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(57) ABSTRACT

Disclosed are processes for liquefaction and saccharification
of polysacharide containing biomasses having high dry mat-
ter content (>20%) and preferably possessing large average
particle size. The polysaccharide containing biomasses are
subject to enzymatic hydrolysis in a mixer that utilizes “free
fall” mixing. “Free fall” mixing provides mechanical degra-
dation of the biomass during hydrolysis and, in the case of
lignocellulosic biomass, promotes movement of cellulase
enzymes along cellulose chains, which improves enzymatic
hydrolysis at high dry matter.
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FIG. 1A FIG. 1B

Longitudinal view (A) and transverse view (B) of the 5-
chamber hydrolysis reactor.
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FIG. 2

Concentration of glucose during liquefaction
and hydrolysis of pretreated wheat straw.
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FIG. 3

Concentration of glucose and ethanol during
SSF of pretreated wheat straw.
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FIG. 4

Concentration of glucose, xylose and ethanol
during SSF of polysaccharide containing biomass.
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ENZYMATIC HYDROLYSIS OF BIOMASSES
HAVING A HIGH DRY MATTER (DM)
CONTENT

FIELD OF THE INVENTION

[0001] The present invention relates to a process for lique-
faction and saccharification of biomasses containing polysac-
charides, having a high dry matter content and preferably
possessing fibres and particles with large average sizes. Fur-
thermore the present invention relates to the further utilisation
of such processed biomasses, e.g. for subsequent fermenta-
tion into bio-ethanol, specialty carbohydrates for food and
feed as well as carbon feedstock for processing into plastics
and chemicals.

BACKGROUND OF THE INVENTION

[0002] Numerous industrial and agricultural processes e.g.
municipality operations, food and feed processing and for-
estry generate biomasses, waste and by-products containing
polymeric sugars e.g. in the form of starch, cellulose and
hemicellulose. Agribusiness and chemical industries as well
as public organisations have considerable interest in develop-
ing processes for converting such biomasses into materials of
a higher value. Thus, by way of example such biomasses
could potentially be converted into bio-ethanol, biogas or
chemicals using microorganisms and/or hydrolytic enzymes.
However, the majority of processes known today have not yet
reached large-scale commercial practice due to their high
production cost and high energy demand and thus inherent
uncertain economic feasibility.

[0003] Besides being important as food and feed, carbohy-
drates from biomass can be used as feedstock for a number of
industrial processes. In the form of polymers a well-known
product is paper where cellulose is the main component.
However, when processed into oligomers and monomers car-
bohydrates are an important feedstock for a number of indus-
trial processes. As will be described in detail they are neces-
sary for a number of microbial processes, but in addition they
can be used as feedstock for e.g. enzymatic processing into
specialty carbohydrates for food and feed e.g. trehalose. Also
carbohydrate oligomers and monomers may substitute petro-
chemicals for processing into plastics and organic chemicals.
Furthermore, carbohydrates may be used as hydrogen carriers
in catalytic hydrogenation.

[0004] Itistherefore evident that if a low-cost and abundant
resource of processed carbohydrates can be made available
for industrial processing it may have a substantial economic
potential.

[0005] Starch is the most widespread storage carbohydrate
in plants and occurs in the form of granules, which differ
markedly in size and physical characteristics from species to
species. Starch granules are generally quite resistant to pen-
etration by both water and hydrolytic enzymes due to the
formation of hydrogen bonds within the same molecule and
with other neighbouring molecules. However, these inter- and
intra-hydrogen bonds can become weak as the temperature of
the suspension is raised. When an aqueous suspension of
starch is heated, the hydrogen bonds weaken, water is
absorbed, and the starch granules swell. This process is com-
monly called gelatinization because the solution formed has a
gelatinous, highly viscous consistency. Chemically, starch is
anatural polymer of glucose, which is generally insoluble but
dispersible in water at room temperature and made up of a

Jul. 31,2008

repeating unit similar to that of cellulose and linked together
by a-1,4 and a-1,6 glucosidic bonds, as opposed to the p-1,4
glucosidic bonds for cellulose. The units form either a linear
chain component, called amylose, or a branched chain com-
ponent, called amylopectin. Most plant seeds, grains and
tubers contain about 20-25% amylose. But some, like e.g. pea
starch have 60% amylose and certain species of corn have
80% amylose. Waxy varieties of grains, such as rice, are low
in amylose.

[0006] Apart from starch the three major constituents in
plant biomass are cellulose, hemicellulose and lignin, which
are commonly referred to by the generic term lignocellulose.
Polysaccharide containing biomasses as a generic term
include both starch and lignocellulosic biomasses.

[0007] Cellulose, hemicellulose and lignin are present in
varying amounts in different plants and in the different parts
of the plant and they are intimately associated to form the
structural framework of the plant.

[0008] Cellulose is a homopolysaccharide composed
entirely of D-glucose linked together by p-1,4-glucosidic
bonds and with a degree of polymerisation up to 10,000. The
linear structure of cellulose enables the formation of both
intra- and intermolecular hydrogen bonds, which results in
the aggregation of cellulose chains into micro fibrils. Regions
within the micro fibrils with high order are termed crystalline
and less ordered regions are termed amorphous. The micro
fibrils assemble into fibrils, which then form the cellulose
fibres. The partly crystalline structure of cellulose along with
the microfibrillar arrangement, gives cellulose high tensile
strength, it makes cellulose insoluble in most solvents, and it
is partly responsible for the resistance of cellulose against
microbial degradation, i.e. enzymatic hydrolysis.

[0009] Hemicellulose is a complex heterogeneous polysac-
charide composed of a number of monomer residues: D-glu-
cose, D-galactose, D-mannose, D-xylose, L-arabinose,
D-glucuronic acid and 4-O-methyl-D-glucuronic acid. Hemi-
cellulose has a degree of polymerisation below 200, has side
chains and may be acetylated. In softwood like fir, pine and
spruce, galactoglucomannan and arabino-4-methyl-glucu-
ronoxylan are the major hemicellulose fractions. In hardwood
like birch, poplar, aspen or oak, 4-O-acetyl-4-methyl-glucu-
ronoxylan and glucomannan are the main constituents of
hemicellulose. Grasses like rice, wheat, oat and switch grass
have hemicellulose composed of mainly glucuronoarabi-
noxylan.

[0010] Lignin is a complex network formed by polymeri-
sation of phenyl propane units and it constitutes the most
abundant non-polysaccharide fraction in lignocellulose. The
three monomers in lignin are p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol, and they are most frequently
joined through arylglyceryl-p-aryl ether bonds. Lignin is
linked to hemicellulose and embeds the carbohydrates
thereby offering protection against microbial and chemical
degradation.

[0011] As stated above the processed biomasses could
potentially be converted into bio-ethanol or chemicals using
microorganisms and/or hydrolytic enzymes, or the carbohy-
drates from the processed biomasses could be used as feed-
stock for a number of industrial processes, e.g. enzymatic
processing into specialty carbohydrates for food and feed or
as substitutes for petrochemicals in the production of plastics
and organic chemicals. In addition the processing of carbo-
hydrates in biomass according to the present invention can be
combined with separation and fractionation of the non-car-
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bohydrate components. A particularly preferred use of a pro-
cess according to the present invention is an integrated part of
a process for bio-ethanol production.

[0012] Bio-ethanol production from polysaccharide con-
taining biomasses can be divided into three steps: 1) pre-
treatment, 2) hydrolysis of the polysaccharides into ferment-
able carbohydrates 3) and fermentation of the carbohydrates.
[0013] Pre-treatment is required if subsequent hydrolysis
(e.g. enzymatic hydrolysis) of the polysaccharides requires
the break down of an otherwise protecting structure (e.g.
lignin) of the plant materials. Several pre-treatment tech-
niques are known. For cereals and grains, this pre-treatment
may be in the form of a simple dry milling in order to render
the surfaces accessible, but for lignocellulosic biomasses
thermal and/or chemical processes are needed as well. A
polysaccharide containing biomass consisting of e.g. refined
starch does not require said pre-treatment methods prior to
enzymatic processing. Pre-treatment-processes may be based
on acidic hydrolysis, steam explosion, oxidation, extraction
with alkali or ethanol etc. A common feature of the pre-
treatment techniques is that combined with the action of
possible added reactants they take advantage of the softening
and loosening of plant materials that occurs at temperatures
above 100° C.

[0014] Following the pre-treatment, the next step in utili-
sation of polysaccharide containing biomasses for production
of bio-ethanol or other biochemicals is hydrolysis of the
liberated starch, cellulose and hemicellulose into fermentable
sugars. If done enzymatically this requires a large number of
different enzymes with different modes of action. The
enzymes can be added externally or microorganisms growing
on the biomass may provide them.

[0015] Cellulose is hydrolysed into glucose by the carbo-
hydrolytic cellulases. The prevalent understanding of the cel-
Iulolytic system divides the cellulases into three classes; exo-
1,4-p-D-glucanases or cellobiohydrolases (CBH) (EC 3.2.1.
91), which cleave off cellobiose units from the ends of
cellulose chains; endo-1,4-p-D-glucanases (EG) (EC 3.2.1.
4), which hydrolyse internal p-1,4-glucosidic bonds ran-
domly in the cellulose chain; 1,4-p-D-glucosidase (EC 3.2.1.
21), which hydrolyses cellobiose to glucose and also cleaves
of glucose units from cellooligosaccharides.

[0016] The different sugars in hemicellulose are liberated
by the hemicellulases. The hemicellulytic system is more
complex than the cellulolytic system due to the heterologous
nature of hemicellulose. The system involves among others
endo-1,4-p-D-xylanases (EC 3.2.1.8), which hydrolyse inter-
nal bonds in the xylan chain; 1,4-p-D-xylosidases (EC 3.2.1.
37), which attack xylooligosaccharides from the non-reduc-
ing end and liberate xylose; endo-1,4-p-D-mannanases (EC
3.2.1.78), which cleave internal bonds; 1,4-B-D-mannosi-
dases (EC 3.2.1.25), which cleave mannooligosaccharides to
mannose. The side groups are removed by a number of
enzymes; o-D-galactosidases (EC 3.2.1.22), a-L-arabino-
furanosidases (EC 3.2.1.55), a-D-glucuronidases (EC 3.2.1.
139), cinnamoyl esterases (EC 3.1.1.-), acetyl xylan esterases
(EC 3.1.1.6) and feruloyl esterases (EC 3.1.1.73).

[0017] The most important enzymes for use in starch
hydrolysis are alpha-amylases (1,4-a-D-glucan glucanohy-
drolases, (EC 3.2.1.1). These are endo-acting hydrolases
which cleave 1,4-a-D-glucosidic bonds and can bypass but
cannot hydrolyse 1,6-alpha-D-glucosidic branchpoints.
However, also exo-acting glycoamylases such as beta-amy-
lase (EC 3.2.1.2) and pullulanase (EC 3.2.1.41) can be used
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for starch hydrolysis. The result of starch hydrolysis is pri-
marily glucose, maltose, maltotriose, a-dextrin and varying
amounts of oligosaccharides. When the starch-based
hydrolysate is used for fermentation it can be advantageous to
add proteolytic enzymes. Such enzymes may prevent floccu-
lation of the microorganism and may generate amino acids
available to the microorganism.

[0018] In combination with pre-treatment and enzymatic
hydrolysis of lignocellulosic biomasses, it has been found
that the use of oxidative enzymes can have a positive effect on
the overall hydrolysis as well as the viability of the microor-
ganisms employed for e.g. subsequent fermentation. The rea-
son for this effect is the oxidative crosslinking of lignins and
other phenolic inhibitors as caused by the oxidative enzymes.
Typically laccase (EC 1.10.3.2) or peroxidase (EC 1.11.1.7)
are employed either externally or by incorporation of a lac-
case gene in the applied microorganism.

[0019] Enzymatic hydrolysis of biomass has previously
been described. However, in case of lignocellulosic biom-
asses only material consisting of fibres and particles with an
average size below 1 inch (25.4 mm) and furthermore having
a relatively low dry matter content, i.e. below 20% (w/w),
have successfully been hydrolysed by such a method.
[0020] U.S. Pat. No. 4,409,329 describes hydrolysis of
solid cellulose material to sugar, where cellulose is hydroly-
sed to simple sugars by treating a granular slurry of 3-20%
(w/w) solid feed containing 30-80% (w/w) cellulose, with a
cellulase enzyme complex. The solid cellulose-containing
charge stock had a mean particle size from 0.01 to 1 inch
(0.0254-25.4 mm) in diameter. Perforated rotorblades were
used for mixing.

[0021] US2002117167A describes enzymatic hydrolysis
of hemicellulose in biomass material, comprising solubiliz-
ing at least a portion of hemicellulose and hydrolyzing the
solubilized hemicellulose to produce at least one monosac-
charide. The utilised biomass is preferably aqueous slurry of
raw or pre-treated material. The biomass material may be any
cellulosic material that includes hemicellulose. The process is
described as being especially effective with grain fibres such
as corn, wheat, rice, oats or barley.

[0022] US2004005674 A describes a process for enzymatic
hydrolysis oflignocellulose. Degradation of lignocellulose to
sugars comprises contacting the lignocellulose with at least
one auxiliary enzyme and at least one cellulase. The ligno-
cellulosic material was grounded (the average fibre size of the
material was not further specified) and had a low dry matter
content (0.2 g of grounded stover material in 10 ml of the
enzyme solution).

SUMMARY OF THE INVENTION

[0023] The present invention relates to a process for lique-
faction and saccharification of polysaccharide containing
biomasses, having a relatively high dry matter content, pref-
erably above 20%, and preferably consisting of relatively
large fibres and particles preferably with a distribution of fibre
and particle sizes wherein at least 20% (w/w) of the biomass
ranges within 26-70 mm. Furthermore, the process is particu-
larly suited for the liquefaction and saccharification of
polysaccharide containing biomasses consisting primarily of
starch, refined starch, cellulose, hemicellulose and lignin, e.g.
grains or wheat straw. In the case of lignocellulosic biomasses
these are preferably pre-treated by subjection to temperatures
between 110-250° C. for 1-60 min. in a manner, which
secures accessibility of the cellulose to the enzymes and at the
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same time secures a limited content of fermentation inhibitors
in the pre-treated biomass. The present invention combines
enzymatic hydrolysis based on the combination of hydrolytic
enzymes including a carbohydrolytic enzyme and an oxida-
tive enzyme with a type of mixing relying on the principle of
gravity ensuring the application of mechanical forces, prima-
rily shear and tear forces, to the biomasses. Preferred types of
mixing are e.g. free fall mixers such as drum mixers, tumble
mixers or similar mixing devices.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1A shows a longitudinal view and FIG. 1B
shows a transverse view of a mixer useful for practice of the
methods of the invention.

[0025] FIG. 2 shows concentration of glucose during lig-
uefaction and hydrolysis of pretreated wheat straw at dry
matter content 20% (@), 25% (V), 30% (M), 35% (#) and
40% (A) using an enzyme loading of 7 FPU (g DM)~!
[0026] FIG. 3 shows concentration of glucose (open sym-
bols) and ethanol (closed symbols) during liquefaction and
hydrolysis of pretreated wheat straw in a simultaneous sac-
charification and fermentation (SSF) process at dry matter
content 20% (@), 25% (V), 30% (M), 35% (#) and 40% (A)
using an enzyme loading of 7 FPU (g DM)™'. Yeast added
after 8 h (dotted line).

[0027] FIG. 4 shows concentration of glucose (@), xylose
(V) and ethanol (M) during liquefaction and hydrolysis of
pretreated wheat straw (closed symbols) and a mixture of
pretreated wheat straw and wheat grain (open symbols) in a
simultaneous saccharification and fermentation (SSF) pro-
cess. Yeast was added after 8 h of liquefaction and hydrolysis.

DESCRIPTION OF THE INVENTION

[0028] Production of concentrated sugar solutions is ben-
eficial in relation to subsequent fermentation or other micro-
bial processes due to improved volumetric productivity and
reduced cost of down stream processing. In case of bio-
ethanol production, the energy requirement for distillation is
significantly reduced if the fermentation broth contains above
4% ethanol (Galbe and Zacchi, 2002). This requires a sugar
concentration above 8%, which with most types of lignocel-
Iulosic biomasses corresponds to an initial dry matter content
above 20%. It is in other words desirable to subject polysac-
charide-containing biomasses with high dry matter contents,
preferably above 20%, to enzymatic hydrolysis in order to be
able to subsequently produce bio-ethanol-containing fermen-
tation broths suitable for distillation of ethanol.

[0029] The processes of the present invention provide a
degree of enzymatic hydrolysis of typically 30-50%. How-
ever, under optimised conditions even a higher degree of
enzymatic hydrolysis may be obtained. The liquefied and
saccharificated biomass will consequently contain relatively
large amounts of glucose, xylose, cellobiose, lignin, non-
degraded cellulose and hemicellulose and still active
enzymes suitable for further processing i.e. fermentation pro-
cesses (ethanol, lactic acid etc.). The liquefied biomass will
also be suitable for gasification, hydrogenation, organic syn-
thesis, or production of biogas and feed.

[0030] If the polysaccharide containing biomasses are
lignocellulosic the pre-treatment must ensure that the struc-
ture of the lignocellulosic content is rendered more accessible
to the enzymes, and at the same time the concentrations of
harmful inhibitory by-products such as acetic acid, furfural
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and hydroxymethyl furfural remain substantially low. There
are several strategies to achieve this, which all implies sub-
jecting the lignocellulosic material to temperatures between
110-250° C. for 1-60 min e.g.:

[0031] Hot water extraction

[0032] Multi stage dilute acid hydrolysis, which removes
dissolved material before inhibitory substances are
formed

[0033] Dilute acid hydrolyses at relatively low severity
conditions

[0034] Alkaline wet oxidation

[0035] Steam explosion

[0036] Almost any pre-treatment with subsequent

detoxification

[0037] Polysaccharide containing biomasses according to
the present invention includes any material containing poly-
meric sugars e.g. in the form of starch as well as refined
starch, cellulose and hemicellulose. Biomasses having a dry
matter content above 20% are preferred.

[0038] Relevant types of biomasses for enzymatic hydroly-
sis and mixing according to the present invention may include
biomasses derived from agricultural crops such as e.g.:

[0039] Starch e.g. starch containing grains and refined
starch

[0040] Corn stover

[0041] Bagasse

[0042] Straw e.g. from rice, wheat, rye, oat, barley, rye,

rape, sorghum

[0043] Softwood e.g. Pinus sylvestris, Pinus radiata
[0044] Hardwood e.g. Salix spp. Eucalyptus spp.
[0045] Tubers e.g. beet, potato

[0046] Cereals from e.g. rice, wheat, rye, oat, barley, rye,

rape, sorghum and corn
[0047] Waste paper, fibre fractions from biogas process-

ing, manure, residues from oil palm processing, munici-

pal solid waste or the like with a similar dry matter

content.
[0048] If the polysaccharide containing biomasses are
lignocellulosic, the material may be cut into pieces where
20% (w/w) of the biomass preferably ranges within 26-70
mm, before pre-treatment. The pre-treated material has pref-
erably a dry matter content above 20% before entering the
mixing device. Besides liberating the carbohydrates from the
biomass, the pre-treatment process sterilises and partly dis-
solves the biomass and at the same time washes out potassium
chloride from the lignin fraction.
[0049] The mixing performed in a process according to the
present invention serves at least a four-fold purpose.
[0050] Firstly, it ensures close contact between the
enzymes used and the polysaccharide containing biomass
(substrate), as this will in most cases be insoluble or only very
slightly soluble.
[0051] Secondly, the mechanical work performed on the
material during the mixing helps tearing larger biomass fibres
and particles apart and will therefore assist in increasing the
surface area of the material. This will increase the accessibil-
ity of e.g. cellulose and hemicellulose to the enzymes used. To
further increase the mechanical work on the material, steel
balls or similar means that will collide with the material might
be added to the drum.
[0052] Thirdly, the mixing of the material prevents local
accumulation of high cellobiose concentration that—as is
well known for a person skilled in the art—can inhibit e.g.
cellulase enzymes, especially the cellobiohydrolases.
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[0053] Fourthly, an important characteristic ofthe cellulase
enzymes is the influence of cellulose binding domains (CBD)
on the enzyme performance. CBD’s are functional parts of
cellulose degrading enzymes. The CBD enables adhesion of
the water-soluble enzyme onto an insoluble substrate surface
(cellulose). The close association between the enzyme and
cellulose provided by the CBD enhances the catalytic rate and
stability of the enzyme. To hydrolyse cellulose, the enzyme
must change the position of the CBD on the cellulose chain.
Itis believed that mechanical action, i.e. mixing, is important
for the movement of the CBD and consequently for the enzy-
matic action of the enzymes along the cellulose chain.
[0054] In addition to the above it should be noted that
enzymatic hydrolysis of biomass has traditionally been con-
ducted in stirred tank reactors equipped with impellers (e.g.
Rushton turbine or Intemig impeller) mounted on a centrally
placed impeller shaft similar to what is used in the fermenta-
tion industry. Due to this equipment, solutions of high vis-
cosity, very sticky or very dry material cannot be stirred
efficiently but will result in zones with very poor or no mix-
ing. Furthermore, stirrings of such solutions require very
large energy inputs, which is detrimental to the process
economy. Operating with polysaccharide containing biom-
asses this has previously restricted the upper possible limit to
app. 20%. The gravity based mixing principle according to
the present invention overcomes this problem and may be
used for polysaccharide containing biomasses with a dry
matter content up to 80%, preferably 20-50%. The principle
of gravity mixing according to the present invention can
easily be scaled up and be applied for all kinds of biomasses,
besides refined starch, containing up to more than 80% cel-
lulose.

[0055] Unlike conventional stirred tank reactors tradition-
ally used for enzymatic hydrolysis, a gravity based mixing
principle, i.e. a drum mixer, a mixer with a rotary axis lifting
the biomass or similar mixing devise utilising a free fall
principle, at the same time enables an efficient mixing even
with small power inputs and high dry matter contents and
furthermore performs a mechanical processing/degradation
through the forces of gravity including shear and tear forces
between material and drum as well as the forces resulting
from the impact between falling material and the bottom of
the drum and at the same time positively effects the influence
of cellulose binding domains (CBD) on enzyme perfor-
mance.

[0056] Although processing of non-miscible plant materi-
als, such as e.g. polysaccharide containing biomass with rela-
tively high dry matter content and large average fibre and
particle size, is known from solid-state fermentation or biore-
actors, where tumble type mixers are used for blending (Gio-
vanozzi et al. 2002), this principle has not previously been
implemented in a dedicated liquefaction/saccharification
process or a bio-ethanol fermentation process.

[0057] The present invention provides a process for pro-
cessing of biomasses at relatively high dry matter contents,
e.g. dry matter contents between 20-80%, preferably between
20-50%. Furthermore, the process according to the present
invention ensures efficient liquefaction and saccharification
enabling the direct use of the end product in e.g. fermentors.
[0058] Enzymes capable of effecting a conversion of
starch, cellulose and hemicellulose or parts thereof into glu-
cose, xylose and cellobiose are added to the biomass either in
native form or in form of microbial organisms giving rise to
the accumulation of such enzymes. The pH and the tempera-
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ture of the biomass are adjusted with reference to the pH-
optimum and the temperature optimum of the enzymes
applied.

[0059] Depending on enzyme loading, the biomass will be
liquefied and saccharified to a liquid without any or only with
few remaining large fibres and particles within 3-24 hours.
Adding a glucose metabolising microorganism at any given
time during the hydrolysis and liquefaction may enhance the
degree of enzymatic hydrolysis as inhibitory enzyme prod-
ucts are thereby removed.

DETAILED DESCRIPTION OF THE INVENTION

[0060] A process according to the present invention can be
performed using the following preferred technical param-
eters.

[0061] Dry matter content: 20-80%, preferably 25-70%,
more preferably 25-60%, even more preferably 25-50%
or 25-40% and most preferably 25-35%

[0062] Distribution of fibre and particle sizes of ligno-
cellulosic biomass: 0-150 mm, preferably, 5-125 mm,
more preferably, 10-100 mm, even more preferably
15-90 mm or 20-80 mm and most preferably 26-70 mm.
The preferred distribution of fibre and particle sizes is
defined as at least 20% (w/w) of the lignocellulosic
biomass ranging within the preferred interval.

[0063] If the polysaccharide containing biomass is ligno-
cellulosic, it has to be pre-treated e.g. by a hot water extrac-
tion. If a hydro thermal pre-treatment is chosen the following
technical data are preferred:

[0064] Pre-treatment temperature: 110-250° C., prefer-
ably 120-240° C., more preferably 130-230° C., more
preferably 140-220° C., more preferably 150-210° C.,
more preferably 160-200° C., even more preferably 170-
200° C. or most preferably 180-200° C.

[0065] Pre-treatment time: 1-60 min, preferably 2-55
min, more preferably 3-50 min, more preferably 4-45
min, more preferably 540 min, more preferably 5-35
min, more preferably 5-30 min, more preferably 5-25
min, more preferably 5-20 min and most preferably 5-15

min
[0066] Dry matter content after pre-treatment of at least
20 w/w %.

[0067] Enzymatic treatment of polysaccharide containing
biomasses in a gravity mixer:

[0068] If a vessel based on the free fall mixing concept in
the form of a reactor with a horizontal placed stirrer shaft
lifting the biomass or similar mixing devise is used, the fol-
lowing technical data are preferred:

[0069] Rotational speed: 0-30 rpm, preferably 0-20 rpm,
more preferably 0-15 rpm even more preferably 0-10
rpm and most preferably 0-5 rpm.

[0070] Rotation with periodically alternated rotating
direction.

[0071] Rotation in pre-defined intervals.

[0072] The optimal rotational speed will depend on the
volume of the vessel, the preferred rotational speed may thus
be relatively high when the process is carried out in a rela-
tively small vessel, while it may be relatively low when the
process is carried out in a relatively large vessel.

[0073] Enzymes for lignocellulosic biomass:

[0074] Cellobiase (e.g. Novozym 188)
[0075] Cellulase (e.g. Celluclast 1.5 FG L)

[0076] Enzyme loading in Filter Paper Units (FPU)/g

DM. 1 FPU equals the amount of enzyme necessary to



US 2008/0182323 Al

hydrolyse 1 pmol/min of glycosidic bonds on What-
mann # 1 filter paper, under specified conditions well
known to a person skilled in the art. However, enzymatic
activity could in principle be supplied in any conceivable
form including through the addition of microorganisms
giving rise to the desired enzymatic activity: corre-
sponding to 0.001-15 FPU/g dry matter, preferably 0.01-
10 FPU/g dry matter, more preferably 0.1-8 FPU/g dry
matter, more preferably 1-7 FPU/g dry matter and most
preferably less than 6 FPU/g

[0077] Enzymes for starch containing biomass:
[0078] Enzymes in the processing of starch: alpha-

amylases and glucoamylases

[0079] Treatment time for enzymatic hydrolysis: 0-72
hours, preferably 1-60 hours, more preferably 2-48
hours and more preferably 3-24 hours such as 4-24
hours, such as 6-24 hours, such as 8-24 hours, such as
10-24, such as 12-24 hours, such as 18-24 hours or 22
hours

[0080] Temperature for enzymatic hydrolysis. Adjusted
with reference to the optimum temperatures of the
applied enzymatic activities: 0-105° C., preferably
10-100° C., more preferably 15-90° C., more preferably
20-80° C., more preferably 25-70° C. and most prefer-
ably 30-70° C. such as 40-45° C. or room temperature.

[0081] pH of biomass. Adjusted with reference to the
optimum pH of the applied enzymatic activities: 3-12,
such as 5-10, such as 6-9, such as 7-8 and preferably
4-11

[0082] The enzymatic treatment can be conducted as a
batch, fed batch or a continuous process.

EXAMPLE 1
Enzymatic Hydrolysis in Laboratory Scale

[0083] Pressedpre-treated wheat straw with an average size
of approximately 40 mm (counter-current water extraction at
180-200° C. for 5-10 min., water and dry matter flow ratio of
5:1) corresponding to 25 g dry weight (=67.0 g pre-treated
straw) was put into a plastic bag. 0.75 mL of Novozym 188,
3.75 mL of Celluclast 1.5 FG L and 11.9 mL of 50 mM
sodium citrate buffer, pH 5.0, was mixed and sprayed onto the
straw. This resulted in a final dry matter content of 30%. The
enzyme loading corresponded to 10 Filter Paper Units
(FPU)/g DM.

[0084] The mixer consisted of' a drum (1.0 m long and 0.78
m in diameter) with 5 internal ribs along the long axis to
ensure proper mixing of the material. The drum rotated along
the horizontal axis with a speed of 26 rpm. The mixing/
hydrolysis of the material was performed for 18-24 hours at
room temperature. This resulted in a thick paste without any
remaining large fibres. A control bag with the same enzyme
loading but no mixing showed no sign of degradation of the
straw.

[0085] Part of the resulting material after the enzymatic
hydrolysis for 24 hours (an amount corresponding to 29 g dry
matter) was diluted to 15% dry matter in a blue cap bottle and
yeast (Baker’s yeast, De Danske Spriffabrikker) was added.
The bottle was closed by an air lock and placed for 72 hours
at 30° C. with stirring at 500 rpm. The resulting liquid con-
tained 33 g/L. of ethanol, 10 g/L. of xylose. No glucose was
detected indicating that the yeast was capable of utilising all
glucose produced during the hydrolysis. Assuming an ethanol
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yield on glucose of 0.5 g ethanol per 9 glucose this corre-
sponded to conversion of 70% of the originally cellulose.

EXAMPLE 2
Enzymatic Hydrolysis at Pilot Scale

[0086] Pressedpre-treated wheat straw with an average size
of approximately 40 mm (pre-treated by counter-current
water extraction at 180-200° C. for 5-10 min. with a water and
dry matter flow ratio of 5:1) corresponding to 7 kg DW (=20
kg pre-treated straw) was put into a conventional rotary
cement mixer, with a horizontal axis tilted about 10 degrees.
The mixer had 2 internal ribs along the long axis to ensure
mixing of the material. A lid was mounted on the opening to
avoid evaporation from the mixer. The mixer drum rotated
along the horizontal axis with a speed of 29 rpm.

[0087] 200-1150mL of Celluclast 1.5 FG L and 40-225 mL,
of Novozym 188 were added to the straw. This resulted in a
final dry matter content of 30%. The enzyme loading corre-
sponded to 3-15 FPU/g DM. The pH was adjusted to 4.8 t0 5.0
by addition of sodium carbonate.

[0088] The cement mixer was heated to 40-45° C. by use of
a fan heater. The mixing/hydrolysis of the material was per-
formed for 22 hours. Depending on enzyme loading this
resulted in a more or less viscous liquid without any remain-
ing large fibres. The pre-treated straw was degraded to a paste
in app. 3-5 hours. After 5-24 hours of mixing the paste was
changed to a viscous liquid. Control experiments with pre-
treated wheat straw only or wheat straw pre-treated at only
160° C. but using the same enzyme loading showed no sign of
liquefaction of the straw.

[0089] Simultaneous saccharification and fermentation
was performed by adding yeast to the cement mixer after 24
hours of hydrolysis at 40-45° C. using an enzyme loading of
10-15 FPU/g DM. The temperature was allowed to cool to
below 35° C. and compressed yeast (Baker’s yeast, De Dan-
ske Spriftabrikker) was added to a concentration of approxi-
mately 1% (w/w) based on initial dry matter of straw. The
saccharification and fermentation was continued for 48 hours
at25°C.

[0090] The resulting material was centrifuged for 15 min at
2500 rpm. The supernatant was filtered through a 0.45 um
filter and analysed for sugars on HPL.C. Atan enzyme load of
15 FPU/g DM, the supernatant contained 70 g/IL of glucose,
30 g/L. of xylose after 24 hours of hydrolysis. This corre-
sponded to 50% hydrolysis of the cellulose and hemicellulose
originally present in the straw. The simultaneous saccharifi-
cation and fermentation using an enzyme loading of 10
FPU/g DM resulted in 42 g/I. of ethanol and 30 g/L. of xylose.

EXAMPLE 3
Liquefaction, Hydrolysis and Fermentation

[0091] The hydrolysis reactor was designed in order to
perform experiments with liquefaction and hydrolysis solid
concentrations above 20% DM shown in longitudinal view in
FIG. 1A and in transverse view in FIG. 1B. The reactor
consisted of a horizontally placed drum divided into 5 sepa-
rate chambers each 20 cm wide and 60 cm in diameter. A
horizontal rotating shaft mounted with three paddlers in each
chamber was used for mixing/agitation. A 1.1 kW motor was
used as drive and the rotational speed was adjustable within
the range of 2.5 and 16.5 rpm. The direction of rotation was
programmed to shift twice a minute between clock and anti-
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clock wise. A water-filled heating jacket on the outside
enabled the control of the temperature up to 80° C.

[0092] The chambers were filled with pressed pretreated
wheat straw with an average size of approximately 40 mm
(pre-treated by counter-current water extraction at 180-200°
C. for 5-10 min. with a water and dry matter flow ratio of 5:1)
and water to give an initial DM content of 20 to 40%. Cellu-
clast 1.5 FG L and Novozym 188 in 5:1 ratio were added to
give an enzyme loading of 7 FPU per g DM. The liquefaction
and hydrolysis was performedat 50° C. and pH 4.8 t0 5.0. The
mixing speed was 6.6 rpm. Simultaneous saccharification and
fermentation (SSF) experiments were performed by lowering
the temperature to 32° C. after 8 h of liquefaction and
hydrolysis and following the addition of 15 g of compressed
baker’s yeast (De Danske Spriffabrikker) per kg of initial
DM.

[0093] Liquefaction and hydrolysis was possible with ini-
tial DM content of up to 40% DM (See FIG. 2 and FIG. 3).
With initial 40% DM it was possible to reach glucose con-
centrations of 80 g kg™" after 96 h. It was also possible to
operate the process as SSF (See FIG. 3), thereby reducing the
product inhibition of the cellulases caused by the glucose
accumulation. It was possible to ferment the hydrolysates
withup to 40% initial DM content using normal baker’s yeast.
Under not fully anaerobic conditions the ethanol yield was
80, 79, 76, 73 and 68% of what was theoretically obtainable
at 20, 25, 30, 35 and 40% DM, respectively.

EXAMPLE 4

Whole Crop Liquefaction, Saccharification and Fer-
mentation

[0094] Lignocellulosic and starch containing biomass can
be processed simultaneously using gravity mixing and a mix-
ture of cellulases, hemicellulases and amylases. The ligno-
cellulosic biomasses may be derived from agricultural crops
consisting of e.g. corn stover, straw e.g. from rice, wheat, rye,
oat, barley, rye, rape and sorghum, tubers e.g. beet, potato,
cereals from e.g. rice, wheat, rye, oat, barley, rye, rape, sor-
ghum, wood consisting of softwood e.g. Pinus sylvestns,
Pinus radiata, hardwood e.g. Salix spp., Eucalyptus spp.,
municipal solid waste, waste paper and similar biomasses.
[0095] The hydrolysis reactor described in example 3 was
used for the experiments. Wheat straw (primarily a lignocel-
Iulose source) was pretreated using counter-current water
extraction at 180-200° C. for 5-10 min. with a water and dry
matter flow ratio of 5:1. Wheat grain (primarily a starch
source) was dry milled using a Kongskilde roller mill. The
wheat grain and pretreated straw with an average size of
approximately 40 mm was mixed ina 1:1 ratio on a dry basis.
DM was adjusted to between 30 and 40% by addition of
water. Celluclast 1.5 FG L and Novozym 188 in a 5:1 ratio
were added to give an enzyme loading of 7 FPU per g DM of
straw. Hydrolysis of starch was carried out using cold mash
enzyme NS50033 (Novozymes A/S, Bagsveerd, Denmark) at
aloading of 3.5 g per kg of wheat grain. The liquefaction and
hydrolysis was performed at 50° C. and pH 4.8 to 5.0. After 8
h, the temperature was lowered to 34° C. and 15 g of com-
pressed baker’s yeast (De Danske Spritfabrikker) was added
per kg of initial DM. An experiment with straw only at 30%
DM was run in parallel.

[0096] Mixing straw with grain resulted in a fast initial
accumulation of glucose in the liquefaction and hydrolysis
step compared to applying straw only (FIG. 4). After 96 h of
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liquefaction and SSF the ethanol concentration was 41 gkg™"
using only wheat straw as the only substrate (See FIG. 4). In
the experiment with straw and grain the ethanol concentration
reached 68 g kg™!.

EXAMPLE 5

Low Temperature Liquefaction of Starch or Starch
Containing Materials

[0097] A process according to the present invention can
also be applied for low temperature processing of refined
starch or starch containing materials (e.g. beet, potato, cereals
from e.g. rice, wheat, rye, oat, barley, rye, sorghum). Accord-
ing to example 4, heat pre-treatment of the grain is not nec-
essary for liquefaction and hydrolysis of starch. Dry milling is
on the other hand generally used for pre-treatment of starch
containing grains. Dry milled grains with a dry matter content
of 20-60% are loaded into the gravity mixer. Cold mash
enzyme NS50033 (Novozymes A/S, Bagsveerd, Denmark) or
alpha-amylase and glucoamylases are added simultaneously.
A full liquefaction and saccharification of the starch is then
possible in a one-pot process. Temperature and pH ranges
during the enzymatic hydrolysis process are defined by the
enzymes and will be in the range of 25-60° C., preferably
40-55° C., and pH 3-12, preferably pH 3-8, respectively.

[0098] The process may be combined with SSF.
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1. A process for treating polysaccharide containing biom-
asses characterized by subjecting a polysaccharide contain-
ing biomass having a dry matter content of above 20% to:

a) enzymatic hydrolysis, and

b) mixing by a free fall type mixing that provides mechani-

cal degradation of the biomass during hydrolysis,
wherein the biomass is liquified and saccharified by the
process.
2. A process for treating polysaccharide containing biom-
asses characterized by subjecting a polysaccharide contain-
ing biomass having a dry matter content of above 20% to:
a) enzymatic hydrolysis, and
b) mixing by a free fall type mixing that provides mechani-
cal degradation of the biomass during hydrolysis,

wherein the biomass comprises a lignocellulosic biomass
having a distribution of particle sizes in which at least
20% (w/w) are between 26-70 mm in size before pre-
treatment, and

wherein the biomass is liquified and saccharified by the

process.
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3. A process for treating polysaccharide containing biom-
asses characterized by subjecting a polysaccharide contain-
ing biomass having a dry matter content of above 20% to:

a) enzymatic hydrolysis, and

b) mixing by a free fall type mixing that provides mechani-

cal degradation of the biomass during hydrolysis,
wherein the biomass is liquified and saccharified to a liquid
by the process within 3 to 24 hours.

4. A process according to claim 1, wherein the polysaccha-
ride containing biomass comprises primarily a mixture of
starch containing grains or refined starch and lignocellulosic
biomasses derived from agricultural crops.

5. A process according to claim 2, wherein the polysaccha-
ride containing biomass comprises primarily a mixture of
starch containing grains or refined starch and lignocellulosic
biomasses derived from agricultural crops.

6. A process according to claim 3, wherein the polysaccha-
ride containing biomass comprises primarily a mixture of
starch containing grains or refined starch and lignocellulosic
biomasses derived from agricultural crops.

7. A process according to claim 1, wherein the polysaccha-
ride containing biomass comprises primarily lignocellulosic
biomass derived from corn stover, bagasse, rice straw, wheat
straw, rye straw, oat straw, barley straw, rye straw, rape straw,
sorghum straw, softwood, hardwood, municipal solid waste,
or waste paper.

8. A process according to claim 2, wherein the polysaccha-
ride containing biomass comprises primarily lignocellulosic
biomass derived from corn stover, bagasse, rice straw, wheat
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straw, rye straw, oat straw, barley straw, rye straw, rape straw,
sorghum straw, softwood, hardwood, municipal solid waste,
or waste paper.

9. A process according to claim 3, wherein the polysaccha-
ride containing biomass comprises primarily lignocellulosic
biomass derived from corn stover, bagasse, rice straw, wheat
straw, rye straw, oat straw, barley straw, rye straw, rape straw,
sorghum straw, softwood, hardwood, municipal solid waste,
or waste paper.

10. A process according to claim 1 wherein the polysac-
charide containing biomass comprises primarily lignocellu-
losic biomass has been subjected to heat pre-treatment
between 110-250° C.

11. A process according to claim 2 wherein the polysac-
charide containing biomass comprises primarily lignocellu-
losic biomass has been subjected to heat pre-treatment
between 110-250° C.

12. A process according to claim 3 wherein the polysac-
charide containing biomass comprises primarily lignocellu-
losic biomass has been subjected to heat pre-treatment
between 110-250° C.

13. A process according to claim 1 carried out as a continu-
ous, fed-batch, or other semi-continuous process.

14. A process according to claim 2 carried out as a continu-
ous, fed-batch, or other semi-continuous process.

15. A process according to claim 3 carried out as a continu-
ous, fed-batch, or other semi-continuous process.
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