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METHOD FOR SCALE REMOVAL DURING A LIGNOCELLULOSIC
CONVERSION PROCESS

FIELD OF INVENTION

{0001] The present invention relates to a method for the processing of lignocellulosic
feedstocks. More specifically, the present invention relates to a method of processing

lignocelltulosic feedstocks using acidic pretreatment.

BACKGROUND OF THE INVENTION

[0002] In recent years there has been an increasing interest in generating ethanol and fine
chemicals from lignocellulosic feedstocks. These feedstocks are of particular interest as
they are inexpensive and are often burned or landfilled. Accordingly, there is an enormous
untapped potential for their use as a source of fermentable sugar to produce ethanol or other
byproducts. The fermentable sugar is produced from the polysaccharide components of the
feedstock, namely cellulose which makes up 30% to 50% of most of the key feedstocks,
and hemicellulose which is present at 15% to 30% in most feedstocks. The remaining
components of lignocellulosic feedstock include lignin, which is typically present at 15-

30%, ash, protein and starch.

[0003] In order to produce sugar from lignocellulosic feedstocks, it is first necessary to
break the polysaccharides down into their composite sugar molecules and this is typically
accomplished by physical and/or chemical pretreatment, followed by hydrolysis of the
cellulose. An example of a chemical pretreatment is acid pretreatment (see U.S. Patent No.
4,461,648), which hydrolyzes most of the hemicellulose to xylose, galactose, mannose and
arabinose, but results in little conversion of the cellulose to glucose. The cellulose may be

hydrolyzed to glucose by cellulase enzymes or by further chemical treatment with acid.

[0004] It is also known to hydrolyze the lignocellulosic feedstock in a single step with acid
that utilizes harsher conditions to effect hydrolysis of both the hemicellulose and cellulose

components of the feedstock.

[0005] Glucose can be fermented to fuels including, but not limited to, ethanol or butanol
or other chemicals, examples of which include sugar alcohols and organic acids. The
pentose sugars, xylose and arabinose, can be fermented to ethanol by recombinant yeast
(see U.S. Patent No. 5,789,210 (Ho et al.), U.S. Patent No. 5,126,266 (Jeffries et al.), WO
2008/130603 (Abbas et al.) and WO 03/095627 (Boles and Becker)) or by bacteria.

-1-
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Moreover, the production of xylitol from xylose has received much attention because of its

value as a substitute sugar sweetener.

[0006] The development of a continuous process to produce ethanol or other fermentation
products that can be operated and maintained economically has been the goal of various
researchers in the field. Reductions in throughput compromise productivity, which can
translate into significant cost. To maintain a continuous, high throughput process, the flow
rate throughout the process should be consistent. If the flow rate through one stage of the
process is reduced, subsequent stages are similarly affected, which ultimately reduces the
throughput of the entire system. Moreover, interruptions to the process can also

significantly reduce the efficiency of the process.

[0007] It was unexpectedly discovered that a solid scale deposit (referred to herein as
“scale”, “scale deposit” or “pretreatment scale’”) can accumulate within a pretreatment
reactor. Once discovered, it was found that this was inhibiting the flow of the feedstock
slurry through the reactor and thus through downstream stages of the process. The scale
accumulation necessitated frequent halting of the process for cleaning operations and this
proved to be a time-consuming and costly endeavor as the system had to be disassembled
and then subjected to a high pressure water wash. The identity of the scale was unknown

until investigative work revealed that it was composed of lignin.

[0008] WO 2006/128304 discloses that scale containing inorganic salts can deposit on the
process equipment downstream of a pretreatment reactor. Deposition of scale occurs after
the addition of alkali to adjust the pH of the acid-pretreated slurry exiting the reactor to 4-6
prior to enzymatic hydrolysis. This scale deposit contains calcium sulfate and calcium
bisulfate resulting from the sulfuric acid added during pretreatment and calcium that is

present in the feedstock.

[0009] Lignin is an organic compound that confers water resistance and stiffness to the
fiber, as well as protection against microbial attack. Lignin differs from cellulose and
hemicellulose in that it is not composed of sugar units, but rather a complex three-
dimensional matrix of phenolic-propane units. Although lignin does not yield any
fermentable sugars, it can be burned in the plant to generate electricity for the conversion
process, thereby avoiding the use of fossil fuels. Lignin that is burned in the plant is

obtained from downstream stages of the process, typically after cellulose hydrolysis by
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cellulase enzymes. Insolubles that remain after enzymatic hydrolysis contain insoluble
lignin and can be separated from the sugars by filtration and then burned in a boiler to

generate steam.

[0010] It is known to remove lignin from the lignocellulosic feedstock itself at the
beginning of cellulosic conversion processes and numerous reagents have been proposed
for such purpose. Examples include treatment with ethanol and water, followed by
hemicellulose hydrolysis at high temperatures (WO02007/129921); delignification by
pretreatment conducted with lime under oxidative conditions, followed by enzymatic
hydrolysis of cellulose (US 2008/0121359), dissolution of lignin and release of
monosaccharides, polysaccharides and oligosaccharides by cooking lignocellulosic
feedstock with organic solvents (e.g. ethanol), followed by saccharification with cellulase
enzymes and fermentation (U.S. Patent No. 7,465,791); and aspen chip delignification with
monoethanolamine (Shah et al., 1991, Applied Biochemistry and Biotechnology 28/29:99-
109). Enzymatic degradation of lignin has also been investigated (Eriksson, 1993, Journal
of Biotechnology 30:149-158). However, none of the foregoing references disclose the

production of lignin scale, or any measures that can be taken for its prevention or removal.

[0011] EP 1,026,312 discloses a method for purposefully precipitating dissolved lignin
onto pulp fibers to improve pulp yield of unbleached pulp. Such precipitation is
accomplished by adding an acid into a dilute lignin stream during the washing stage of
brown stock pulp. The pH of the dilute lignin stream is reduced to a level sufficient to
cause the precipitation of lignin onto the pulp fiber and to increase pulp yield. However, in
the process the acid concentration is low enough that caking or blockages in piping or on

the pulp washer are prevented.

[0012] U.S. Patent No. 3,546,200 discloses a method for precipitating lignin from black
liquor, which is the liquid material remaining from pulpwood cooking in the soda or sulfate
papermaking process. The process involves acidifying the lignin-containing black liquor to
a pH of less than 4.1 and treating the mixture before a step of filtering with a hydrocarbon

that enhances the precipitation.
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SUMMARY OF THE INVENTION

[0013] The present invention relates to a process for treating a lignocellulosic feedstock.
More specifically, the present invention provides a method for the processing of

lignocellulosic feedstocks which comprises an acidic pretreatment.

[0014] 1t is an object of the invention to provide an improved method for the treatment of

lignocellulosic feedstocks.

[0015] The present invention is based on the finding that a scale deposit was forming on the
inner surface of the pretreatment reactor which, in turn, reduced slurry flow both through
the pretreatment reactor and downstream stages. Characterization of the scale deposit by
elemental analysis and Fourier Transform Infrared Spectroscopy (FT-IR) suggested that it
was composed of lignin. Without wishing to be bound by theory, such lignin scale is
thought to be formed by polymerization reactions that form a three-dimensional, highly
branched network of lignin molecules of infinite molecular weight. Due to the complex

chemical structure of the scale it proved difficult to dissolve, especially as the scale aged.

[0016] However, the inventors have discovered that scale removal can be carried out by
treatment with alkali at elevated temperatures. Advantageously, the treatment conditions
can result in high levels of scale removal within relatively short time periods. Lignin
dissolution by alkali is thought to be effected by hydroxide ions, suggesting that a variety of
alkali can be utilized for dissolving the scale. Regardless of the mechanism, by removing
scale deposit under such conditions, downtime resulting from scale removal can be

minimized, which, in turn, can significantly improve the economics of the process.

[0017] Thus, according to first aspect of the present invention, there is provided a method

for processing of a lignocellulosic feedstock comprising the steps of:

a. pretreating the lignocellulosic feedstock in a pretreatment reactor with acid to
make said feedstock more amenable to hydrolysis with cellulase enzymes, wherein during
the pretreating, a scale deposit comprising lignin forms on the inner surface of the
pretreatment reactor; and

b. treating the scale deposit with an alkali solution at a temperature between about

140°C and about 250°C.
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[0018] The lignocellulosic feedstock may be selected from the group consisting of wheat
straw, barley straw, corn stover, soybean stover, canola straw, oat straw, rice straw, switch

grass, miscanthus, sugar cane bagasse, sugar cane straw and reed canary grass.

[0019] In one embodiment of the invention, the pretreating is conducted to hydrolyze
hemicellulose present in the feedstock. The pretreating may be conducted at a temperature
between about 160 and about 280°C, at a pH between about 0.4 to about 3.5 and for
between about 0.05 and about 20 minutes. The acid used in the step of pretreating may be
selected from the group consisting of sulfuric acid, sulfurous acid, sulfur dioxide and a

combination thereof. Preferably, the acid is sulfuric acid.

[0020] According to one embodiment of the invention, the step of treating the scale is
conducted at a temperature between about 160°C and about 220°C, or between about 180°C
and 220°C.

[0021] The alkali solution used in the step of treating may be sodium hydroxide or
potassium hydroxide. In one embodiment of the invention, it is sodium hydroxide. The

concentration of alkali may be between 1% (w/w) and 10% (w/w).

[0022] According to a second aspect of the invention, there is provided a method for

processing of a lignocellulosic feedstock comprising the steps of:

a. exposing lignocellulosic feedstock to acid in a reactor to hydrolyze at least
hemicellulose present in said lignocellulosic feedstock, wherein during said exposing, a
scale deposit comprising lignin forms on the inner surface of said reactor; and

b. treating said scale deposit with an alkali solution at a temperature between about

140°C and about 250°C.

[0023] According to embodiments of the second aspect of the invention, at least a portion

of the cellulose present in said feedstock is hydrolyzed during exposure to said acid.

[0024] According to a further aspect of the invention, there is provided a method for
reducing scale deposit that forms on process equipment during a stage of reacting a
lignocellulosic feedstock with acid. The process comprises treating the scale deposit
formed on the process equipment with an alkali solution at a temperature between about

140°C and about 250°C, wherein the scale deposit comprises lignin.

-5-
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[0025] During the stage of reacting the lignocellulosic feedstock with acid, at least a
portion of the hemicellulose may be hydrolyzed.

[0026] It should be understood that this summary of the invention does not necessarily

describe all features of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[0027] These and other features of the invention will become more apparent from the

following description in which reference is made to the appended drawings.

[0028] FIGURE 1 is a Fourier Transform Infrared Spectroscopy (FTIR) spectra of

pretreatment scale, alkali lignin extracted from pretreatment and Klason lignin.

[0029] FIGURE 2A and 2B are graphs showing the soluble lignin concentration (FIGURE
2A) and the dissolution of pretreatment scale (FIGURE 2B) in 4% NaOH and 10% NaOH
as a function of temperature. In each instance, the dissolution time with NaOH was two

hours.

[0030] FIGURE 3 is a graph showing the soluble lignin concentration and scale dissolution
as a function of aging time of the pretreatment scale using a dissolution treatment carried

out for two hours with 4% NaOH at 200°C.
DETAILED DESCRIPTION
[0031] The following description is of preferred embodiments. '

[0032] The feedstock for the process is a lignocellulosic material. By the term
“lignocellulosic feedstock”, it is meant any type of plant biomass such as, but not limited
to, non-woody plant biomass, cultivated crops such as, but not limited to grasses, for
example, but not limited to, C4 grasses, such as switch grass, cord grass, rye grass,
miscanthus, reed canary grass, or a combination thereof, sugar processing residues, for
example, but not limited to, baggase, such as sugar cane bagasse, beet pulp, or a
combination thereof, agricultural residues, for example, but not limited to, soybean stover,
corn stover, rice straw, sugar cane straw, rice hulls, barley straw, corn cobs, wheat straw,
canola straw, oat straw, oat hulls, corn fiber, or a combination thereof, forestry biomass for

example, but not limited to, recycled wood pulp fiber, sawdust, hardwood, for example
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aspen wood, softwood, or a combination thereof. Furthermore, the lignocellulosic
feedstock may comprise cellulosic waste material or forestry waste materials such as, but
not limited to, newsprint, cardboard and the like. Lignocellulosic feedstock may comprise
one species of fiber or, alternatively, lignocellulosic feedstock may comprise a mixture of
fibers that originate from different lignocellulosic feedstocks. In addition, the
lignocellulosic feedstock may comprise fresh lignocellulosic feedstock, partially dried

lignocellulosic feedstock, fully dried lignocellulosic feedstock, or a combination thereof.

[0033] Lignocellulosic feedstocks comprise cellulose in an amount greater than about
20%, more preferably greater than about 30%, more preferably greater than about 40%
(w/w). For example, the lignocellulosic material may comprise from about 20% to about
50% (w/w) cellulose, or more, or any amount therebetween, for example, but not limited to
20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 40, 42, 44, 46, 48 and 50% (w/w) cellulose. The
lignocellulosic feedstock also comprises lignin in an amount greater than about 10%, more
typically in an amount greater than about 15% (w/w). The lignocellulosic feedstock may

also comprise small amounts of sucrose, fructose and starch.

[0034] Examples of preferred lignocellulosic feedstocks include (1) agricultural wastes
such as corn stover, wheat straw, barley straw, c_anola straw, oat straw, rice straw and
soybean stover; and (2) grasses such as switch grass, miscanthus, cord grass and reed

canary grass.

[0035] The lignocellulosic feedstock may be first subjected to size reduction by methods
including, but not limited to, milling, grinding, agitation, shredding,
compression/expansion, or other types of mechanical action. Size reduction by mechanical
action can be performed by any type of equipment adapted for the purpose, for example,
but not limited to, a hammer mill. Feedstock may be reduced to particles having an average
length of about 1/16 to about 1 in., or any amount therebetween; for example, the length of
the particles may be about 1/16, 1/8, 3/16, 1/4, 5/16, 3/8, 7/16, 1/2, 9/16, 5/8, 11/16, 3/4,
13/16, 7/8 or 1 in., or any amount therebetween. Chemical action typically includes the use
of heat (often steam), acids and solvents. Several chemical and mechanical pretreatment
methods are well known in the art. The preferable equipment for the particle size reduction
is a hammer mill, a refiner or a roll press as disclosed in WO 2006/026863, which is

incorporated herein by reference.
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[0036] The pretreatment is employed to increase the susceptibility of the lignocellulosic
feedstock to hydrolysis by cellulase enzymes. For example, the pretreatment may be
carried out to hydrolyze the hemicellulose, or a portion thereof, that is present in the
lignocellulosic feedstock to monomeric sugars, for example xylose, arabinose, mannose,
galactose, or a combination thereof. In one embodiment, the pretreatment is designed so
that complete or significant hydrolysis of the hemicellulose but limited conversion of
cellulose to glucose occurs. Preferably, the pretreatment is carried out to minimize the
degradation of xylose and the production of furfural. For example, less than about 10% of
the xylan in the feedstock may be converted to furfural in pretreatment and the amount of
furfural produced in pretreatment is less than about 5 wt% of the amount of glucose
produced in the pretreatment and enzyme hydrolysis step. The cellulose is hydrolyzed to

glucose in a subsequent step that uses cellulase enzymes.

[0037] During the pretreatment, typically an acid concentration from about 0.02% (w/w) to
about 2% (w/w), or any amount therebetween, is used for the treatment of the

lignocellulosic feedstock.

[0038] The process would typically be a continuous process, meaning that the
lignocellulosic feedstock is pumped through the pretreatment reactor continuously.
Continuous acid pretreatment is familiar to those skilled in the art (see for example U.S.
Patent Nos. 5,536,325 and 4,237,226). However, scale build-up could potentially be a
problem in batch processes as well. Accordingly, batch processes are also included within

the scope of the invention.

[0039] Preferably, the feedstock is slurried in liquid prior to pretreatment. The feedstock
may be slurried at a temperature of between about 40°C and about 100°C, or any
temperature range therebetween. For example, the feedstock may be at about 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, or 90°C, or any temperature therebetween. The hot water may be
recirculated from elsewhere in the process, or heated immediately prior to addition of the

feedstock.

[0040] The pretreatment temperature will generally depend on the retention time, acid
concentration, feedstock used and degree of treatment required. For example, temperature
may be between about 160°C and about 280°C, or any temperature therebetween. For

example, the temperature may be about 160, 165, 170, 175, 180, 185, 190, 195, 200, 205,
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210, 215, 220, 225, 230, 235, 240, 245, 250, 255, 260, 265, 270, 275, 280°C, or subvalues
thereof.

[0041] The concentration of the slurry entering the pretreatment reactor may be about 5%
to 40% (w/w) feedstock solids, or any amount therebetween. In a further embodiment of
the invention, the concentration of the slurry entering the pretreatment system is about 4%
to 32% (w/w) feedstock solids, or any amount therebetween. The condensation of steam in
the heating of the slurry decreases the solids concentration to about 80% of its initial value.
Thus, the feed to the pretreatment reactor is typically about 3% to about 27% (w/w)

feedstock solids, or any amount therebetween.

[0042] The pretreatment may be carried out under pressure. For example, the pressure
during pretreatment may be between about 50 and about 1000 psig or between about 75 and
about 700 psig, or any pressure range therebetween. That is, the pretreatment may be
carried out at 50, 100, 75, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750,
800, 850, 900, 950 or 1000 psig, or subvalues thereof.

[0043] The feedstock may be heated with steam during pretreatment. In a non-limiting
example, one method to carry this out is to use low pressure steam to partially heat the

feedstock, which is then pumped to a heating train of several stages.

[0044] An alternative to pumping the feedstock directly into a heating train is to leach the
salts, proteins, and other impurities out of the feedstock, as taught by Griffin et al. in WO
02/070753 (incorporated herein by reference). The feedstock may then be pumped into the

heating train.

[0045] Without being limiting, the heating train may comprise at least one stage of steam
heating of the feedstock, with subsequent heating stages employing successively higher
temperatures. In a non-limiting example, about 2 to 8 stages, or any amount therebetween,
may be used; for example 2, 3, 4, 5, 6, 7 or 8. Preferably, the number of stages is high
enough to provide the ability to use steam at the different pressures that are available, but

low enough so the cost of pumps and the complexity is reasonable.

[0046] Examples of acids that can be used in the process include those selected from the
group consisting of sulfuric acid, sulfurous acid, sulfur dioxide and a combination thereof,

The preferred acid is sulfuric acid. The acid may be stored as a 93% w/w concentrate. The



WO 2011/094859 PCT/CA2011/000149

amount of acid added may vary, but should be sufficient to achieve a final concentration of
acid of about 0.02% to about 2% w/w, or any amount therebetween. The resulting pH of
the feedstock is about pH 0.4 to about pH 3.5, or any pH range therebetween. For example,
the pH of the slurry may be between about 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4,
1.5,1.6,1.7,18,19,2.0,2.1,2.2,2.3,2.4,25,2.6,2.7,2.8,2.9,3.0,3.1,3.2,3.3,3.4,3.5

or subvalues thereof.

[0047] As would be appreciated by those of skill in the art, measurement of pH presents a
challenge at the elevated temperature and pressure of a pretreatment system and pH probes
at these conditions are not reliable. For the purpose of this specification, the pH of
pretreatment is the pH value measured by adding acid and water (and other liquids if
present) to the feedstock at a temperature of 25°C at the concentrations present at the

entrance to the pretreatment reactor.

[0048] The pretreatment reactor may be a cylindrical pipe to convey a plug flow of
feedstock slurry therethrough. The retention time in the pretreatment reactor will vary
depending on the temperature, acid concentration, feedstock used, and the degree of
treatment desired. For example, the slurry could be retained in the pretreatment reactor for'
about 0.05 to about 20 minutes, or for about 0.05 to about 10 minutes, or any time
therebetween. That is, the retention time may be about 0.05, 0.1, 0.5, 1, 1.5, 2, 2.5, 3, 3.5,
4,45,5,55,6,65,7,75,8,8.5,9,9.5,10, 10.5, 11, 11.5, 12, 12.5, 13, 13.5, 14, 14.5, 15,
15.5,16, 16.5, 17, 17.5, 18, 18.5, 19, 19.5, 20 minutes or subvalues thereof.

[0049] The pretreatment reactor may be designed to maintain a uniform or a plug flow of
the feedstock. In one embodiment of the invention, the pretreatment is conducted so that
there is minimal channeling of solids or liquid. If steam is used, a valve may be used at the
exit of the pretreatment reactor to maintain a back pressure necessary to maintain the steam

pressure at the desired level.

[0050] During acid pretreatment, a solid deposit was found to accumulate on the inner
surface of the pretreatment reactor. Inductive coupled plasma atomic emission
spectroscopy analyses of the scale were performed and when the results were compared to
the available literature data for lignin, significant similarities were found (see Example 1).

In addition, FT-IR was used to compare the scale material to alkali lignin extracted from

-10-
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the wheat straw. The results showed that the two had very similar characteristics (see

Example 1).

[0051] It is also possible that scale deposition could result in processes that hydrolyze the
lignocellulosic feedstock in a single step with acid. Such processes utilize harsher
conditions than pretreatment to effect hydrolysis of both the hemicellulose and cellulose

components of the feedstock.

[0052] The scale deposit is thought to be formed by lignin polymerization reactions.
Without being limited by theory, lignin present in the lignocellulosic feedstock is
depolymerized during acid pretreatment. This is thought to produce lower molecular
weight soluble lignin, some of which subsequently precipitates on the reactor walls, where
it forms scale. Periodically, pretreatment must be halted to remove the scale build-up, as
the accumulation would eventually block the flow of slurry through the process. The lignin

scale that deposits on the pretreatment reactor is insoluble in water.

[0053] The lignin scale is removed by treatment with alkali at elevated temperatures. In
one exemplary embodiment of the invention, the temperature is between about 120°C and
about 250°C, or between about 140°C and about 220°C, or between about 160°C and about
220°C, or between about 180°C and about 220°C or any temperature range therebetween.
For example, the alkali treatment may be conducted at a temperature of about 140, 145,
150, 155, 160, 165, 170, 175, 180, 185, 190, 195, 200, 205, 210, 215, 220, 225, 230, 235,
240, 245, 250°C, or subvalues thereof.

[0054] The mechanism for dissolution of lignin scale by alkali is thought to occur via the
cleavage of ether bonds by hydroxide. Thus, the alkali used in the practice of the invention
can be any chemical that generates hydroxide in solution at sufficient levels under the

treatment conditions selected to cause dissolution or softening of the scale.

[0055] Non-limiting examples of alkali that may be used in the practice of the invention
include those selected from the group consisting of sodium hydroxide, potassium
hydroxide, ammonia, ammonium hydroxide, potassium carbonate, potassium bicarbonate,
sodium carbonate and sodium bicarbonate. In one embodiment of the invention, the alkali

is sodium hydroxide or potassium hydroxide. In yet another embodiment of the invention,

the alkali is sodium hydroxide.
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[0056] There are various factors that may influence the rate at which the scale is removed
from the pretreatment reactor. For example, the longer the scale is exposed to acidic
pretreatment conditions, the more it hardens (also referred to herein as “aging” of the scale)
and becomes increasingly resistant to dissolution by alkali. Variables that may be adjusted
to achieve a desired level of scale dissolution include the concentration of alkali and the
exposure time of the scale to the alkali during the treatment. However, it should be
understood that complete dissolution of the scale is not required. That is, it is sufficient to
soften the scale with the alkali treatment, which then allows it to be physically removed by

the flow of liquid through the system.

[0057] For reasons of economics, the pretreatment run time is preferably as long as
possible before scale build-up is removed or significantly reduced. However, without being
limiting, it is preferable that scale build-up is removed before it accumulates to such an
extent that the operation must be shut down. For example, the pretreatment run time may
be as long as 140 hours before scale removal is effected. Alternatively, scale removal could
be effected after a run time of only one to two days, in which case the alkali treatment could
be milder. In one embodiment of the invention, the pretreatment run time before scale
removal is about 12 to about 140 hours, about 24 to about 140 hours, or about 50 to about

140 hours.

[0058] During cleaning of the pretreatment reactor to reduce scale, the feedstock slurry
could be re-directed to a second pretreatment reactor and pretreated therein. By re-directing
the feedstock in this manner, any downtime associated with the alkali cleaning is

eliminated.

[0059] In another embodiment of the invention, the incoming feedstock slurry is directed to
a closed recirculation loop upstream of the pretreatment reactor. After redirecting the
feedstock slurry in this manner, alkali treatment can commence downstream of the
circulation loop. The alkali treatment may be effected by an online caustic wash system
comprising a reservoir of sodium hydroxide and a pump. Caustic from the reservoir is
introduced to the pretreatment system upstream of the pretreatment reactor and pumped
through the pretreatment reactor and then to waste water treatment, or re-used. If steam
injection is carried out prior to acid pretreatment (see for example, WO 2006/034590,
Foody et al., which is incorporated herein by reference), the caustic can be introduced into

the system upstream of the steam addition point(s). By introducing caustic at this point,
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existing equipment can be utilized to heat the caustic to the elevated temperatures employed
in accordance with the invention. Alternatively, steam can be introduced to a line in the
caustic wash system itself. After alkali cleaning, the feedstock slurry is re-directed to the

pretreatment reactor and pretreatment of the feedstock can recommence.

[0060] In those embodiments employing sodium hydroxide or potassium hydroxide for the
alkali treatment, the percent of alkali in the solution added to the pretreatment reactor may
be greater than about 1% (w/w). For example, the percent of sodium hydroxide or
potassium hydroxide may be between about 1% and about 10% (w/w), or between about
2% and about 10% (w/w), or between about 4% and about 10% (w/w), or between about
5% and about 10% (w/w). Concentrations higher than 10% (w/w) are included within the
scope of the invention, although, in practice, the expense of the alkali limits the use of

concentrations that are higher than this.

[0061] Without being limiting, it is especially advantageous if the duration of the alkali
treatment is as short as possible to reduce the length of the downtime associated with the
scale removal. Thus, in exemplary embodiments of the invention, the alkali treatment is
harsh enough so that the lignin scale is removed in less than about 10 hours. For example,
the duration of the alkali treatment may be less than about 10, 9, 8, 7, 6, 5, 4, 3, 2 or 1
hour(s). In one embodiment of the invention, the alkali treatment is conducted for between

about 2 hours and about 6 hours, or between about 3 hours and about 5 hours.

[0062] Lignin scale may also deposit on process equipment upstream or downstream of the
pretreatment reactor, in addition to that formed on the pretreatment reactor itself. That is,
any process equipment exposed to lignocellulosic feedstock, which is reacted with acid, is
prone to scale deposits comprising lignin. Thus, the present invention includes within its
scope a method for reducing lignin scale deposit that forms on process equipment exposed
to feedstock under acidic reaction conditions by utilizing the alkali treatment as described
previously. Process equipment prone to scale deposit comprising lignin includes, but is not
limited to, flash vessels, steam mixers, plug flow reactors, vertical reactors, horizontal

reactors, valves, pipes and pumps.

[0063] The pretreatment results in a pretreated feedstock composition (e.g., pretreated
feedstock slurry) that contains a soluble component including the sugars resulting from

hydrolysis of the hemicellulose and solids that contain unhydrolyzed feedstock and lignin.
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[0064] According to one embodiment of the invention, the soluble components of the
pretreated feedstock composition are separated from the solids. The soluble fraction, which
includes the sugars released during pretreatment and other soluble components, including
inhibitors, may then be sent to a fermentation that converts these sugars to fermentation

products.

[0065] The foregoing separation may be carried out by washing the pretreated feedstock
composition with an aqueous solution to produce a wash stream, and a solids stream
comprising the unhydrolyzed, pretreated feedstock. Alternatively, soluble components are
separated from the solids by subjecting the pretreated feedstock composition to a solids-
liquid separation, using known methods such as centrifugation, microfiltration, plate and
frame filtration, cross-flow filtration, pressure filtration, vacuum filtration and the like.
Optionally, a washing step may be incorporated into the solids-liquids separation. The
separated solids, which contain cellulose, may then be sent to enzymatic hydrolysis with
cellulase enzymes in order to convert the cellulose to glucose. The resultant glucose-
containing stream may then be fermented to ethanol, butanol or other fermentation

products.

[0066] Alternatively, the pretreated feedstock composition is not subjected to a separation
step to remove sugars released during pretreatment. That is, the enzymatic hydrolysis to
convert cellulose to glucose is conducted in the presence of sugars released during the
pretreatment. In such embodiment, after hydrolysis of cellulose by cellulase enzymes,
glucose, xylose, galactose, mannose, arabinose, fucose and rhamnose will typically be

present.

[0067] Regardiess of whether or not a soluble fraction is removed from the pretreated
feedstock, the pH of the pretreated feedstock is typically adjusted to a pH between about 4
and about 6 prior to hydrolysis with cellulase enzymes. Cellulase enzymes exhibit high
activity in this range, although the pH can be higher if alkalophilic cellulases are used.

[0068] The enzymatic hydrolysis can be carried out with any type of cellulase enzymes
capable of hydrolyzing the cellulose to glucose, regardless of their source. Among the most
widely studied, characterized and commercially produced cellulases are those obtained
from fungi of the genera Aspergillus, Humicola, and Trichoderma, and from the bacteria of

the genera Bacillus and Thermobifida. The cellulases typically comprise one or more
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CBHs, EGs and B-glucosidase enzymes and may additionally contain hemicellulases,
esterases and swollenins. (See Lynd et al., 2002, Microbiology and Molecular Biology
Reviews, 66(3):506-577 for a review of cellulase enzyme systems and Coutinho and
Henrissat, 1999, “Carbohydrate-active enzymes: an integrated database approach.” In
Recent Advances in Carbohydrate Bioengineering, Gilbert, Davies, Henrissat and Svensson
eds., The Royal Society of Chemistry, Cambridge, pp. 3-12, each of which are incorporated

herein by reference).

[0069] Following cellulose hydrolysis of the pretreated feedstock slurry, any insoluble
solids, including, but not limited to lignin, present in the resulting sugar stream may be
removed using conventional solid-liquid separation techniques prior to any further

processing. These solids may be burned to provide energy for the entire process.

[0070] The sugar stream may then be fermented by microbes to produce a fermentation

broth comprising a fermentation product.

[0071] For ethanol production, the fermentation may be carried out with a Saccharomyces
spp. yeast. Preferably, glucose and any other hexoses typically present in the sugar stream
are fermented to ethanol by wild-type Saccharomyces cerevisiae, although genetically
modified yeasts may be employed as well. For example, if pentose and hexose sugars are
present, the fermentation may be performed with a recombinant Saccharomyces yeast that
is engineered to ferment both hexose and pentose sugars to ethanol. Recombinant yeasts
that can ferment the pentose sugar, xylose, to ethanol are described in U.S. Patent No.
5,789,210, the contents of which are herein incorporated by reference. Furthermore, the
pentose sugars, arabinose and xylose, may be converted to ethanol by the yeasts described

in Boles et al. (WO 2006/096130, which is incorporated herein by reference).

[0072] Examples of other fermentation products included within the scope of the invention
include sorbitol, butanol, 1,3-propanediol and 2,3-butanediol. Other microorganisms that
may be employed in the fermentation include wild-type or recombinant Escherichia,

Zymomonas, Candida, Pichia, Streptomyces, Bacillus, Lactobacillus and Clostridium.

[0073] In practice, the fermentation is performed at or near the temperature and pH optima
of the fermentation microorganism. A typical temperature range for the fermentation of
glucose to ethanol using Saccharomyces cerevisiae is between about 25°C and about 35°C,

although the temperature may be higher if the yeast is naturally or genetically modified to
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be thermostable. The pH of a typical fermentation employing Saccharomyces cerevisiae is
between about 3 and about 6. The dose of the fermentation microorganism will depend on
other factors, such as the activity of the fermentation microorganism, the desired
fermentation time, the volume of the reactor and other parameters. It should be
appreciated, however, that these parameters may be adjusted as desired by one of skill in

the art to achieve optimal fermentation conditions.

[0074] The sugar stream may also be supplemented with additional nutrients required for
the growth of the fermentation microorganism. For example, yeast extract, specific amino
acids, phosphate, nitrogen sources, salts, trace elements and vitamins may be added to the

hydrolyzate slurry to support their growth.

[0075] The fermentation may be conducted in batch, continuous or fed-batch modes with or
without agitation. Preferably, the fermentation reactors are agitated lightly with mechanical
agitation. A typical, commercial-scale fermentation may be conducted using a series of
reactors, such as 1 to 6. The fermentation microorganisms may be recycled back to the

fermentor or may be sent to distillation without recycle.

[0076] It should be understood that the hydrolysis and fermentation reactions can be
conducted simultaneously in the same reactor, although it is preferred that the hydrolysis
and fermentation are performed separately to achieve the optimal temperature for each

process.

[0077] If ethanol or butanol is the fermentation product, distillation is typically conducted
to concentrate the alcohol. The fermentation broth that is sent to distillation is a dilute
alcohol solution containing solids, including unconverted cellulose, and any components
added during the fermentation to support growth of the microorganisms. Microorganisms
are potentially present depending upon whether or not they are recycled during the
fermentation. The broth is preferably degassed to remove carbon dioxide and then pumped
through one or more distillation columns to separate the alcohol from the other components
in the broth. The mode of operation depends on whether the alcohol has a lower or a higher
boiling point than water. Most often, the alcohol has a lower boiling point than water, as is

the case when ethanol is distilled.

[0078] According to embodiments in which ethanol is concentrated, the column(s) in the

distillation unit is preferably operated in a continuous mode, although it should be
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understood that batch processes are also encompassed by the present invention. Heat for
the distillation process may be introduced at one or more points either by direct steam
injection or indirectly via heat exchangers. The distillation unit may contain one or more
separate beer and rectifying columns. In this case, dilute beer is sent to the beer column
where it is partially concentrated. From the beer column, the vapour goes to a rectification
column for further purification. Alternatively, a distillation column is employed that
comprises an integral enriching or rectification section. After distillation, the water
remaining may be removed from the vapour by a molecular sieve resin, by adsorption, or
other azeotrope-breaking methods familiar to those of skill in the art. The vapour may then

be condensed and denatured.

[0079] An aqueous stream(s) remaining after ethanol distillation and containing solids,
referred to herein as “still bottoms”, is withdrawn from the bottom of one or more of the

column(s) of the distillation unit.

[0080] When the alcohol has a higher boiling point than water, such as butanol, the
distillation is run to remove the water and other volatile compounds from the alcohol. The

water vapor exits the top of the distillation column and is known as the “overhead stream”.

[0081] The present invention will be further illustrated in the following examples.
However, it is to be understood that these examples are for illustrative purposes only, and

should not be used to limit the scope of the present invention in any manner.
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EXAMPLES
Example 1: Discovery and characterization of pretreatment scale

[0082] During the pretreatment, it was found that a solid deposit was accumulating along
the inner surface of the pretreatment reactor, thereby disrupting the flow of the wheat straw

slurry through the reactor and consequently downstream stages of the process.

[0083] Prior to pretreatment, the feedstock was reduced in size. Wheat straw was received
in bales measuring 3 feet by 3 feet by 4 feet and chopped to approximately % inch in size.
The straw was then pretreated with sulfuric acid, which involved mixing the wheat straw
with water and sending the resulting slurry to a standpipe where 93% (w/w) sulfuric acid
was added to reduce the pH of the slurry to about 0.9 to 1.4. The slurry was pumped
through piping heated by direct injection with 600 psig steam to reach a temperature of
170-220°C and the heated, acidified stock was held at this temperature for 1 minute as it
passed through a pretreatment reactor. Upon exiting the pretreatment reactor, the slurry

was flashed through a series of flash tanks to drop the temperature to 85°C.

[0084] The entire pretreatment reactor was accumulating about 200 g of solid deposits per
ton of straw. It was also found that the deposit thickness increased from the entrance to the
exit of the pretreatment reactor. The scale proved difficult to dissolve and laboratory
analysis showed that the pretreatment scale had very low solubility in 15% NaOH at 74°C

after 30 minutes.

[0085] Elemental analysis was performed to identify the solid deposits that were
accumulating during the pretreatment operation. Scale samples were collected from the
pretreatment reactor at its entrance, the middle region and exit and the C, H, N, O, S and Si
weight percentages were determined by ICP-AES (Inductively Coupled Plasma Atomic
Emission Spectrometry). Elemental analysis was also performed on Klason lignin (ash free
basis), alkali lignin obtained from Sigma-Aldrich® (Product No. 370959), low sulfonate
alkali lignin obtained from Sigma-Aldrich® (Product No. 471003), untreated wheat straw
and alkali extracted lignin prepared from wheat straw using the procedure described by
Hoareau et. al., 2004, Polymer Degradation and Stability, 86:567-576. These weight
percentages were converted to molar ratios relative to carbon and are reported in Table 1

below.
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Table 1: Comparison of the molar composition of lignin samples, wheat straw and

PCT/CA2011/000149

pretreatment scale obtained from various locations in the pretreatment reactor

SAMPLE C=1 H N o S SILICON
Klason lignin, ash free 1.00 1.02 [0.01 |035 |- -
basis
Lignin composition 1.00 1.10 j0.00 |0.29 |- -
from Jensen et al.'
Alkali lignin from 1.00 1.09 001 |034 |[0.01 0.00
Sigma Aldrich®
Alkali lignin low sulfonate{ 1.00 1.11 | 0.01 |0.48 |0.03 0.00
from Sigma Aldrich®
Alkali extracted wheat 1.00 1.09 [0.02 044 |- 0.00
straw lignin
Untreated wheat straw 1.00 1.60 001 |0.70 |[3.8x107°]1.3x107
Lignin scale — entrance
of reactor
Sample 1 1.00 1.01 |0.01 |0.25 |24x107|-
Sample 2 1.00 1.03 |0.01 |022 [87x10%12x10°
Lignin scale — middle
region of reactor
Sample 1 1.00 1.02 | 001 |026 |66x10* 1.5x103
Sample 2 1.00 1.0o1 |0.01 |0.27 |- -
Sample 3 1.00 1.03 |0.01 |024 |63x10* 7.6x10*
Sample 4 1.00 0.96 |0.01 [030 |7.1x10*3.8x103
Lignin scale — end portion
of reactor
Sample 1 1.00 095 |0.01 |027 |- 52x10°
Sample 2 1.00 1.01 | 001 {025 |54x10*| 2.8x10°
Sample 3 1.00 098 |0.01 [027 [99x10% 2.6x10°
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1. Jensen et al., 1998, Energy and Fuels, 12(5):929-938

[0086] The pretreatment solid deposit C:H:O molar ratios roughly corresponded to a lignin
composition referenced in the literature (Jensen et al., 1998, Energy & Fuels, 12(5):929-
038), with approximately one less molecule of water per every 10 carbon atoms. Possible
dehydration of lignin during pretreatment scale formation could be caused by acidolysis of
B-O-4 bonds of lignin and a subsequent condensation of two lignin chains through a direct
C-C linkage. Notably, the molar ratios of the scale are different from the molar ratios

corresponding to untreated wheat straw.

[0087] Diamond ATR-FT-IR analysis was used to further characterize and compare
different pretreatment scale materials. Recorded FT-IR spectra were compared with both
the acid insoluble (Klason) lignin and the alkali lignin extracted from the wheat straw.
Notably, all the pretreatment deposits were showing the same characteristic alkali lignin
bands with different intensities (Figure 1). The pretreatment reactor scale FT-IR spectra
showed no additional functional groups that could be identified, except the typical lignin
bands (aromatic, syringyl and guaiacyl rings, OH, C-C, C-H, C-O, C=0, 0-CH3 and p-O-
4). This information, together with the elemental analysis data, confirmed that lignin was

the basic building block of all the pretreatment deposits.
Example 3: The effect of temperature on the dissolution of lignin scale by alkali

[0088] Scale was collected from a pretreatment reactor. The scale used in the dissolution
experiment. was harvested from a run that was estimated to be 140 hours in duration and

that plugged the pretreatment reactor. This scale was found to be very hard and brittle.

[0089] After drying, 0.7 g of scale previously ground in a coffee grinder and 14 g of 4% or
10% (w/w) NaOH was added to a lab bomb reactor (3/4 inch opening outer diameter; 5/8
inch inner diameter). The bomb was sealed tightly at both ends and then submerged in a
hot oil bath set at a specified temperature. The reaction was carried out in the oil bath for
two hours at temperatures of 120, 140, 160, 180, 200 and 220°C with either 4% or 10%
(w/w) NaOH. To quench the reaction, the bombs were carefully removed from the oil bath
and submerged into a bucket of cold water for 1 minute. Complete scale dissolution was
achieved at 220°C with 10% NaOH for 2 hours. The maximum possible soluble lignin in
the filtrate was determined by measuring the absorbance with a UV/Vis spectrophotometer

set at 340 nm and using an extinction coefficient of 9.9 L/g-cm. This value was used
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comparatively throughout the experiments to calculate the relative percent of scale

dissolved.

[0090] The extent of scale dissolution was found to increase significantly at temperatures
above 180°C (Figure 2A and 2B). Error bars plotted represent one standard deviation of
duplicate assays. At temperatures between 120°C and 180°C, the scale dissolution was less
than 20% for treatments with both 4% (w/w) NaOH and 10% (w/w) NaOH, while at 200°C,
the scale dissolution was about 50% using the 4% (w/w) NaOH solution and about 95% for
the 10% (w/w) NaOH solution. At 220°C, the scale dissolution was about 80% with the
4% (w/w) NaOH solution and 100% with the 10% (w/w) NaOH solution.

[0091] Thus, without intending to being limiting, the alkali treatment is preferably carried
out at a temperature above 180°C. Such high temperatures are particularly advantageous if
the scale is difficult to dissolve, as was found with the scale resulting from this run.
However, it should be appreciated that lower temperatures could be utilized, for example, if
the exposure time to the alkali was increased or if the scale resulted from a shorter

pretreatment run.
Example 4: The effects of scale aging on dissolution with alkali

[0092] In order to understand the effect of aging the scale on its resistance to dissolution
using caustic treatment, a scale that was harvested shortly after a 20 hour pretreatment run
was cooked for different lengths of time to simulate pretreatment conditions with sulfuric

acid.

[0093] Aging the scale involved adding 0.7 g of scale previously ground in a coffee grinder
and 14 g of H,SO4 (pH 1.5) to ten lab bomb reactors (3/4 inch opening outer diameter; 5/8
inch inner diameter). Prior to weighing, the scale was exposed to air overnight to allow the

moisture to evaporate.

[0094] The scale was then cooked in the bombs for 2, 4, 7, 8 and 10 days in a bench top
oven at 200°C. At the end of the cooking time, two bombs were removed from the oven
and the aged scale was recovered by filtration and left to dry overnight in a fume hood. The

dry scale was used to carry out the scale dissolution tests.

21-



WO 2011/094859 PCT/CA2011/000149

[0095] A two hour dissolution test with 4% NaOH at 200°C was performed on all the aged
scales. This was carried out by adding 0.7 g of the aged scale to a bomb reactor (3/4 inch
opening outer diameter; 5/8 inch inner diameter). The caustic solution (14 g) was then
transferred to the bomb. The bomb was sealed tight at both ends and then submerged into a
hot oil bath set at 200°C. To quench the reaction, the bombs were carefully removed from

the oil bath and submerged into a bucket of cold water for 1 minute.

[0096] 1t was observed that the longer the scale was aged, the darker in colour it became.
At the end of the dissolution, the contents of the bombs were transferred to a vacuum filter
where the filtrate and solids were collected. The soluble lignin in the filtrate was
determined by measuring the absorbance with a UV/Vis spectrophotometer set at 340 nm

and using an extinction coefficient of 9.9 L/g-cm. -

[0097] To calculate the maximum possible amount of dissolved scale, the soluble lignin
concentration was determined for a fixed amount of scale dissolved completely using a

caustic treatment at 220°C with 10 % NaOH for 2 hours.

[0098] The results of the dissolution test are shown in Figure 3. As the aging time
increases, the amount of soluble lignin after the caustic treatment decreases, which
demonstrates that the longer the pretreatment, the more resistant to dissolution the scale

becomes.

).



WO 2011/094859 PCT/CA2011/000149

CLAIMS
1. A method for processing of a lignocellulosic feedstock comprising the steps of:

a. pretreating said lignocellulosic feedstock with acid in a pretreatment reactor to
make said feedstock more amenable to hydrolysis with cellulase enzymes, wherein during
said pretreating, a scale deposit comprising lignin forms on the inner surface of said
pretreatment reactor; and

b. treating said scale deposit with an alkali solution at a temperature between about

140°C and about 250°C.

2. The method according to claim 1, wherein the step of treating is conducted at a

temperature between about 160°C and about 220°C.

3. The method according to claim 2, wherein the step of treating is conducted at a

temperature between about 180°C and about 220°C.

4, The method according to claim 1, wherein the alkali solution used in the step of

treating 1s sodium hydroxide or potassium hydroxide.

5. The method according to claim 4, wherein the alkali solution used in the step of

treating is sodium hydroxide.

6. The method according to claim 5, wherein the concentration of the sodium

hydroxide is between about 1 and about 10 wt%.

7. The method according to claim 1, wherein the pretreating is conducted to hydrolyze

hemicellulose present in said feedstock.

8. The method according to claim 1, wherein the pretreating is conducted at a
temperature between about 160 and about 280°C, at a pH between about 0.4 to about 3.5

and for a time duration of between about 0.05 and about 20 minutes.

9. The method according to claim 1, wherein the acid used in the step of pretreating is

selected from the group consisting of sulfuric acid, sulfurous acid, sulfur dioxide and a

combination thereof.
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10.  The method according to claim 9, wherein the acid used in the step of pretreating is

sulfuric acid.
11. A method for processing of a lignocellulosic feedstock comprising the steps of:

a. exposing lignocellulosic feedstock to acid in a reactor to hydrolyze at least
hemicellulose present in said lignocellulosic feedstock, wherein during said exposing, a

scale deposit comprising lignin forms on the inner surface of said reactor; and

b. treating said scale deposit with an alkali solution at a temperature between

about 140°C and about 250°C.
12. A method for processing of a lignocellulosic feedstock comprising the steps of:

a. pretreating said lignocellulosic feedstock with acid in a first pretreatment
reactor to make said feedstock more amenable to hydrolysis with cellulase enzymes,
wherein during said pretreating, a scale deposit comprising lignin forms on the inner

surface of said first pretreatment reactor; and

b. treating said scale deposit in the first pretreatment reactor with an alkali
solution at a temperature between about 140°C and about 250°C, wherein during said

treating, incoming lignocellulosic feedstock is re-directed to a second pretreatment reactor

and pretreated therein.

13. The method according to claim 12, wherein the alkali solution used in the step of

treating is sodium hydroxide or potassium hydroxide.

14. A method for reducing scale deposit that forms on process equipment during a stage
of reacting a lignocellulosic feedstock with acid, which process comprises treating the scale
deposit formed on said process equipment with an alkali solution at a temperature between

about 140°C and about 250°C, wherein said scale deposit comprises lignin.

15. The method according to claim 14, wherein during the stage of reacting the

lignocellulosic feedstock with acid, at least a portion of the hemicellulose is hydrolyzed.

24-



PCT/CA2011/000149

WO 2011/094859

1/4

00 | 00S owm oﬂ_uh on_uw oﬁ_um

oo_o_. oo_ 17 oo_NF oo_m_. oo_v— oo_mr 0091 oo_nr 008l

) E

(7.W2) YIGWNNIAYM

oo_ow oo_wm oowm oo_Nm oowm ocm_wm 008e

3TvOS

ININLYIHLIHd _mﬂ_

ININLVYIH1THd
WOX 4 NINOIT VXMV

NINOITNOSVIH —__—

AN 2
oL

dNO¥9 I1VYNO4INS g
6

A

N L09F LY
NINDIT V01V
] ez ¥O4 A3ZIMYWHON

G (NOILYSNIANOD NINSIT)
aNO9 H-D JILYIWOXY a3 1vio0sl
#-0-9 ANV €HD-0-‘0- Mlle o

: SHIHLI DILVHJITY
ANV STOHODTV AMVANOD3S NI O-D
JONTTVA OIHLINNASY ONIY

v HO
0= + ONIY-©

A3SNIANOD 9+S HO DIMONIHJ

H-D + V131308 JILVWOMY

€HO-O- NI H-D

(S<9) IVL3IT13DS DILYNOHY

0=9 + (18Y199<pu00‘'H<s) VLI TIDS JILVYWOUY
SANOLIM ANV AILNLILSINS-d ATLVYDONrNOD NI O=D
a3LVONLNOONN NI (TANOSYHVYD) 0=0

€l
4’

L

~NotTwo~oon S

000

- S00

-0L'0

- G1°0

- 020

- SC'0

-0€°0

SANVE IONIFHIATY NINDI# LIFO



WO 2011/094859 PCT/CA2011/000149

2/4

SOLUBLE LIGNIN CONCENTRATION AS A FUNCTION
OF TEMPERATURE

120~

—

o

o
1

-~ 4% NaOH
-+ 10% NaOH

@
o
]

LIGNIN, g/L
3
I

S
o
]

20

I I T T I L
100 120 140 160 180 200 220
TEMPERATURE, °C

FIG. 2A



WO 2011/094859 PCT/CA2011/000149

SCALE DISSOLUTION, %

3/4

SCALE DISSOLUTION AS A FUNCTION
OF TEMPERATURE

100 -

90

80
704 |- 4% NaOH
= 10% NaOH

60
50
40
30
20
10

100 150 140 160 150 260 250
TEMPERATURE, °C

FIG. 2B



PCT/CA2011/000149

WO 2011/094859

4/4

% SCALE DISSOLUTION

€ Old

SAVA ‘FNIL ONIOV
6 8 . 9 S v € z 1

L | ] 1 1 L | i 1

06"
09
04 -

08 -

NOILNT0SSIA FTVOS % =

NOILYHLNIONOD NINOIT =

JNIL ONIOV 40 NOILONNL V SY NOILN10SSId
3IVOS ANV NOILVHLINIONOD NINOIT 3719N70S

~0l
~0¢
- 0€

~-0v

~09

AON
08

-0G”

/0 ‘NOILYHLNIONOD NINOIT



INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2011/000149

A. CLASSIFICATION OF SUBJECT MATTER

IPC: C12P 19/14 (2006.01) , BOSB 17/00 (2006.01) , C08H 8/00 (2010.01), C12P 7/10 (2006.01) ,

C13K 1/02 (2006.01) , C23F 15/00 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

CI2P 19/14 (2006.01) , BOSB 17/00 (2006.01) , COSH 8/00 (2010.01), CI2P 7/10 (2006.01) ,

CI3K 1/02 (2006.01) , C23F 15/00 (2006.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic database(s) consulted during the international search (name of database(s) and, where practicable, search terms used)

Canadian Patent Database; TotalPatent; Scopus; Pubmed; Google
Keywords: scale deposit; lignin; lignocellulosic feedstock; pretreatment;

acid pretreatment; fouling; residue; hemicellulose hydrolysis

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y Selig MJ et al.

ISSN 8756-7938(print)
see entire document

Y Brauns, Friedrich Emil. The Chemistry of Lignin
New York: Academic Press Inc., 1952,
LCCN: 52005202

Deposition of Lignin Droplets Produced During Dilute Acid Pretreatment
of Maize Stems Retards Enzymatic Hydrolysis of Cellulose
Biotechnol. Prog., Nov-Dec 2007 (11/12-2007), Vol. 23(6), p. 1333-1339

see pages 51-60, 111-119, 140-149, 182-188, and 199-209

[X] Further documents are listed in the continuation of Box C.

[X] See patent family annex.

* Special categories of cited documents :
“A” document defining the general state of the art which is not considered
to be of particular relevance
“E” earlier application or patent but published on or after the international
filing date
“L” document which may throw doubts on priorig claim(s) or which is
cited to establish the publication date of another citation or other

special reason (as specified)
document referring to an oral disclosure, use, exhibition or other means

“p” document published prior to the international filing date but later than
the priority date claime

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

15 April 2011 (15-04-2011)

Date of mailing of the international search report

2 May 2011 (02-05-2011)

Name and mailing address of the ISA/CA
Canadian Intellectual Property Office

Place du Portage I, C114 - 1st Floor, Box PCT
50 Victoria Street

Gatineau, Quebec K1A 0C9

Facsimile No.: 001-819-953-2476

Authorized officer

Julie Deschénes-Furry (819) 953-4354

Form PCT/ISA/210 (second sheet ) (July 2009)

Page 2 of 4




INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2011/000149

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

P, A

s

P, A

>

Zhang M et al.

Removal of Residual Lignin of Ethanol-Based Organosolv Pulp by an
Alkali Extraction Process

J. Appl. Polym. Sci., 05 October 2007 (05-10-2007), Vol 106(1), p. 630-
636, ISSN: 1097-4628(electronic)

see entire document

Gurram RN et al.

Analysis of heat transfer fouling characteristics during evaporation of
clarified pine wood hydrolysate to concentrate sugars.

In: 2010 AIChE Annu. Meet., Conf. Proc., Salt Lake City, UT, 10AIChE,
November 2010 (11-2010)

ISBN: 978081690656

WO 2010/096510 A2 (Pappan K et al.)
26 August 2010 (26-08-2010)
see page 80, paragraph [0248]

US2010/0024807A1 (Burke MJ and Hillier SN)
04 February 2010 (04-02-2010)
see page 2, paragraph [0013]

1-15

Form PCT/ISA/210 (continuation of second sheet) (July 2009)

Page 3 of 4




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/CA2011/000149
Patent Document Publication Patent Family Publication
Cited in Search Report Date Member(s) Date
US2010024807A1 04 February 2010 (04-02-2010) None
W02010096510A2 26 August 2010 (26-08-2010) W02010096510A2 26 August 2010 (26-08-2010)
W02010096510A3 16 December 2010 (16-12-2010)

Form PCT/ISA/210 (patent family annex ) (July 2009) Page 4 of 4



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - wo-search-report
	Page 31 - wo-search-report
	Page 32 - wo-search-report

