, the use of recycled hydrolysate to pretreat
biomass may help increase the concentration of the final hydrolysate. Fig. 2 shows
calculations of the concentration of hydrolysates under two different scenarios when
assuming that solid residence time is 3 times the residence time of liquid. For
instance, where the liquid residence time is 5 minutes, the solid residence time is

assumed to be 15 minutes. In Scenario A, the biomass (solids) is not mixed with
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hydrolysate, but isloaded into the vessel along with water. In Scenario B, the
biomass (mostly dry) is mixed with hydrolysate, instead of water. Under Scenario A,
the amount of hydrolysate is calculated as 20x20%=4 kg hemicellulose, and the
hydrolysate concentration obtained in Scenario A is4/(80+60)=29 g/L. By contrast,
the hydrolysate concentration obtained in Scenario B is 4/(80+60-80)=67 g/L. Thus,
the hydrolysate concentration obtained in Scenario B would be much higher than that
of Scenario A.

[0033] Asused herein, the term "flowthrough" refers to aprocess wherein
aliquid is added to or mixed with a solid or a semi-solid material and isincubated
with the material for aperiod of time before leaving the solid or semi-solid material.
During the course of the flowthrough, the liquid may solubilize, extract or otherwise
bring along certain components of the biomass. Flowthrough pretreatment is
distinguished from all other pretreatment configurations because the liquid phase
could have a shorter residence time in the reactor than does the solid phase. Methods
for reducing energy consumption and for effectively extracting usable sugar substrate
from biomass are disclosed.

[0034] The term "biomass’ generally refers to non-fossilized renewable
materials that are derived from or produced by living organisms. For purpose of this
disclosure, biomass may include animal biomass, plant biomass, and human waste
and recycled materials, among others. Examples of animal biomass may include
animal by-product and animal waste, etc. Plant biomass may be any plant-derived
matter (woody or non-woody) that is available on a sustainable basis. Plant biomass
may include, but is not limited to, agricultural crop wastes and residues such as corn
stover, wheat straw, rice straw, sugar cane bagasse and the like, grass crops, such as
switch grass and the like. Plant biomass may further include, but is not limited to,
woody energy crops, wood wastes and residues such as trees, softwood forest
thinnings, barky wastes, sawdust, paper and pulp industry residues or waste streams,
wood fiber, and the like. In urban areas, plant biomass may include yard waste, such
as grass clippings, leaves, tree clippings, brush, etc., vegetable processing waste, as
well asrecycled cardboard and paper products.

[0035] The term "vessel" refers to a container or reactor that holds the

biomass and one or more other reactants, wash liquid, or enzymes, among others. The
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terms "vessel," "reactor,” "reaction vessel," "biomass container,” and "pretreatment

vessal" may be used interchangeably in this disclosure.

EXAMPLES
[0036] The following examples are provided for purpose of illustrating the

instant disclosure and are not meant to be limiting.

Examplel Continuous flowthrough pretreatment under different
temperature gradients

[0037] Various parameters, such asoligomer concentration, xylan
hydrolysis conversion, and concentration of the degradation product, are compared for
acounter-current and a co-current flowthrough system. Fig. 3 shows the results from
acounter-current flowthrough system. Fig. 4 shows the same set of measurements
when co-current flowthrough isused. Five scenarios of temperature gradients are
used: (1) 130 -220 °C; (2) 150-220 °C; (3) 170-220 °C; (4) 190-220 °C; and (5) 220-
220 °C, all with temperature increasing from the side of the hydrolysate outlet. A
kinetic model is used to determine xylan hydrolysis and oligomer degradation during
flowthrough pretreatment. Panels (a) of Figs. 3 and 4 show oligomer (O)
concentration along the reactor axis (Z, dimensionless, increases from the side of
hydrolysate outlet). Panels (b) of Figs. 3 and 4 show xylan hydrolysis conversion (C)
along the reactor axis. Panels (c) of Figs. 3 and 4 show the concentration of
degradation product (DP) along the reactor axis. As shown in Figures 3 and 4, higher
xylan conversion islikely to be achieved for smaller temperature gradient when either
counter-current or co-current flowthrough isused. However, smaller temperature
gradient may also result in higher oligomer degradation.

[0038] For each temperature gradient, especialy for smaller temperature
gradient, oligomer degradation may be much higher for co-current pretreatment as
compared to counter-current pretreatment. Asshown in Fig. 3, although smaller
temperature gradient may result in higher oligomer concentration at the outlet, smaller
temperature gradient is also associated with higher degradation of the oligomers. For
instance, Fig. 3(c) shows that DPI and DP 2 both have less than 10%, or even less
than 5% degradation as compared to higher degradation rate in DP3, DP4 and DP5.
Taken together, counter-current pretreatment may yield higher carbohydrate
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concentration in the flowthrough hydrolysate and may cause less loss of xylan into
degradation product as compared to co-current system.

[0039] In another aspect, as shown in Fig. 5, maintaining atemperature
gradient along the reactor axis is advantageous as compared to afixed reactor
temperature. As shown in Fig. 5, for agiven final xylan conversion at 90%,
countercurrent pretreatment resulted in 66% less degradation of dissolved xylan as
compared to co-current pretreatment. For countercurrent pretreatment to reach the
same final xylan conversion, maintaining atemperature gradient along the reactor axis
reduced xylan degradation by another 12% as compared to afixed reactor

temperature.

10
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CLAIMS
Weclaim:

1. A system for pretreatment of biomass, said system comprising:

€) avessel comprising asolid inlet, asolid outlet, aliquid inlet and a
liquid outlet, wherein said biomass enters said vessel through said solid
inlet and flows in said vessel from said solid inlet towards said solid
outlet, and wherein said liquid enters the vessel through said liquid
inlet and flows in said vessel from said liquid inlet towards said liquid
outlet and exits said vessel through said liquid outlet as ahydrolysate,
said liquid making contact with said biomass as said liquid and said
biomass flow inside said vessdl,

and

(b) ameans for conveying said hydrolysate from said liquid outlet back
into said vessel.

2. The system of claim 1, wherein said liquid and said biomass flow in

opposite directions inside said vessel.

3. The system of any one of the preceding claims, wherein the solid inlet

and the liquid outlet share the same opening on said vessel.

4. The system of any one of the preceding claims, wherein the solid outlet

and the liquid inlet share the same opening on said vessel.

5. The system of any one of the preceding claims, wherein said means for

conveying said hydrolysate is a conduit through which said hydrolysate flows.

6. The system of any one of the preceding claims, wherein said conduit is

an integral part of said vessdl.

7. The system of any one of the preceding claims, further comprising a

first heating means for heating said hydrolysate as it flows through said conduit.

11
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8. The system of any one of the preceding claims, further comprising a
second heating means, said second heating means generating a temperature gradient

in said vessel, with temperature increasing from said solid inlet to said solid outlet.

9. The system of any one of the preceding claims, wherein said

temperature gradient isin the range of from 20°C to 240°C.

10. The system of any one of the preceding claims, wherein said

temperature gradient is from 130°C to 220°C.

11. A method for pretreatment of biomass, said method comprising:

(@ mixing in avessel an amount of said biomass with afirst inflow,
wherein said first inflow is aliquid, said biomass and said first inflow
flow in opposite directions in said vessel,

(b) obtaining afirst effluent as said first inflow exits said vessel after
making contact with said biomass, and

(©) allowing said first effluent to pass through a conduit and enter said

vessal as a second inflow.

12. The method of claim 11, wherein said steps of (a)-(c) are repeated for
at least 10 times.

13. The method of any one of the preceding claims, wherein said first

effluent comprises ahydrolysate of said biomass.

14. The method of any one of the preceding claims, wherein said biomass
enters said vessel through a solid inlet, flows through said vessel and exits said vessel

through a solid outlet after making contact with said first or second inflow.

15. The method of any one of the preceding claims, wherein the mass flow
rate of said biomass is at least 2 times slower than the flow rate of said first or second

inflow.

16. The method of any one of the preceding claims, wherein said vessel

comprises a heating means for generating a temperature gradient in said vessel.

12



WO 2013/090782 PCT/US2012/069848

17. The method of any one of the preceding claims, wherein the lowest
temperature in said temperature gradient is 20°C or higher, and the highest
temperature in said temperature gradient is 240 °C or lower, with temperature

increasing from said solid inlet to said solid outlet.

18. The method of any one of the preceding claims, wherein said highest

temperature in said temperature gradient is 220°C or lower.

13
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