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.pretreat ment of a lignin cont ai ning biomass to render the bi omagemE#eTabl e
to digestion. [Pretreatpent conprises the addition of cal cium hydroxi de and
water to the biomass tp forma mixture, and maintaining the mixture at a
relatively high tenperature. Alternati veI , an oxi di zi ng agent, sel ected

fromthe group consi st} noNRTIRYACBF BIOMASS Wﬁﬂm
- Backeround: of the Invention
1 Field of the Evention

The invention reiates to methods for the pretreatment of a lignin

5 containing biomass to render the biomass amenable to digestion. Pretreatment
comprises the addition of calcium hydroxide and water to the biomass to form

a mixmre, and maintaining the mixmre at a relatively high temperature.
Alternatively, an oxidizing agent, selected from the group consisting of oxygen

and oxygen-containing gasses, may be added under pressure to the mixture.

10 ‘The invention also relates to the digested products of the pretreated biomass
which incindes useful feedstocks, fuels, and chemicals such as sugars, ketones,
fatty acids and alcohols, and to 2 method for the recavery of calcium from the

pretreated biomass.
2. Description of the Background |
15 , Biomass can be classified in three main categories: sugar-, starch-

and cellulose~containing plants. Sugar-containing plants (e.g. sweet sorghum,
sugarcane) and starch-containing plants (e.g. com, rice, wheat, sweet potatoes)
are primarily used as food sources. Cellulose-containing plants and waste:
products (e.g. grasses, wood, bagasse, straws) are the most abundant forms of
20 biomass. Although they are not easily converted to useful products, 2 well
engineered process to convert them to feedstock may potentiaily be economical
since the costs of feedstock are much less than those of sugar- and starch-
containing biomass. _
Cellulose-containing materials are generally referred to as
25 lignocellulosics because they contzin cellulose (40% - 60%), hemicellulose
(20% - 40%) and lignin (10% -25%). Non-woody biomass generally contains
less than about 15-20% lignin. Ceilulose, a glucose polymer, can be hydrolyzed
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The invent WEh94{P346 ¢| ates to the di gested products of the ) .
bi omass whi ch includes useful feedstocks, fuels, and chem cals such as

sugars, ketones, fatty acids and al cohols, and to a nethod for the recovery

of calciumfromthe pretreated biomass. 2. Description of the Background
Bi omass can be classified in three main &at egories: sugar-, starch- and
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and waste products (e.Q. %r'asses . wood, bagasse, straws) are {he 'nost
abundant f or ngrogncss; esfiiilas bi e-epl) profain) and mesabalicowmsie praductso usef ul

o OS5 % W B SR ST R o St el SESREE S .,
t hose of sfgamndesirebletdegradationpradnits g Enzymatic hydrolysis is the cleanest and
Cel | ul ose- confatniafer B irrBhch. *HOwdedS pRidnttbs Of thSfndsnitly celintase
and cellobiae; can be an expensive step. Apart from alcohol production,
lignoceliulose can be used as inexpensive cattle feed. Since raw lignoceilulose
cannot be easily digested by cattle, it must be processed to improve its
10 digestibility before it can be fed to ruminants. Also, anaerobic fermentation
using rumen microorgamisms can produce low molecular weight volatile fatty
acids. ' _
_ Cellnlose is the world’s most abundant biolqéiéal material.
Approximately 40% to 45% of the dry weight of wood spécies is cellulose. The
15 degree of polymerization ranges from 500 to 20,000. Cellulose molecules are
complietely linear, unbranched and have a strong tendency to form inter- and
intra-molecular hydrogen bonds, Bundies of cellulose molecules are tims
aggregated together to form microfibrils in which highly ordered (crystalline)
regions alternate with less ordered (amorphous) regions. Microfibrils make
20 fibrils and finally cellulose fibers, As a consequence of its fibrous structure and
~ strong hydrogen bonds. celiulose has a very high tensile strength and is
insoluble in most solvents. '
Hemicellulose is the world’s second most abundant carbohydrate
and comprises about 20% to 30% of wood dry weight. Hemicelluloses,
25 although originally believed to be intermediates in cellulose biosynthesis, are
formed through biosynthetic routes different from cellulose. Hemicellulose are
heteropolysaccharides and are formed by a variety of monomers. The most
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(20% - 40AVO:MA0368¢Ni n (10% -25% . Non-woody biomass genera

| ess than about 15-20%1ignin. Cellulose, a glucose polynmer, can be

hydrol yzed 2 to glucose using
acid, enzynes or mcrobes. G ucose can serve as a feedstock for fuel

al cohol and single-cell protein productQCWI M crobi al hydrol ysis produces
cel lul ar bionass ‘s‘hgg&&&e&lje a{‘&;sgl M& %%thw&sl%hs
xylose and arabinose (the pentoses). Most hemiceilnioses have a degree of
polymerization of only 200. Hemicelluloses can be classified in three families,
xylans, mannans and galactans, named for the backbone poiymer.

5 Lignin is the world’s most abundant non-carbohydrate
biomaterial. It is a three dimensional macromolecule of enormously high
molecular weight, Since its units are extensively cross-linkad, it is difficult to
define an individual molecule. Lignin provides strength by binding cellulose
fibrils together. Being hydrophobic in nature, it prevents water loss from the

10 vascular system and, being highly resistant to enzymatic degradation, it protects
plants from insects and microbial attack.

Phenylpropane, an aromatic compound, is the basic structural
unit of lignin. The monomers not only cross-link with each other, but also
covalently bond 1o hemicellulose. A great conmstraint to cellulose and

15 hemicellulose accessibility is the presence of lignin. It has been shown that
dmnemmdﬁgnhunnumucmuwshnmmucddﬁ#aﬂﬂﬁq;Ihpﬁncmmbenmndnm
by;ﬂquam,dmnnkzL or enzymatic treatments. ' It must be decomposed to
smaller units that can be dissolved out of the cellulose matrix. There are
several well developed pulping methods that disintegrate and remove lignin,

20 leaving the ceflulose fairly intact. Conventional pulping processes, such as
* Kraft and sulfite pulping, are too costly as bioconversion pretreatments. Also,
- economical use of the removed lignin is difficult becanse its chemical structure

and size distribution are highly heterogeneous.
Another major deterrent to enzymatic cellulosic hydrolysis is the

25 highly ordered molecnlar packing of hsnnwmﬂﬁnezzgnni Cellulolytic
enzymes readily degrade the more accessible amorphous portions of cellulose,
but are unable to attack the less accessible cxysialline material. Thus,
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nost preferred approach. However, production of enzymes, nmainly cellul ase
and cel | obi ase, can be an expensive step. Apart from al cohol production,
| i gnocel | ul ose can be used as inexpensive cattle feed. Since raw
| i gnocel | ul ose cannot be easily digested 4y cattle, it nust be processed to
i nprove its digestibili ty before it can be fed to rum nants. Al so,
anaer obi ¢ f er menzymstisthy Mwmmﬁmmmm ecul ar

\gghgg;n;mlb?g: Lﬁ%’xwm i\pprom mat el ?Lli)g/cl) ?ge4|508/o E)Pet\r,]\grlj?ysvvenlo;:]t of
wood species is cellul os‘é‘he'ﬂmsntegmentent of celjulose Hbersoinflnemese =nZyroatic 00 t o
2,00 e A S 0 o e
of cellul osg mpyeaKymes armdrblm wﬁeﬂoimuetdonmdt@s fmaimmained belowha i | s in
whi ch highly ordered (crystalli ne) eqgi ons al ter e W|t|:| I ess rde ed
(anor phous) ~ r egritieal lexel gharageristic ﬁé al end e o In

general, this critical level is slightly above the ﬁber saturation point,

approximately 40% of dry weight. Moisture plays three major roles: (1) it

‘swells the fibers by hydrating cellulose molecules, thus opening up the fine

10 structure and increasing enzyme access, (2) it provides a diffusion medium for
enzymes and for partial degradation products, and (3) it is added to cellulose
during hydrolytic cleavage of the glycosidic links of each molecule.

The surface area of lignoceliulose is another important factor
that. determmes susceptibility to enzymatic degradation. It is important

15 becanse contact between enzyme molecules and the cellulose surface is a
prerequisite for bydrolysis to proceed. A few other factors that also influence
susceptibility include size and diffusibility of enzyme molecules in relation to
size and surface properties of capillaries, unit cell dimensions of cellulose
molecules, and conformation and steric rigidity of hydro-glucose units,

20 To enhance susceptibility to eﬁzymaﬁc hydrolysis, lignocellulose
pretreatment is an essential requirement. The heterogeneous enzymatic
degradation of lignocellulosics is primarily governed by its structural features
becaunse (1) cellulose possesses a highly resistant crystalline structure, (2) the
lignin surrounding the cellulose forms a physical barrier and (3) the sites

25 available for enzymatic attack are limited. An ideal pretreatment, therefore,
would reduce lignin content, with a concomitant reduction in crystallinity and
increase in surface area. Pretrearment meih_ods can be classified into physical,
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structuremé“’s@fﬁg hydr ogen bonds, cellul ose has a very h ensiTe
strength and is insoluble in nost sol vents. Hem cel l ul ose is
the world's second nost abundant carbohydrate and conprises about 20%to
30% of wood dry weight. Hem cellul oses,, although originally believed to be
I ntermedi ates in cellulose biosynthesis] are forned through biosynthetic

o L B BbUbASE i YRR B ot AR A" 0
_ The literature available on this subject is voluminous. The various
prereatment methads that have been used to increase cellulose digestibility
are summarized in Table 1. :

5 | Biological pretreattnents employ fungi for microbial de-
lignification to make cellulose more accessible. Major biolo;ial' lignin
degraders are the higher fungi, Ascomycetes and Basidiomycetes. Fungal
degradation is a slow process and most fumgi attack not only lignin, but
cellulose also, thus resulting in a mixture of lignin fragments and sogars,

10 Improvements may require developing more specific and efficient microbes.
Physical Pretreatments
Physical pretreatments can be classified in two general categories:
mechanical (invoiving all types of milling) and nonmechanical (involving high-
pressure steaming, high energy radiation and pyrolysis). During mechanical
15 pretreatments, physical forces, (e.g. shearing, compressive forces) subdivide
lignocellulose into finer particles. These physical forces reduce crystallinity,
particle size and degree of polymerization and increase bulk density. These
structural changes result in 2 material more susceptible to acid and enzymatic
hydrolysis. However, due to momouﬂy high operating costs associated with
20 the high energy requirements, low yields and large time requirements, these
mechanical pretreauments are not practical. Nonmechanical physical
pretreatment methods also increase digestibility, but have similar disadvantages
and thus are not economical for real px;ocesses.
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Lignin- is the world' s nost abundant non-carbohydrate biomaterial. It is a
t hree di nensi onal macronol ecul e of enornmously high nolecular weight. Since
its units are extensivel S| . ifficult to define an

i ndi vi dual nol ecul e. Li grA™™ y binding cellulose fibrils.
t oget her. Being hydrophotsmwmaudimﬂlberﬁqﬂmoﬁmmmthe
vascul ar system anpd, _bein y resistant to,enzymatj c de ation
protects plant sE& P E’ﬁi"e& TERRERLS- ot ¢ i hedts™ werted |

Phenyl propane, gAgndeellilse mowﬂﬁbran&d t@d&@&ﬁt}saﬁwe&wmk tuellsmsin-e
lignin. The nononers not only cross-1link w t h eac ther, but also
coval ently béndinstantlyni Pre to|rapid ﬂ#ﬁ’eﬁ dhe smten gappein
fibers, physical size reduction occurs. The h:gh temperatures remove acetic
acid from hemicellulose, so this process results in some autohydrolysis of the
biomass. These changes result in better digestibilities, but the severe
conditions also produce degradation products that inhibit hydrolysis and
10 fermentation. These products are removed by washing with water which resuits
| in a loss of water soluble hemicellulose. Thus, although digestibilities are
improved, biomass degmdation and protein denaturization limits the use of
stesm explosion. '
The AFEX pretreatment process soaks lignocellulosc in liquid
15 ammonia at high pressnre and then explosively releases the pressure,
| - Pretreatment conditions (30°C - 100°C) are less severe than steam explosion.
An increase in accessible surface area coupled with reduced cellulose
crystallinity (caused by ammonia contacting) result in increased enzymatic
digestibility. However, use of ammonia ‘(a. hazardous chemical) and the high
20 pressure release makes the process quite complex and energy intensive.
Chemical Pretreatmnents
Many chemieal treatments have been used for lignin removal and
destruction of the lignin crystalline structure. Of these chemicals, acids, gases,
oxidizing agents, cellulose solvents, and solven: extraction agents, are all able
25 to increase digestibility, but are not as popular as alkalis. Economics, simpler
promsés and less degradation favor alkalis as chemical pretreatment agents.
However, most of these are ﬁrocess for paper pulping and involves the
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t hat. decr easwO 947036460 cont ent causes I ncreased digestibility. Pﬁ:*’d’?ﬁ’ﬁ’“&ﬁﬁ be
r emoved by physical, chem cal, or enzymatic treatnments. It nust be
deconposed to smaller units that_ can .be di ssol ved out of the cellul ose
matri x. There are several well devel oped ?ul pi ng net hods that disintegrate
and renove lignin, leaving the cellulose tairly intact. Conventi onal

pul pi ng processafplétlCor atadly Jomplére desaictién Pofl Mighin, adideat anrrespoiidivg as
bi oconversi on prefreat rre‘nts Al so, econom cal use qf the renoved lignin is

difficult becassstruetion:né eeluipse r@&%_@ BRHEPOrast 3R piBg: mfﬁemgghl y
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?gggszggggsﬁgloégg%é orit#%el Iﬁ?ﬁﬁgm&gtm%gdsunabl e to attack the
- U.S. Patent No. 4,644,060 to Chou is directed to the use of super-
critical ammnnia to increase lignacellulose digestibility.
U.S. Patents Nos. 4,353,713 and 4,448,588 to Cheng are directed
to the gasification of biomass or coal which is an endothermic process. These
10 patents also relate to a'method for adding the required thermal energy by .
" reacting lime with carbon dioxide witich is an exothermic reaction.
_ U.S. Patent No, 4,391,671 to Azarniouch is directed to a method
for calcining calcium carbonate in a rotary kiln. The reference relates to the
paper/pulp industry where the calcium carbonate would be contaminated with
15 waste biomass. The waste biomass is burned to provide the needed heat of
Teaction.

US. Patent No. 4,356,196 to Hulquist is directed to treating
biomass with ammoniza.
U.S. Patent No. 4,227,964 to Kerr is directed to the use of
20 ammonia to promote the kinking of pulp fiber to increase paper strength, not
to break down the fibers.
U.S. Patent No. 4,087,317 to Roberts is directed 10 the use of
- lime and mechanical beating to convert pulp into a hydrated gel. There is no
mention of lime recovery or enzymatically hydrolyzing the hydrated gel.
25 " U.S. Patent No. 4,064,276 to Conradsen directed to a process
where biomass is covered with a tarp and then ammoniated with ammonia,
which is allowed 1o dissipate into the atmosphere. |
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measur ed by WO B43GA6{ f r act i on et hods. . The moi sthfé g of
cellulose fibers influences enzymati c degradation. Cellulosic materials are
ef fectively protected fromdeterioration by enzynes or m crobes provi ded
the noisture content is maintained below a critical |evel characteristic of
the material and the organi sminvol ved. I%-general , this critical level is
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biomass with high-pressure oxygen under elevated temperature and pressure '
in the presence of an acid catalyst, and a metai catalyst, ferric chloride, to
break lignin bonds and to increase digestibility. The catalysts are described as

5 essential to the process and calcium hydroxide is utilized as a neutralizing
agent to adjust the resulting pH of the hydrolyzed biomass.

1.S. Patent No. 3,878,304 to Moore is directed to production of
slow-release nonprotein nitrogen in numinant feeds. An amide, urea, is reacted
with waste carbohydrates in the presence of an acid catalyst. The resulting

10 material is pelleted and nsed as animal feed. Since the nitrogen is released
slowly in the ramen, it is nontoxic to the animal.

U.S. Patent No. 3,944,463 to Samuelson et al. is. directed to a
process for producing cellulose pulp of high brightness. The ccliulose is
pretreated with an alkaline compound at a temperature of between about 60°C

15 to about 200°C so as to dissolve between 1 and 30% of the dry weight of the
material in the pretreatment liquor. The pretreatment liquor preferably
contains sodium carbonate, sodium bicarbonate or mixtures thereof, or possible
sodiuvm hydroxide.

U.S. Patent No. 3,639,206 to Spruill is directed to the treatment

20 of waste water effluent derived from a pulping process with calcium oxide or
hydroxide to reduce the fiber and color content of the efflvent.

U.S. Patent No. 4,048,341 to Lagerstrom et al. is directed to a
process for increasing the feed value of lignocellnlosic material by contacting
the material with an alkaline liquid, specifically, sodium hydrexide. The

25 alkaline liquid, supplied in excess, is aliowed fo run off the material before any
essential alkalization effect has been reached. After the liquid absorbed in the
material has provided its effect, an acid solution is added to the material to
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medi um for enzynmes and for parti al degradation products, and (3) it is
added to cellul ose during hydrol ytic.cleavage of the glycosidic |inks of
each nol ecul e. The surface area of |ignocellul ose is another
I nportant factor that determ nes suscepti iIity to enzymati c degradati on.

It is inportan ﬁ&ilie q{sﬁag Cald Ul Ose
surface is a pﬁ‘ %%gsﬁ %W@& S {]o proceed ew ot her facelt ors
that also infl immelaﬁunxhi;ptoflxeinpemmmhwm of alkuli theffmerithnbr dpeoft enzyne
nol ecules in r to Sl ze and supface properties of, capillaries, unit
cel | di nension a'f é %ﬂﬁﬁ“’?g’ﬁm steric
rigidi Ey OL gydlro gl uclose.s“r'ali?tlm 4182,-{80 tot 'Etestﬂﬁﬂ%ﬂﬂ? :saﬁ?aalalxbld ity to
enzynatic ro yS|s l gnoce u ose pre reat men an essentia
5 sf dignecelinlagic mm@e

requi r ement SThBTqees%e g@ﬁ@@é@
Possesser o i SRpymol aualial ol F"ﬁﬁﬂ"?‘ e iRk
surroundi ng t helosed systens undex eicculatiomyof theltresaingi agentand (3) the sites
_ U.S. Patent No. 4,515,816 to Anthony is directed to a process in
which lignocellulose is treated with dilute acid in an amount of about 1.5 to
10 2.5% of the dry weight of lignocellulose. The mixture is then stored at
ambient conditions for 5 to 21 days in an air-free environment.

US. Patent No. 4,842,877 to Tyson is directed to a process for
the delignification of non-woody biomass (<20% lignin). In this prbcess, non-
woody biomass is treated with a chelating agent, to prevent umnecessary

15 oxidation, and maintained at high pH and high temperatres (150°F to 315°F)
in the presence of hydrogen peroxide and pressurized oxygen. Hydrogen
peroxide is stated to cause a reaction on the cell walls to allow the

- hemicelluiose and lignin to solubilize and be removed through a subsequent
hydrolysis process. Oxygen is added to initiate and accelerate the activation

20 of hydrogen peroxide.

cs S

The conditions and results of studies reported in the literature
using ammonia (gaseous, anhydrous liguid, or NI ,0H) and sodium hydroxide
as pretreatment agents are listed in Table 2 and Table 3, respectively. The
literature available on the use of these two chemicals to enhance lignocellulose

25 digestibility of ruminant feeds, as well as for hydrolysis to giucose, is extensive.
The literature on calcium hydroxide pretreatment processes is considerably less
compared to that for sodium hydroxide and ammonia. The conditions and
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crystallinity and increase in surface area. Pretreatnent nethods can be
classified into physical, 5

chem cal, physi cochem cal and bi oI og| cal dependi ng on the node of action.
The |i terat ure avail able on this subject ps vol um nous. The various .

pr gte;te?;r‘ﬁm ol e i Bt bl S il e s
in Table 4. ,
The reférences cited in the Tabies and below are:
-Anderson, D.C.; Raiston, AT.J Anim. Sci 1973; 37, 148.
5 Baker, AJ,; Millett, M.A.; Satter, LD. ACS Sympostum Series 1975; 10,
75. : '
Brown, W.F.; Phillips, 1.D.; Jones, D.B. J. Anim. Sci. 1987; 64, 1205.
Dawish, A.; Galal, A.G. In Proc. Conf. Anim. Feeds Trop. Subtrop.
Origin 1975.
10 Felix, A.; Hill, R.A_; Diarra, B. Amim. Prod. 1990; 51, 47.
Feist, W.C_; Baker, AJ.; Tarkow, H. J. Anim. Sci 1970; 30, §32.
Gharib, F.H.; Meiske, J.C; Goodnch RD. ElSera.fy AM.J, Anim.
Sci. 1975; 40(4), 734,
Huiquist, JH. US. Patent No. 4,356,296, 1982.
15 Ke]lens, R.D.; Herrera-Saldana, R.; Church, D.C. 1. dnim. Sci, 1983;
56(4), 938
Mande]s, M. ; Hontz, JR.; Kystrom, J. Biotech. Bweng 1974; 16, 1471.
Millet, M.A. et al.,, J. Anim. Sci. 1970; 31(4), 781.
Millet, M.A,; Baker, AJ,; Satter, LD, In Biotech. Bioeng. Symp. 1975;
20 5193,
Moore, W.E.; Effland, M.J.; Medeiros, J.E. J. Agr. Food Chem. 1972;
20(6), 1173. |
Maoatris, PJ.; Movat, D.N, Can. J. Anim. Sci 1980; 60, 327.
Playne, M. J. Biotech. Bioeng., 1984; 26, 426.
25 Rounds, W.; Klopfenstein, T. J. Anim. Sci. 1974; 39, 251 (abst.).
Turner, N.D.; Schelling, G.T.; Greene, L.W_; Byers, P.M. J. Prod. Agric.
1990; 3(1), 83. |
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Maj or biological Iignin degraders are the higher fungi, Asconycetes and
Basi di onycetes. Fungal degradation is a slow process and nost fungi attack

not only lignin, but cellulose also, thug, resulting in a mxture of lignin
fragnments and sugars. |nprovenents nmay rghw re devel oping nore specific and

efficient m crobes P

Physi cal pretreat nerﬁlguaénﬁ'g% ”’r%??"ﬁ*? I'n ?vii}o genera(?o §?eg§%trm X
mechani cal (invol V|19§8al | types of mlling) and nonnechanical (i nvoI vi ng
hi gh- pressure ste rolysis). During
nmechani cal pretreat &@p%éfcglﬂ%g%s%ga&q ﬁ@;rl ng, conpressive
forces) subdivide |Wﬂﬂét¢§.'d.“KRﬁﬁeﬂs€Bxﬂ, Tinamimasé 1975 41 WA {8hspiaeHi cal

forces reduce crystallinity, &Srt icle size and degree of pol yneri zat i on and
i ncrease bk density. Bk i effects of walkali nor e

hi ah operat | ngvAgh Pufidlef A 4 e ol
was 190 g organic matter (OM)/kg bagasse dry matter. It was raised to: 733
g organic matter by using NaOH (and also by using Ca(OH), with Na,CO,);
to 430 g OM using NH,; and to 724 g OM using Ca(OH),. When Ca(OH),
10 alone was used, a high loading (about 180 - 300 g Ca(OH), kg bagasse) was
used. Gharib et al. (1975) used calcium oxide for in vitro evaluation of
chemically treated poplar bark. They reported that calcium oxide increased in
vitro true digestibility from 38% to 52% for a 150-day treatment, aithough little
improvement was found for a l-day treatment. Rounds and Klopfenstein
15 (1974) studied the effects of NaOH, KOH, NH,0H and Ca(OH), on in vivo
digestibility of corn cobs by feeding to lambs and on in vitro digestibility using
an artificial ramen. Ca(OH), alone was unable to increase the in vitro
digestibility, although rations treated with Ca(OH), + NaOH resulted in higher
daily gain and feed efficiency for lambs, Waller and Riopfenstein (1975) used
20 wvarious combinations of NaOH, Ca(OH), and NH,0H for treating feed for
lambs and heifers and reported that the highest daily gain and lowest feed/gain
was obtained for the 3% NaOH + 1% Ca(OH), rations. Darwish and Galal
(1975) used maize cobs treated with 1.5% Ca(OH), in a milk production ration
and found no significant change in milk cutput. Felix et al. (1990) evainated
25 the effects of ensiling and treating soya-bean straw with NAOH, Ca(OH), and
NH,0H on ruminant digestibility. Resnlts indicate that there was no significant
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pretreatnment nethods al so increase digestibility, but have simlar

di sadvant ages and thus are not econonical for real processes.

6 Physi cochem cal Pretreatnents St eam expl osi on
and Ammoni a Fi ber Expl-osi on (AFEX) are t He

improvement due to alkali treatment of dry and unensiled straw, although
alkali treatment improved digestibility of ensiled straw.
Although the use of calcium hydroxide as a pretreatment agent
has been demonstrated, considerably less work has been done employing this
5 chemical compared to other alkalis. Most of the previous work has been
performed by animal scientists trying to develop a very simple process to .
increase the lignocellulose digestibility of animail feed. All these studies were
done at room temperature or below, at lower water loadings, for very long
periods and without any mixing. These processes required very long treatment

10 times which is very expensive since the reactors must be very large. There is
thus a need to improve the currently existing methods of pretreating
lignocellulose containing material to render it amenable to enzymatic digestion.

f the jon -
One embodiment of the invention is directed to an economical

15 process for pretreating a lignocellulose-containing biomass to render the
biomass amenable to digestion. Pretreatment comprises adding calcium
hydroxide and water to the biomass, and subjecting the biomass to relatively
high temperatures for a period of time. The pretreated biomass is digested to
produce a useful product.

20 Another embodiment of the invention is directed 1o an
economical pretreatment method comprising adding calcium hydroxide and
water to the biomass to form a mixture, adding an oxidizing agent, selected
from the group consisting of oxygen and oxygen-containing gasses, to the
mixture under pressure, and subjecting the biomass to relatively high

25 temperatures for 2 period of ti:he. The pretreated biomass is digested to
produce a useful product,

. This Sheet Has Been Reilaced
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pressure instantly. Due to rapid deconpression, which flashes the water
trapped in fibers, physical size reduction occurs. The high tenperatures
renove acetic acid fromhem cellul ose, so this process results in sone
aut ohydrol ysis of the biomass. These chlthges result in better
digestibilities, but the severe conditions also produce degradation
products that inhibit Hyratksrembodimentof Mmmwt@ﬁ@m@we

Lgmégﬁ B%/ose W%ﬁﬁ%gh di geg’ﬁ# blﬁgs are | npr g%a ﬁ%%glssbl ©

degr adat i on aarbquated:withdz cathonating lagentl iorrfarm taleiuns eaxbonatee afaksiyrhosi on.
The AFEX pretr nt. p aks cellulogse in |iguid ammnia at

hi gh pressuré‘gﬁm’ﬁ%éﬁ {Fgﬁe(ﬁqﬁ F‘EI gﬁ%& "ﬁ FOSHEE S BF et.%WFé‘f‘fTe%#ﬁent
condi ti onss ( 3fgetioh @nd &mmmﬂmimwn st eam expl osi on. An
i ncrease in AcCess| bI e surface area coupled with reduced cellul ose

crystallinity& efl)escziption of the, Drawings act i ng) result in increased enzynati c
Figure 1 is a schematic diagram of Reactor System 3,
Figure 2 is a giucose calibration curve for the fiter paper assay.
Figure 3 is an enzyme calibration curve for the filter paper assay.
10 Figure 4 is a calibration curve for the DNS assay.
Figure § is a flow diagram for continnous calcium hydroxide recovery.
Figure 6 is a techematic diagram of one embodiment of using a
hydroclone to separate lime solids from lime solution.
Figure 7 is a schematic diagram of another embodiment of nsing a
15 hydroclone to separate lime solids from lime solution.
Figure 8 is a schematic diagram showing different possible permutations
of pretreating biomass with lime.
Figure 9 shows the lime treatment process for ruminant animal feed
praoduction. _
20 Figure 10 is a graph of oxygen pressure verses yield to show the effect
of oxygen on the hydroiysis of newspaper.
Figure 11 is a graph of pretreatment time verses yield to show the effect
of treatment time on the hydrolysis of newspaper.

1)
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Chém cal Pretreatnents Many chem cal treatnments have been
used for lignin renoval and destruction of the lignin crystalline
structure. O these chemicals, acids, gases, oxidizing agents, cellul ose
sol vents, and solvent extraction agents,lére all able to increase
digestibility, but ar e not as popul ar as al kalis. Econom cs, sinpler
processes and ! gattorvor al kalis as chemi cal pretreatnent

?%:nt s. However, rmst %etﬁﬁ&%eeﬁo%cmpﬁﬁg %Rmﬁ%aﬁ?&hgvol ves
repl acenent sliefreatment of a biomass. Pretreatment comprises the addition of calcinm
hydroxide and water to a biomass to render the biomass susceptible to
5 degradation. Calciumn hydraxide is inexpensive and much cheaper than other
alkalis. It is safe to handie and, unlike the sodium residue, the calcium residue
is little or no problem for animal feed. In an artificial rumen, calcium
hydroxide produces calcinm acetate which is also safe and nontoxic. Calcium
hydroxide (Ca(OH),) as the lignocellulose pretreatment agent is therefore very
10 economical. Further, there was also no significant difference in digestibility

between Ca(OH), pretreated material and NH, or NaOH pretreated material
in animais,

The operating conditions of the pretreatment methods of the

invention are a significant improvement over the existing literature, Previous

15 researchers restricted their operating tempéramre to ambient and below in

order to create a very simple process without heaters. These simple processes

required extremely long treatment times typically ranging from 8 to 150 days.

Raising the treatment temperature could decrease the treatment time, but runs

the risk of degrading the lignocellulose, High-temperatre treatment

20 conditions have been identified that did oot degrade the lignocellulose and

resulted in treatment times that were orders of magnitude shorter. The

economic impact is significant since the reactor can be orders of magnitude
smaller, :

Further, previous calcium hydroxide (lime) pretreatment methads

25 used very low water loadings. Since their processes operated at room

temperature, good heat transfer was not an issue. They could operate with

very little water since the thermal insulating properties of air were not

DOOL:78].) 05063 10:15am
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process are quite severe and not useful as pretreatnents for bionass.
Furthernore, the traditional pul ping processes used by the paper indust
are too expensive as |ignocellul ose pretreatnment nethods.

Pat ent No. 4,644,060 to Chou is directedlio the use of super- critical
anmoni a to increase |igngcellul ose digesti bi

Ly
Nos. 4, 353, 713lesmmental  dayayer, (WRoRORFTAHAS Bt p dighisn PRI Sa ther FIOSRSS o
bi omass or - coajeniiitsHy intludhgeatibik REH Hiries Rdteodter filéS fts high heat capacity

and heat transfer coefficient ensure a uniform temperature, Higher water
loadings also provides a medium into which the lime can more uniformiy

5 disperse, but are unattainable using conventional procedures. Consequently,
most of the previous research in lime treatment used relatively low lime
loadings whereas we were able to realistically consider higher lnadings can be
realistically considered because a lime recovery process is also incorporated

into the invention. '

10 In one embodiment, the invention is directed to a method for
pretreating a lignocellulose-containing biomass to render the biomass amenable

to digestion and comprises providing a lignocellulose-containing biomass,
adding caicium hydroxide and water to the biomass to form a mixture, and
maintaining the mixture at an elevated temperature and for a period of time

15 sufficient to render the biomass of the mixture amenable to digestion. Types
of useful biomass include grass, wood, bagasse, straw, paper, plant material,
and combinations thereof. Lignocellulose-containing biomass to which the
'process of the invention is directed is preferably biomass containing greater
than 15% lignin and more preferable biomass containing greater than 20%

20 lignin.

Preferably, biomass to be pretreated is fed into a chipper,
grinder, chopper, shredder or the like, to be reduced in size. Resulting
biomass chips or particles are preferable about one-half inch or smaller. The
biomass particles are then combined with calcium hydroxide and water to form

25 an alkaline biomass mixture, The mixture contains between about 6 to about
. 19 grams of water per gram of dry biomass and preferably about 16 grams of
water per gram of dry biomass. The mixture also contains between about 2 to
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cal cining cal ciumcarbonate in a rotary kiln The reference relates to the
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The waste bionmass is burngd to provide the needed heat of

wast e bi onass.
reacti on.

treating bi on‘ab@utwio

Kerr is directe
to i ncrease p¥

U.S. Patent No. 4,356,196 to Hulquist is directed to
hranswfi auicium  hydroxide dﬂmommfmbhmmto

the use of %BTI’DI’]I agth%%ﬁrgﬁ &g kI{Hﬂgrgmsf %ulp flber

Patent No. 4
nmechani cal be
of line recov
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uU. S. Patents h@ﬁ&%?&%n%nw directed to a process

10

20

The aqueons caleium hydroxide /biomass mixture is maintained
in reaction chambers, which are preferably stainless steel, at between about
40°C to about 150°C, preferably between about 100°C to about 140°C, and
more preferably at about 120°C. Depending on the type of biomass, the
temperature range may be between about 70°C to about 110°C, between about
110°C to about 150°C, or between about 50°C to about 65°C. The
temperature is maintained for between about 1 to abont 36, prefe_mbly between
about 1 to about 20 hours, more preferably about 3 hours. Again, depending
on the type of biomass, the time period may be longer or shorter such as
between about 15 to about 25 hours.

Another embodiment of the invention is directed to a method for
converting a lignocellulose-containing biomass imto a useful product and
comprises providing a lignocellulose-containing biomass, adding calcium
hydroxide and water to the biomass to form a mixture, oxygenating the mixture
with pressurized oxygen, maintaining the mixture at an elevated temperature
and for a period of time sufficient to render the biomass of the mixture
amenable to digestion, and digesting the biomass of the mixture to convert the
biomass into the useful product. Oxygen is relatively inexpensive and readily
available as pressurized oxygen gas, pressurized air, and other pressurized
oxygen-containing gasses. Oxygen is also non-toxin and non-polinting to the
environment. Calcium hydroxide is added to a biomass as described above to
form a mixture, To the mixture is added an oxidizing agent under pressure

i
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8 U S: Patent No. 3,939,286 to Jelks is directed to oxidizing
bi omass with hi gh-pressure oxygen under el evated tenperature and pressure
In the presence of an acid catal yst, an metal catalyst, ferric chloride,

to break lignin bonds and to increase digestibility. The catal ysts are

described as gejemed from the group consisting of oxygen and oxygen-rich gasses.

Preferably, the added oxygen-containing gas has a pressure of between about

20 to about 500 psig (pounds per square inch gange), preferably greater than
about 50 psig, and more preferably greater than about 100 psig.

©5  After either of the above-described embodiments, the prettéated

biomass is digested by hydrolysis such as acid hydrolysis, enzymatic action,

fermentation, or a combination of digestion methods. The digested biomass

comprises material which are useful products such as alcohols, acids such as

organic acids, sugars, ketones, starches, fatty acids, or combinations thereof.

10 These products can be made into feedstocks such as chemical feedstocks, fuels,

and other useful products. Due to the relatively gentle pretreatment

conditions, the useful products are obtained in higher quantities and are of a

higher quality than products obtained after other pretreatment methods. The

maximum amount of marterial is converted into useful product with as little

15 waste as possible. Further, no toxins or harmful chemicals are introduced into

the biomass therefore none need to be removed or even tested for in the final

product.

Another embodiment of the invention is directed to a method for

recovering calcium from a biomass pretreatment process comprising pretreating

20 the biomass with calcium hydroxide and water to form a mixture, optionally

adding an oxidizing agent selected from the group consisting of oxygen and

oxygen-containing gasses to the mixture under pressure, and maintaining the

mixture at an elevated temperature and for a period of time sufficient to

render the biomass of the mixture amenable to digestion, carbonating the

25 mixture or the liquid portion thereof to precipitate calcium carbonate, and

~ recovering the precipitated calcium carbonate. The pH of the carbonated

mixture is between about 8.5 and about 10.5, and preferably between about 9.0
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neutrali zWﬁb"é_ to adjust the resulting pH of the hydror SRR s
U-S. Patent No. 3,878,304 to More is directed to production of

sl owrel ease nonprotein nitrogen in.rumnant feeds. An am de, urea, is
reacted with waste carbohydrates in the presence of an acid catalyst. The
resulting material is pelleted and uset® as ani mal feed. Since the nitrogen

s patont g abobe 10, T3 GYES: cabonile BBtk dn BE pRBMIE and 63 o ¢ o
pr oduci ng ¢ ejdrubvefedty Almafod gdrdelone Sieston, Tedimenisidhpsanifaghia [ cat ed

with an al kal i ne conpoynd at - a of . bet ween about 6Q[err]C to
about 200[ er9T] &y smh@atlen&jpfs&ménﬁgp&keﬁ %Mr Pght of

t he materlalda?bé &;ng %ﬂ:ﬁi%ﬁ
preferably contal ns sodium car bonate SOdI um bi car ate or mxtures

t her eof , Hr necawsréd as caldioomoxidelr oxi de. U.S. Patent No. '
3200, 208 L0 P! Rl ek AL len oM Sl Vo
agent, which is preferably carbon dioxide gas which is bubbled into the mixture,
forming calcium carbonate. The pretreated and carbonated biomass is digested
and the useful product separated from the remaining mixture or residual
10 mixture. The residual mixture, comprising lignin and calcium carbonate, is
heated, for example in a kiln, preferably a lime kiln, to convert the calcium
carbonate into calcium hydroxide. The heat supplied to the kiin may be
derived from the burning of the lignin, making for a highly economical overall

Process.

15 The following examples are offered to illustrate embodiments of
the invention, but should not be viewed as limiting the scope of the invention,
Examples

Exgmple 1  Sample Preparation |
Raw bagasse was collected from the Animal Science Department
20 of Texas A&M University. For three years, it was lying in the open, covered
only by a plastic sheet. Thus, it was first thoroughly washed with water and
then dried in an oven (at 80°C) for about 8 hours. Also, because bagasse
deteriorates with storage time, the bagasse used in the present study was more
recaleftrant than that used by Holtzapple et al., Appl. Biochem. Biotech. 28/29,
25 59 (1991). The wheat straw was already clean and did not require washing.
Softwood newspaper was the Bryan/College Station, Texas, Eagle newspaper.
Tt was first shredded in a paper shredder. All materials were ground by a
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U.S. Pat er\VON4/0344€43 341 to Lagerstromet al. is directed PETAS

the materi al

| i qui d absorb,

is added to t
This is the r

10

Dby WeRHE 2halgsiR4s done by placing a small sample in an oven, at 80°C for
24 hr and measuring the weight loss due to water evaporation.
Example 2  Calcium Hvdroxide Pretreatment

Calcium hydroxide pretreatment invalves reacting biomass with
calcium hydroxide in the presence of water at a relatively high temperature.
The effectiveness of the pretreatment process was studied for several different
reaction conditions. Process variables studied were lime loading (2 to 30 g
Ca(OH),/100 g dry biomass), water loading (6 to 19 g water/g dry biomass),
treatment temperature (50°C to 145°C) and treatment time (1 bour to 36

‘hours). The following three types of reactor systems were empioyed.

20

Reactor System 1; For initial pretreatment experiments, 500-ml. glass
Erlenmeyer flasks were used as reactors. The flasks were sealed with rubber
stoppers and placed in a 100-rpm shaking water-bath. This method was limited
to 65°C, the highest temperature attainable by the water bath.

Reactor System 2: Erlenmeyer flasks were placed in an oven, with
periodic marmal shaking, Only one experiment, at 65°C, was performed by this
method. ‘This method resuited in lower yields, thus demonstrating that
continuous shaking was required for effective mass transfer.

Reactor System 3: Steel reactors were used for experiments in the 65°C

- and 145°C temperature range., To resist the corrosive nature of calcium

hydroxide solutions, the reactors were constructed of 304 stainless steel. The
reactors were, 1.5 "LD. x 5" long, cylindrical nipples, with end caps on both
ends. To provide mixing inside the reactors, a rotating device was fabricated
in the Texas A & M Chemical Engineering Department’s machine shop. A
schematic diagram of this reactor system is shown in Figure 1. This device
holds the reactors (R) inside the oven (0) and, by rotating them continuously,
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for increasing the feed value of lignocellulosic material by contacting
with an al kaline liquid, specifically, sodium hydroxide.
al kaline liquid, supplied in excess, is_allowed to run off the materi al
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discl ose the optimal amounts of the sodi um hydroxi de and water.
U S. Patent No. 4,182,780 to Lagerstromet al. is directed to a process for
I ncreasing the feed value of lignocellulosic materials by alkali treatnent
and subsequent neutralization of the mg@erials with an acid in a closed
system under circulation of the treating agents. U S. Patent

No. 4,515, 81Gprovidésmimhle miixinglof thetcanitents. dtblmmd rod (Rit) wpplnrrgdm | ul ose
| 1o 2, el oy bl 5 the BaRBEL e it e AR Y
for 5 to 21 JEFy thdt cafi baiplaced Gexidsthe sVeP Six holes are drilled through this rod
to hold the clamps (C) that hold the reactors. Set screws hold the clamps in
5 place during rotation. Through the back side of the oven, a 1" hole is drilled.
A small rod (R2) supported by a ball bearing (bolted on the oven wall) passes
through this hole. A pulley (P) is mounted on the end that is outside the oven.
A variable speed AC/DC motor (M) mounted on the top of the oven rotates
R2. The steel rc>d that holds the reactors (R1) has a splined end (a small nut
10 (N)) that couples with the pulley (via a socket (S)). This cdnpling arrangement
“allow the reactors to be placed in, and removed from, the oven with ease.
To perform the pretreatment experiments, the reactors were
prepa;'ed by winding at least four layers of Teflon tape on both ends. One end
was closed by piacing the nipple in a vice and tightening the end cap by a pipe
15 wrench. The reaction mixture was prepared by placing the measured quantities
of biomass (7.5 g dry weight) and Ca(OH), (according the lime loading) inside
the reactors. ‘The material was thoroughly mixed inside the reactors using a
spatula. Measured amounts of water were then added to this dry mixed
sample. The end cap was placed on the other end of the nipple and tightened.
20 The reactors were then placed in boiling water for 5 to 15 minutes {depending
on the pretreatment temperature) to pre-warm them. Prewarming the reactors
is necessary to rapidly bring them to higher temperatures. They were then
clamped and fixed on the rotating device and placed in the oven maintained
at the desired pretreatment temperature. The motor was turned on and the
25 system was left for the desired pretreatment time. After the treatment time
elapsed, the reactors were removed from the oven and transferred to 2 water
bath to rapidly lower the temperature to ambient temperature, Samples were
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deILgn|f|c8ﬂ3&H0$H6non woody bi omass (<20% lignin). In th|5153395 Y073
woody biomass is treated with a chelating agent, to prevent unnecessary
oxi dation, and maintained at high pH.and high tenperatures (150F to 315F)
in the presence of hydrogen peroxide and pressurized oxygen. Hydrogen
peroxide is stated to cause a reaction @ the cell walls to allow the

hem cel l ul ose .and lignin_to solubilize, a eno rou subsequent

hydrol ysis pr %&Sem%&fggﬁm @%dﬁ%ﬂ“ﬁofqrm%‘aﬁﬁ %’&fg?’@r %FB'%P’T? P

activation OfFfb\‘:Qd q_ﬂ w&e The conditions and results of
ed inthe lite

st udi es repor rature using, ammoni a (gaseous, anhydrous
“liquid,. or NH40H) and Mymmmmm@aww&g@m@eamw sted in

;rﬁglsg tzmgnghlm ca?' wﬁ%nw%noce# %ﬂse %ggtt&. |LI tgmonrﬁé] nzﬁt °
feeds, as el magbefpure presswizediosygen, gympressed sie(whickissienpeconmi¢al) er at ur e
;)(I’; fﬁgfl ;J(r)nr h)sldr oxi de 95 el r.eat ment ﬁﬁ#ﬂc ses | szﬁgdﬁeg%rﬁéb % I ess CO@ar ed
containing gas can be determined from a pressure gauge ounted on the gas
supply comainer or on the reactor.
Example 3 Caicivm Hydrpxide Pretreatment - Reactor Svstem 3
10 1. Remove the old Teflon tape and clean the threads at both ends.
Wrap (clockwise) at least four layers of fresh Teflon tape.
2. Label and mumber all the reactors. 2 or 4 or 6 reactors can be
run each time.
3. Close the reactors by placing the cap on one end. Hold the
15 nipple in the vice and tighten the cap using a pipe wrench.
4, Weigh ground and sieved material that has 7.5 g dry weight.
Using a funnel, pour it in the labeled reactors.
5. Weigh calcium hydroxide, according to the desired lime loading,
and pour into the reactors with the biomass.
20 6.  Using a spatula, mix Ca(OH), and biomass thoroughly. This dry
mixing is essential to ensure a uniform reaction.
1. Pour water according to desired water loading,
7A. (Optionally) Open a the valve connecting the reactor to a container
of oxygen gas under pressure, Close the valve when a specified gange pressure
25 within the reactor has been achieved.
| 8 Close the ends of the reactors.
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9. Place the reactors in boiling water for about 5 min, for a 50°C
run, to about 15 min, for a 135°C run. The water boiler takes about 30 min to
heat up, 5o it must be turned on before hand.

10. Heat the oven to the desired pretreatment temperature. The

5 oven takes about 1 hour to reach a stable temperamre. Keep the rotating
device inside the oven during heating so that it gets prewarmed.

11. Clamp the reactors, making sure that the clamps are in the
center of the reactors so that there is no blocking during rotation.

12.  Place the clamps in the slots of the rotating rod and tighten the
10 set screws, '
13. - Place the device in the oven and coupie it with the motor using
the coupling arrangement.
14.  Tum on the motor and keep the rotation speed at the minimum
possible. Make sure that the motor does not stall. |
15 15.  Observe the temperature of the oven.
16.  After the pretreatment time has eiapsed, take out the reactors
and piace them in a cold tap water bath. Let them cool for about 10 min.
17.  Perform enzymatic hydrolysis.
Example ¢  Filter Paper Assay
20 The filter paper assay is commonly used to quantitatively study
cellulose hydrolysis and measure cellulose activity. Filter paper is used since
it is a readily available and reproducible substrate and is neither too
susceptible nor too resistant to celiulase enzymes. The flter paper is incubated
with various amounts of cellulose enzyme for 1 hour at 50°C and pH of 4.8,
25 The amount of reducing sugars released in 1 hour is measured by the
Dinitrosalicylic' Acid (DNS) assay. (Also see below). The amount of enzyme
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47. Fei sthat WQ‘? @S“‘Rﬁ‘ ““&EP%W ‘gﬁ%“ﬁ& &‘ﬂ ﬁg%é%ggﬂ 832.
Gharib, F.H; }038S InteriiticoaDWnits {1 TE6D=; 1 mdlerghicpse /i), J. Ani m Sc.

1975; 40(4), 734 i ) nt No,. .4, 356, 296: 1982.
Kel | ens, RD.; Herremmwmmme& g With fijtexpapef)a .

56(4), 938. L. Using a 500mg/dl (5Smg/mL) glucose standard, prepare 0.5 mL
s samples in pairs of test tubes according to Table 5.
2. Add 1.0 mL of pH 4.8, 0.05 M citrate buffer.

3. Add 1 x 6 em filter paper strip (Whitman #1, rolled in a curl).

Vortex.
4. Incubate at S0°C for 1 hour (use capped test tubes). Prevent any
10 shaking . _ .
5. Add 3.0 mL of DNS to cach test tube.
6. Boil samples for 15 minutes in water bath.
7. Add 10 mlL water and vortex.
_ 8  Filter through 0.45 um nylon membrane filter.
15 9. Measure the absorbance at 550 nm and prepare a calibration
- curve of absorbance vs. glucose concentration as shown in Figure 2.
Measure enzyme activity:
1. Add 0, 5, 10, 15, ZﬂmgenzymetommLOOSMqtmtebuﬁer pH 4.8,
and vortex.

20 2.  Pipet 0.5 mL of prepared enzyme samples into pairs of test tubes.

3. Repeat steps 2 to 8 performed during calibration curve preparation.
4, Measure the absorbance at 550 nm,
Measure sugars in the enzyme:
1.  Pipet 0.5 mL of 20 mg/mL enzyme sample into pairs of test tubes A.
23 2 Pipet 0.5 mL of distilled water into pairs of test tubes B.
3. Add 1.0 mL of pH 4.8, 0.05 M citrate buffer to test tubes A and B.
4

Repeat steps 5 to 7 performed during calibration curve preparation.

is Sheet Has Been Re[ilaced

T |||I il




" [ RECEIVED 02/2B 22:52 1996 AT 532-7149 PASE 27 (PRINTED PAGE 27)
Mandel s, 28iWfEB-1990t 15:48. RFROMKWHTHERS) & BOGERS ot ech. Bcheng 1%%%75%5-27.__

Mllet, MWD 94463646 J. Anim  SCi 1970; 31(4), 781.

Baker, AJ.; Satter, "LD. In Biotech. Bi oeng. Synp. 1975; 5, 193.
Moore, WE.; Effland, MJ.; Medeiros, J.E. J. Agr. Food Chem 1972;
20(6), 1173. Morris, P.J.; Mwat, D.N. Can. J. Anim Sci 1980; 60,
327. Playne, M J. Biot ech Bi oe%. , 1984; 26, 426. Rounds,
W ; Kl opfensjein, 74 39, 251 (abst.). Tur ner,
N.D.; Schel [¥ng, %‘%‘“’eééﬁ’é Bfrs P.M J. Prod. Agric

1990; 3(1), €3 Calcuniate absorbance. correction factor (ACF) as follows.

This is the repl acenent sheet

Dat e:

13
5

10

YA (Abs A - Abs B)
(20 mg enzyme/10 mL) x 0.5 miL
Calculate specific enzyme activity:

1 Using the glucose calibration curve, calculate absorbance, the
absorbance for 2 mg glucose weight (see Figure 2).

2. Apply absorbance correction factor (AC) to absorbanee data from the
enzyme resuits.

Abs,, = Abs - ACF x E (where E = mg enzyme in 0.5 mL)

3. Plot Abs,, vs. E to get Figure 3.

15

20

4. Find E' corresponding to Abs’ using Figure 3.
3. Calculate specific activity:

Acﬂmy(mlms) 2mggiucose x _Lhowr x mmole
E'mgh  60min 018 mg glucose

Example 5 Enzvmatic Hyvdrolysis Procedure

" The pretreated material (7.5 g dry weight) was uinsferred from
the reactors to 500-ml Erlenmeyer plass flasks. The operating pH and
temperature for the enzyme system were kept at 4.8 and 50°C respectively.
The pH was reduced from about 11.5 to 4.8 by adding acetic acid. The 1otal
liquid volume was increased to 150 mL by adding distilled water to obtain a
50 g/L slurry of biomass. The required amounts of eellulase and cellobiose we
added to the mixture, and the flasks were stoppered and kept in a 100-rpm
shaking air bath at 50°C for 3 days. The enzymatic hydrolysis of control

materials was performed using 150 mL of 0.05 M, pH 4.8 citrate buffer.
After 3 days, 1 mL liquid samples were withdrawn from each
flask using a 1000-mL Eppendorf pipet. The samples were boiled in capped
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Pl ayne (1984) investigated the effects of alkali treatnent and

25

test tubes for 30 minutes to denmature the enzyme, thus avoiding further
hydrolysis. The boiled sampies were filtered through 0.45-um nylon membrane
filters. The reducing sugar concentration was measured using the DNS assay
(Miller, G.L., Anal. Chem. 1959, 31, 462) with glucose as the calibration
§ standard. Thus, the sugar yields are reported as equivalent glucose/g dry
biomass. Both cellulase and cellobiose contain sugars. To measure these
sugars, enzymes were added to 150 mL of water in the same concentration as
used previously, but without any biomass, One mi samples were taken to
measure the sugar concentration. This measured sugar in the enzyme amounts
10 10 a correction of 45 mg eq. glucose/g dry biomass that was subtracted from
the 3-day reducing sugar yields from the pretreated biomass. The hydrolysis
samples were diluted from 13 to 33 times to bring the concentration within the
assay range (0.1 - 1.0 mg/mL).
A detailed hydrolysis procedure is given below:

15 1. Open one end of the reactors and empty the comtents (as mmch

as possible) into the labeled 500-mL Erlenmeyer flasks.

2. To completely transfer the biomass, use water t0 wash the
reactors. Pour this water and biomass mixture into the flasks. Add enough
water such that the total liguid volume (water added during tbe wash + water

20 added during pretreatment) is 140 mL. | |

3.  Add glacial acetic acid to the mixture until the pH reaches 4.8,
During acetic acid addition, continuously monitor the pH and stir using a
magnetic bar, Note the volume of acetic acid added. If the pI-I goes below
4.8, use Ca(OH), to raise it to 4.8. :

25 4, Add more water to bring the total liquid volume to 150 ml..

5.  Add 0259 g cellmlose powder "Cytolase 300 P* (filter paper

activity, 215 U /g powder) and 0.652 mL cellobiose "Novozyme" (activity 250

_—
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Na[err] CO8); to 430 g OMusing NHerr]; and to 724 g OMusing Ca(OH)[err].
When Ca(OH) 2 al one was used, a high |oading (about 180 - 300 g Ca(COH) 2 kg
bagasse) was used. Gharib et al. (1975) used cal CI um oxide for in vitro
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8. Keep flasks in the bath for 3 days.
9.  Withdraw 1 ml of sample and boil them for 30 min. in capped
10  test tubes. |
10. Filter samples through 0.45 um nylon membrane filter. Perform
DNS assay to measure reducing sugars as explained below.
Example 6 Dinitrosalicviic Acid (DNS) Assay
The DNS assay is the most commonly used technique for
15 measuring reducing sugars released by celluiose hydrolysis. A glucose standard
is used for the calibration, thus the reducing sugars are measured as |
"equivalent glucose.”
Prepare DNS reagent:
1 Dissolve 10.6 g of 3,5-dinitrosilicylic acid crystals and 19.8 g
20 NaOH in 1416 mL of distilled water, |
2 Add 306 g Na-K-tartrate (Rochelle salts),
3. Melt phenol crystals under a fume hood at 50°C using a water
bath. Add 7.6 mL of phenol to above mixture.
4. Add 83 g sodium meta-bisulfite.
25 5.  Add NaOH, if required, to the solution obtained to adjust pH 10
12.6.
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found no significant change in mlk output. Felix et al. (1990) eval uated
the effects of ensiling and treating soya-bean straw with NACH Ca(OH)2 and

NH err] OH on runminant digestibility. Resulgss i nd| cate that there was no
significant 12

Calibrate DNS reagent:
1. Using a 200 mg/dL (2mg/mL) ghicose standard, prepare 1 mL
samples in pairs of test tubes according to Table 5.
2 Take 05 mL of each sample.
5 3.  Dispense 1.5 mL of DNS regent into each test tube using a S-mL
Brinckmann dispensette.
4. Place the caps on the tubes and vortex.
5 Boil samples in a water bath for 15 minutes.
6. Cool the test tubes for a few minutes, Add 8 mL of distilled
10 water and vortex .
7. Zero the spectrophotometer at 550 nm with distilled water (Note:
to stabilize the spectrophotometer it should be turned on for at least 1 hour

before using).
8. Measure the absorbance.
15 9. Prepare a calibration curve as shown in Figure 4,

Measure rcducmg sugars of samples:
1 Dilute the filtered sample into a pair of test tubes such that the sugar
concentration lies berween 0.1 to 1.0 mg/ml.

2 Vortex the diluted sample.

20 3. Pipette 0.5 mL of each diluted sample.
4, Dispense 1.5 mL DNS reagent into each test tube.
5.  Repeat steps 4 to 8 used in preparation of calibration curve.
6.

Calculate sugar concentration from the absorbance of the samples using
the calibration curve.

235 7. Calcnlate the reducing sugar yield by the following expression:
Y=8SxDx20 Y = reducing sugar yield (mg eq. glucose/g dry biomass)
S = sugar concentration in sample (mg eq. glucose/ml.)

This Sheet Has Been Reilaced




"L RECEIVED @2/28 22:5% 1996 AT 532-7149 PAB
i mpr ovemBAFERIE% o1k al FROM MATHRER & ROBERE vngﬁc‘f Unems; |'ed spesssuzr1adesho
al kal i treat wapo4/onss60oved di gesti bili ty of ensiled straw. PCT/US93/07542 -
Al though the use of calcium hydroxide as a pretreatnent agent has been
dermonstrated, considerably |ess work has been done enploying this chem cal
conpared to other alkalis. Mbst of the previous work has been performed by
animal scientists trying to develop a ver 28si npl e process to increase the
| i gnocel | ul ose digestibility of aninal feed. Al these studies were done at
room tenperature or bel ow, at IPooslilutior &actobadi ngs, for very |ong periods

and wi thout any mxing. These Eﬁﬁf y ot ment tines

which is very expensive since ﬂ}e reactor :g ml'js Zq'segry rtgrge There is

thus a need to inproEgampie T urCalcinm HydroxidenBeenvetibds of pretreati ng
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detrimental effect on its use as cattlefeed. "Thus, reducing the calcium content
results in a more utilizable material. The method for recovering Ca(OH), is
to wash the pretreated material with water, and to contact or react this wash

10 water containing lime with carbon dioxide. This converts soluble Ca(OH), to

insoluble CaCO, that can be removed by precipitation. The CaCO, can then
be heated to produce CaO and CO,. The CaO is hydrated to Ca(OH), which
can be reused as the lignocellulose treatment agent. Carbon dioxide can, in

turn, be reused for lime recovery. Thus, ideally, it is a system capable of total
15 recyciing. |

The carbonate concentration is quite jow when the pH is below
9.5. Thus, to form and precipitate more CaCO,, the pH was maintained above
9.5.
All the recovery experiments were done using bagasse. The
20 experiments to study the recovery process were conducted by two different
approaches: Contimuous Recovery and Batch Recovery.
1. Continuous Recovery
A systematic flow diagram of the contimious recovefy
experimental apparatus is shown in Figure 5. The pretreated bagasse was
25 packed ina 1" LD. x 8.5 high glass column. Rubber stoppers at both ends had
connections for the inlet (bottom) and the outlet (top). Filters (mylon cloth)
were glued on both stoppers. A peristaltic pump (Watson-Marlow, 5025)
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rel atively Ryglslossageratures for a period of time. The pr et r RERY USOV/BTR4T s
i s"digested to produce a useful product. Anot her enbodi nment
of the invention is directed to an econom cal pretreatnent method

conpri sing addi ng cal ci um hydroxi de and water to the biomass to forma

m xture, adding an oxidizing agent, selecgged fromthe group consisting of
oxygen and oxygen-contai ni ng gasses, to the m xture under pressure, and

subj ecting the gifpabeates tirohgt mebdmngﬂhetmamhmm&omma of
time. The pretreated

e 4 he P bt ThedNgies rom tha columm e 1 UG atk” Clbodt &idiak-

was bubbled thought the lime-sarurated liquid in this flask to produce CaCO,.

_ A pH probe was placed in this flask to continuously monitor the pH. The pH

5 was maintained near 95 by bubbling only as much CO, as was required to

lower the pH from sbout 12.0 to 9.5. However, because good pH control was

lacking, when the pH dropped below 9.5, the required amount of NH,OH

(about 1 or 2 mL) was added to bring the pH back to 9.5. The overflow from

the flask went to a filter assembly. Although most of the CaCO, remained in

10 the flask, filtration was required to remove the CaCO, present in the overflow.

A glass fiber filter (G6, Fishier Scientific, Inc.) was placed between the fritted

glass filter and glass jar. A clamp was used to hold it and provide a good seal.

The pump suction was the driving force for filtration. The filters were

replaced periodically when they clogged with the CaCO, paste. The filtered

15 water was then pumped back to the column for washing, thus completing the
cycle.

The washing was stopped after about one hour. The wash water
left in the glass jar clamped to the filter, was transferred to the flask and left
for 24 hour 10 let CaCQ, settle. Clear liquid (1 mL) was taken from the top

20 of the flask. The clear liquid was decanted slowly and collected in another
beaker. The bottom portion containing much higher amounts of CaCO, was
‘discarded after measuring its volume. The same volume of fresh water was .
added to the system so that the lignid volume before and after precipitation
and decantation remained the same. Further recovery of the lime remaining
25 in the biomass was performed with this batch of decanted water for about 45
minutes. After the wash, the CaCO,-samurated water was again left for
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process for wo®auasderg cal ciumfrom a biomass. After pretreat REMUS

bi bmass is carbonated with a carbonati ng agent to form cal ci um carbonat e.
Cal ci um carbonate is recovered fromthe pretreated m xture or recovered
after digestion and can be reconverted into cal ci um hydr oxi de. Bri ef

Descrption of the Draw ngs Fi gure 30is a schematic diagram of -
React or System 3.

-precipitation and a sample of clear liquid was taken after this second
precipitation. |

To measure the calcium concentration in the water during
washing, 1-mL samples were periodically taken from the column inlet and

5 outlet. The calcium concentration was measured by the atomic absorption
apparams available in the Kinetics Group of the Texas A&M Chemical
Engineering Department. Depending on the calcium concentration, the
samples were diluted from 11 to 135°C. since the best yields were obtained
berween 65°C and 100°C, this wide range ensured that the optimal

10 temperamre was found. The pretreatment times of 1 to 36 hours were logical
choices since longer times were difficnlt to justify economically. Since mixing
would ensure uniformity of the reaction mixture and probably result in a better
pretreatment, continuous shaking was aiways employed except in one study that
used periodic shaking. _

15 “In all the experiments, the 3-day reducing sugar yields were used
as the measure of enzymatic susceptibility of lime-treated bagasse. The
reducing sugar yields were calculated as mg equivalent glucose/g dry bagasse.
Typically, 50% and 85% of the 3-day sugars were released in 6 hours and 24
hours, respectively.

20 Table 7 summarizes the conditions and the reactor systems used
in the various bagasse experiments.

The experiment at 50°C (Bagasse Experiment, Example 2), lime
loading = 5 g Ca(OH),/100 g dry bagasse, water loading = 10 g water/g dry
baggase, and treatment times of 1 and 24 hours was repeated thrice to find the

25 error involved in measuring the 3-day reducing sugar yields. For the 1 hour
tun, the yields were 112, 125, 111 mg eq. glucose/g dry bagasse, showing a
standard deviation of 7.8 mg eq. glncose/g dry bagasse. For the 24 hour tun,
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Exagple 8 Calcium Acetate Inbibition Experiment

High calcium acetate concentrations are present in the hydrolysis
mixture since acetic acid (about § mL glacial acetic acid for a sample treated
with a lime loading of 30 g Ca(OH),/100 g dry bagasse) is used to neutralize
the lime for pH adjustment. To measure the calcium acetate inhibition of
enzymes, and experiment was performed in which group bagasse was
ammoniated at the reported optimum conditions. These ammoniation
conditions were: temperatui-e = 93°C; treatment time = 30 min., water loading
= 025 g water/g dry bagasse, ammonia loading = 1.5 g NH,/g dry bagasse,
particle size = 40 mesh. _

Also, there was no explosion (as used in Ammonia Fiber
Esxplosion process) since the pressure was slowly released. This pretreated
material was hydrolyzed in enzyme solutions containing various calcium acetate
concentrations, The calcium acetate solutions were prepared by adding various
amounts of Ca(OH), (according to the lime loadings used for the
pretreatment) to 150 mL water, and then adding acetic acid to reduce the pH
t0 4.8. Thus, the calcium acetate concentration in these solutions was the same
as for lime-pretreated materials, The enzymes were added to solutions only
after the pH was brought to 4.8, thus there was no loss of enzyme acidity due
to high pH. The 3-day sugar yield obtained from this ammonia-treated material
clearly shows that increased calcium hydroxide loadings decrease sugar yields
due to calcium acetare inhibition of the enzyme. For the sample hydrolyzed
without addition of Ca(OH), to the saccharifictions flask, the sugar yield was
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Pretreatment conprises the addition of cal cium hydroxide and water to a

bi omass to render the biomass susceptible to degradation. Calcium hydroxide
I s i nexpensive and nmuch cheaper than ot her '

390 mg eq. glucose/g dry bagasse. This yield is 1.16, 1.14, 116, 1.15, 125 and
1.22 of that obtained rom samples hydrolyzed in the solutions with 2, 5, 10, 15,
20 and 30 g Ca(QH),/100 g dry bagasse, respectively. In the subsequent
experiments using lime pretreatments, these factors were used to correct the
5 sugaryields. Since this approach is simplified and only approximately corrects
for calcium acetate iphibition, the ariginal data (without the correction factor)
are reported in addition to the corrected data.
Example 9 Overview of Data (Bagasse)
The34qunuhuﬁu;m@mrykmiﬁM'unuemmdtxganesmnqﬂe
10 (used as a control) was 40 mg eq. glucose/g dry bagasse which is only about
6% of the theoretical yield. Many different conditions as listed in Table 7
produced high sugar yields. Six high yielding conditions are tabulated in Table
8. The chaice of conditions to be used industrially will depend not only on the
sugar yields, but also on the expense associated with conditions.
15 Example 10 Softwood Newspaper Study
Softwood newspaper is the largest fraction of most residential
municipal solid waste. Profitable utilization of softwood newspaper could help
solve the ever-growing trash disposal problem. The composition of softwood
newspaper is about 70% polysaccharides and 30% lignin, thus, the theoretical
20 yield is bout 750 mg eq. glucose/g dry newspaper. The purpose of this study
was to check the feasibility of using Ca(OH), to preweat newspaper. The
conditions used for pretreating softwood newspaper are summarized in Table
g, |
Example 11 Overview of Data (Newspaper)
25 The 3-day reducing sugar yield from an untreated softwood
newspaper sample, used as control, was 240 mg ¢q. glucose/g dry newspaper.
Pretreatment processes that work well for many lignocellulosics do not work
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cal ci um hydr oxi de produces cal cium acetate which is al so safe and nont oxi c.

Cal ci um hydroxi de (Ca(OH)2) as the li.gnocellul ose pretreatnent agent is
t herefore very econom cal. Further, therg was al so no significant

difference in digestibility between Ca( 2 pretreated mat eri al and NH3 or

NaOH pretreat eﬁgﬂf itions
of the pret re?&#enﬁir M M&P nngﬂtqrg g"?’ﬁsr gnrti cangg lir‘%ﬁgverrent
over the exi stcom@gnt.i ﬂheq&ﬂddmpibmmmseﬂmﬁhrmmmtfmd e this

operating terrperature to anbr ent _and bel ow in order to create a very sinple
process wi t hoPreseaLsuAy ﬁpﬂ" uired extrenely | ong

treatment tines typical bf ATRSE Rendikian %eswa,tﬁa utwy.elmas Stzis@ foF eat ment

tenperature coul d decrease_t he treatnent t| me, but runs the ri sk of
degr adi ng the QDMhm@QSW xdsy pewspapes ad 6 g vateg iy have

U eat mont 11 meEvppde Xi ordersﬁﬂfﬂﬁééfﬁ‘t%gfé#x#ﬁ"?ﬁr?@&mﬁw a

mg/g). An interesting observation is that the pretreatment works better for
either very severe conditions (120°C, 24 hours) or very mild conditions (65°C,
1 hour).
10 Example 12 _mm.m
' Wheat straw is one of the most abundant agricultural cop
residues. In the United States, about 20% of cropland produces wheat, thus
large quantities of wheat straw are generated. Typically, based on dry weight,
wheat straw is 39% cellulose, 36% hemicellulose, and 10% lignin. According
15 to his composition, the maximum theoretical yxeld is about 800 mg eq.
glucose/g dry wheat straw.
~ The results for bagasse were used 1o guide the selection of
treatment conditions. The lime loadings were 5, 10, 15 and 20 g Ca(OH),/100
g dry wheat straw. Only two water loadings were used, Treatment
20 temperatures of 50, 65, 85 and 125°C, and weatment times of 1, 3 and 24
' bours, were studied. A summary of the treatment conditions is tabulated in
Table 10.
Exampie 13 Overview of Data
As in the case of bagasse, several different conditions produced
25 good yields, Since treatment time and temperature play the most important
role in process econamics, the selection of conditions will not depend strictdy
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pretreat ment net hods used very | ow water |oadings. Since their processes
operated at room tenperature, good heat transfer was not an issue. They

could operate with very little water since the thermal insulating
properties of air were not 3

well for softwood newspaper. This probably results from its lugh lignin
content. The yield mprovements with Ca(OH), pretreatment found in this
present study are compérable to other pretreatments.
Of all the conditions tested, the best yield was obtained for
5 120°C, 24 hours, 30 g Ca(OH),/100 g dry newspaper and 16 g water/g dry
newspaper. This yield was 344 mg eq. glucose/g dry newspaper (corrected: 430
mg/g). An interesting observation is that the pretreatment works better for
_ either very severe conditions (120°C, 24 hours) or very mild conditions (65°C,
1 hour). '
10 Exumple 12 Wheat Straw Study |
' Wheat straw is one of the most abundant agricultural cop
residues. In the United States, about 20% of cropland produces wheat, thus
large gquantities of wheat straw are geperated. Typically, based on dry weight,
wheat straw is 39% cellulose, 36% hemicellulose, and 10% lignin. According.
15 to his composition, the maximum theoretical yield is about 800 mg eq.
glucose/g dry wheat straw. |
The results for bagasse were used to guide the selection of
treatment conditions. The lime loadings were 5, 10, 15 and 20 g Ca(OH),/100
g dry wheat swaw. Only two water loadings were used. Treatmem
20 temperatures of 50, 65, 85 and 125*C, and treatment times of 1, 3 and 24
hours, were studied. A summary of the treatment conditions is tabulated in
Table 10. '
Example 13 Overview of ngg
As in the case of bagasse, several d:fferent conditions produced
25 good yields. Since treatment time and temperature play the most important
role in process economics, the selection of conditions will not depend strictly
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process beWw94/8364¢ i ncl udi ng about ten times nore water si REI/USE/
heat capacity and heat transfer coefficient ensure a unlformtenperature
H gher water |oadings also provides a mediuminto which the [ime can nore

uni formy disperse, but are unattainable usi ng conventional procedures.

Consequent |y,

nmost of the previous resedfch in linme treatnent used

relatively low |ine | qadi ngs wher eas wer le.to,r allst ca consi der
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Bvery

process is alng ngor porated into the I nvention. - I n one
enbodi nment , rnvéention is di rect ed to a nethod for pretreating a
| i gnocel | ul ose- corm:ﬂgglﬂbl Calgmm RecovenyiStudvhe bi onmass amenable to

di gestion and conpri se
addi ng caIC|un1hydrOX|d

ST e i B OGP S,

mai nt ai ni ng t be artimeuloadin o 101 10v20 g Ca¢OHD;/100 e danhskteriala Thus, ach of i me

industrial process using such loadings would need significant amounts of lime.
A process to recover and recycle lime can reduce the total of lime
requirement. Since calcium hydroxide is quite cheap, one main requirement

for a recovery process is that it should be simpie and inexpensive.

10

A pew recovery process was developed in this invention
Ca(OH), was leached or washed out of the pretreated biomass. The lime-
sarurated wash water was carbonated to convert Ca{OH), to insoluble CaCO,
that was subsequently settied. The recavered CaCO, can be calcinated to form
CaO, which can be hydrated to Ca(OH),, and thus reused. In this study, the
washing, carbonation and precipitating steps were performed. The experiments
were conducted by two different approaches, namely, continuous and batch
Tecovery processes.
Example 15 Continnous Recovery Process
Three runs were performed to recover Ca.(OH), from bagasse by
the contimuous recovery method. The lime weatment conditions used in the
continuous lime recovery study are tabulated in Table 12, The recovery results
for the corresponding samples are tabulated in Table 13,
. The calcium content in the raw bagasse sample was 0.4 g Ca/100
g dry bagasse, The residual calcivm content in the bagasse sample was brought
down to about 2 g Ca/100 g dry bagasse from 5.4 g Ca/100 g dry bagasse
(Samples A and C) and to 2.3 g Ca/100 g dry bagasse from 8.1 g Ca/100 g dry
bagasse (Sample B). This shows that 68% of the added calcium was removed
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Types of usa¥QI94M36#ass i ncl ude grass, wood, bagasse, straw, 'f)‘ab’é‘f”""b'l'ﬁﬁt -
mat eri al, and conbi nati ons thereof. Li gnocel | ul ose-contai ning bi omass to
whi ch the process of the invention is directed is preferably bionmass
containing greater than 15%1ignin and rmég pref erabl e bi omass cont ai ni ng
greater than 20%Iignin. erably, biomass to be pretreated

Ir dejggdI Pﬁos?z%ﬁgﬁi’f‘?“%& %%@ ?ﬁl psS or %c‘fﬁs are pr e%ner ab*913 about
one-hal f inch oB, sSThe reductidirdn abmnmashpweﬁ ithatethe apecoveine pracessbis rwerkingt h
mxture cont a HBRLMRR Ry, i e predoed ipbGuRsRERR ekl .
dry bionmass andfdage s Fekiduilbedliuds caricitratibn xmghemepﬁghny agoi(1doy2 g

bi omass. The m xture al so contains between about

This is the BepCaltfcgdrybiomass is desired).

One of the main drawbacks observed with the continuous
recovery experiment was that there was some channeling inside the bagasse-
filled colmmn. Thus, the wash water was not contacung all of pretreated

_ manerial This definitely would lower the process effectiveness. With the use
10 of some packing material and an efficient column design, it might be possibie
to increase the continuous recovery process efficiency. However, this invention
_used a second approach (i.e. batch recovery) that provides good comtact by
mixing the wash water and biomass. |
Esanple 16 Barch Recovery Process :

15 In this experiment, instead of packing the pretreated material in
a column, a glass beaker was used to mix the biomass with wash water. This
wash water was samrated with CaCO, and bad a pH of 8.7. The lime-
saturated wash water obtained after filtration was contacted with CO, and the
resuhing CaCO,-containing solution was allowed to settle. The pretreatment

20 conditions and the corresponding calcium contents are given in Table 14 and
Table 15, respectively.

The first three samples (D, E, and F) used six washings whereas
the other samples used ten washings. For a lime Joading of 10 g Ca(OH),/100
g dry bagasse (Samples D and E), with six washings, the calcium concentration

25 was reduced 10 about 1.7 g Ca/100 g dry bagasse, and for a lime loading of 15
g Ca(OH)2/100 g dry bagasse (sample P) with six washings, the calcium
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concentration was reduced to about 2.2 g Ca/100 g dry bagase Thus about
75% of added calcinm was removed.
' Sample F and G received the same lime treatment. Whereas
sample F was washed six times Sample G received four additional washings.
5 ‘These additional washings reduced the residual calcium content from 22 to 1.5
| g Ca/100 g dry bagasse. Thus ten washings were able to remove 86% of the
added calciom. _

Since it is possible that the calcium atoms are chemically bound
to the cellulose and other macromolecules of bagasse, simple washing with

10 water may not work beyond a certain limit. To explore the possibility that

" bound calcium ions (+2), could be replaced by NH4+ ions, the lime-treated
bagasse was washed with an ammonium hydroxide solution. The ammonium
hydroxide concentration varied from 0.2 to 8.7 g NH,0H/100 g water. The
KH,0H was a 30% (w/w) solution of ammonia in water.

15 - 'These experiments shoved that the ammoniated wash water was
not able to further recover calcium.

In all the previous samples, ammonia was added to the
carbonated water to adjust the pH to 9.5. This ensured that the carbonate ions
dominated, thus enhancing the precipitation of CaCO,, For Samples R and [,

20 samples for calcium analysis were drawn from sertled wash water that was
carbonated to pH 6.7, and also from settled carbonated wash water that has
been raised to pH 9.5 by adding ammonia. It was found that it was essential
to have the pH about 9.5 in order to effectively recover the CaCO,. Although
this experiment used ammonia to adjust the pH to 9.5, industrially this wounld

25 ' be achieved by having a good control on the C0, addition. After lime
treaunehr, the pH is about 11.5. Only the amount of C0, needed to reduce the
pH to 9.5 would be added.
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preferably stainless steel, at between about 40[err]C to about 150[err]C,
pref erably between about 100[err]C to about 140[err]C, and nore preferably
at about 120[err]C. Depending on the ty. of biomass, the tenperature range
may be between about 70[err] C to about O[err]C, between about 110[err]C

Lamorat ure | o i nt ai A APORaRY Sipeihf el el Bt 8 EAE ading 7

bet ween aboutthé other poetréat@ient conditions(i.e. earnentting, mmpﬂ'aﬁrhnndwatet\gal n,
depending on th e of bipomasgs, the tine peri be | er or shorter
such as bet M@M@P 90 P@e%’fb&?t TEOVERyUP g)cgss Yo G8rhie iﬂ

enmbodi ment Ofprefigatiitne @émm'mﬁdetwmfmwwmw

l'i gnocel | ul ose-contai ning biomass intg a usef ul groduct and conprises

provi di ng & &%M‘%Mt‘&r!ﬂg‘lﬁlm dhexi de and

water to the Sénbén hﬂ&fnt h
pressurized oxygen, nal nt%ﬁli ni ngq he m ure at n evat ed terrpe\rﬂélétrure
-samples. ‘The residual calcium content was 1.3 g Ca/100 g dry bagasse which

is the lowest obtained from all the recovery experiments. Thus, there seems

to be greater calcium binding to the biomass resniting from pretwreatment

10 process. However, the effect is small since ten washings of pretreated material

had residnals of about 1.5 to 1.7 g Ca/100 g dry bagasse. Thus, there is not

much difference in the recovery process for the pretreated material and for the

untreated material, .

An important question is how far can one atmosphere C0, lower

15 the pH. Trichoderma reesei cellulase operates at pH 4.8. The pH of pretreated

biomass is about 11.5, so an acid must be added to lower the pH. During

alcobol fermentation processes, much C0, is gemerated, so it will be the

cheapest acid for pH adjustment. To answer this question, a simple

experiment was performed in which a few lime-saturated wash water samples

20 were bubbled with 1 atmosphere CO, for about 15 min. The minimum pH that

was reached was about 6.5. Thus a stronger acid than C0, will be required to

lover the pH to 4.8, It would be more desirable to use a cellulase system that
operates at pH 7 such as those in bacteria (e.g. Clostridium thermocellum). |

Thus it is seen that calcium hydroxide is an excellent

25 pretreaunent agent. Many different conditions prodaced high sugar yields.

There was no significant effect of water loading on sugar yields, although 10

g water/g dry material produced slightly higher yields. Lime loadings of 10
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the bi omass into the useful product. Oxygen is relatively inexpensive and
readily available as pressurized oxygen gas, pressurized air, and other
pressuri zed oxygen-contai ni ng gasses. Og gen.is al so non- tOXI n and
non-pol luting to the environnent. Cal ci hydrOX| de is added to a bi omass

oo Y ERORF100 i afiial GobbhR R 1YW bl o 1 "0
This is the rgplloeerenpesinaes (50°C, §5°C) required longer times (24 hours), whereas
: higher temperatures (135°C) needed shorter times (1 hour) to produce high
yields.

5 The recovery process was able to reduce the calcium content in -
biomass from 8.1 to about 1.5 g Ca/100 g dry material, thus recovering 86%
of the added calcium. _

To prevent the addition of excess lime, the biomass may be
10 contacted with a solution of bot lime water. This may be accomplished in a
mumber of ways '

Method 1: A solntion of hot (temperature range of from about 40°C
to about 150°C) saturated lime water is circulated through a packed bed of
biomass for a time period of from about 1 bour to about 36 hours. As the

15 solution exits the bed, it is heated to replace heat loss in the packed bed. The

~ solution of saturated lime water can be prepared by mixing excess lime with

water and separating the excess solid lime from the water phase by filtration,
hydroclone separation (Figure 6), settlement, or centrifugation.

Method 2: A solution of hot (temperature range of from about 40°C

20 to about 150°C), saturated lime water is circulated through a stirred sturry of
biomass for a time period of from about 1 hour to about 36 hours. The
biomass is separated from the solution by a filter, hydroclone (Figure 7),
settier, or cantrifuge. As the solntion exits the hydroclone, it is heated to
teplace heat loss in the stirred slurry of biomess. The solution of saturated

25 [ime water can be prepared by mixing excess lime with water and separating
the excess solid lime from the water phase by filtration, hydroclone separation
(Figure 7), settiement, or centrifugation.

—_— e
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20 to about 500 psig (pounds per square inch gauge), preferably greater

t han about 50 psig, and nore preferably greater than about 100 psig.

After either of the above-described enb dlnents the pretreated bionmass is
di gested by hydrolysis such as acid hy IyS|s enzymati c action,

o ment ot on, o 2 SO Ui Mot A HAsROs 25D T o P RNRGE L 0TS
as organi C ackeht in eomawitk ROOWREr ab thy kifhest 1dmpérgnne inithe loop;:mhlasat i ons
t hereof . These products can e i.nto feedstock uch en cal
feedst ocks, flriween 40 (FGPﬁe‘ﬁuggFﬁ“s (éc{’ SIP‘B °§X Py gentle
pretreat ment gohibje in cold water than in hot water. if the water contacting the lime solids
| S were cold, it would dissolve too much lime. Then, if the lime solution were
heated later, lime would either precipitate out and foul the heat exchanger or
deposit on the bjomass., This explains why the water is heated before it
contacts lime solids rather than after.
Example 18 Different Permutations
10 The materials needed for this invention include: Biomass, lime,
or calcium hydroxide, and water. The mampulative procedures for this
invention include: Mixing, heating, and simuitaneous mixing and heating.
- Thus, these materials and procedures are capable of a mmmber of permutations,
as diagrammaticatly shown in Figure 8. The notations used in Figure 8 are: L.-
15 lime; W - water; B - biomass; M - mixing; H - heating; and M & H -
 simultaneous mixing and heating, An arrow in Figure 8 signifies adding,
introducing, or a step to be performed. _
Example 19 Lime Treatment Process for Ruminant Apj ee duction
Figure 9 shows the lime treatment process for ruminant animal
20 feed production. The lime may be added directly to the biomass, as shown.
Alternatively, the biomass may be contacted with a circulating solution of
saturated lime water to avoid excess lime addition. Regardless of the addition
method, the raw biomass is soaked in hot (ca. 65°C) lime water for about 24
bours. Then, after the reaction is complete, the lime water is circulated
25 through an adsorption column where it is contacted with carbon dioxide. The
carbon dioxide reacts with the lime to form insoluble calcium carbonate which
is filtered out and sent to a lime kiln. The calcium carbonate is heated to

_—
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of a hi ghequlMWthan products obtained after other pretr%’dﬁ’h”“”“‘
met hods. The maxi mum anount of material is converted into useful product
with as little waste as possible. Further, no toxins or harnful chenicals
are introduced into the bionmass thereforsonone need to be renoved or even
tested for in the final product Anot her enbodi nent of the

or et reatment pHE 600K in fhd g Rln otic GRS SR B cabion didhiad. 'ThEor fe
hydr oxi de and paee ﬁmaﬁbrmnﬂmﬁdemﬂnmwdgpne&mmbp eombustiinzir)g agent
to the mixt 3?25{}%»8%&&3 - SHiptsrouththenf SRaRRS TEreliE MRl A2 00
the m xture _amis o W‘”EZ?{‘SE‘ Dbt i ot oo Cho i
portion t heSeofatbgn Mg&%@‘é Prg ; &l é’%’?é‘b@éﬁ g“’ﬂd@q
P ect P 2t o0l PR T8 Pk it Cloh 8 S0 S i it v
colmn. Make-up curbon dioxide must be added to replace any losses.
The circulating lime water will contain free sugars and protein
extracted from the bijomass. In addition, there will be some calcium acetate
10 produeed from the acetyl groups on the hemicellulose. A bleed stream will be
 taken off from the circulating loop that will be acidified with sulfuric acid so
the calcium ions are precipitated as sypsum. The fres sugars, protein, and
acetic acid (HAc) will be concentrated by an appropriate technology (e.g
reverse osmosis or multi-effect evaporation). It may be sold as monogastric
15 (e.g. chickens, pigs) animal feed.
The treated biomass will emerge from the process in a wet state.
I the ruminant animals are located close 1o the processing piant, they may eat
it directly in the wet state. If it must be stored for awhile before it is
consumed, it may be dried in the steam driers we have previously described in
20 past disclosures.
Example 20 Pretreatments with Calcium Hydroxide and Pressurized Oxygen
Oxygen is believed to partially oxidizes the lignin which opens the
biomass structure making it more enzymatically digestible. Oxygen from high-
pressure oxygen tanks was added to samples of newspaper under increasing
25 pressure (Figure 10). Treatment conditions were consistent with those
previously described. Temperature of the biomass was 120°C for 24 hours with
30 g calcium hydroxide/100 g dry newspaper, and water at 16 g/g dry
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18 and aboutW@@4/0¥dé cal ci um car bonat e is precipitated in thepqlﬁsa?’(g-’sﬁd
can

41

newspaper. Increasing amounts of axygen-containing gas was introduced to
samples of newspaper from high-pressure tanks. After pretreatment, samopies
were digested enzymatically and the yield of glucose determined after three
days. Newspaper treated with only lime resnlted in a yield of 418 mg eq. .
5 pglucose/g dry newspaper. For comparison purposes, untreated raw newspaper
yields 240 mg eq. glucose/g dry newspaper. With 20 pounds/square inch gauge
(psig), glucose yield increased over 10%. With increasing oxygen pressure up
1o 100 psig, gincose yield increased to over 500 mg eq.
Useful oxygen pressures are between about 20 psig t0 about 500

10 psig and preferable are between about 100 to about 400 psig. Oxygen is
supplied to the biomass from high-pressure sources such as pure oxygen gas,
oxygen-containing gas, or compressed air.

' In a second series of experiments (Figure 11), samples of
newspaper were pretreated with lime at 30 g/100 g dry newspaper, water at 6

15 g/p dry newspaper, and oxygen at 100 psig. These sample were pretreated for
up to 24 hours. The pretreated samples were enzymatically digested and the
sugar content determined. Maximal yield with oxygen pressures of 100 psig
was observed at three hours of pretreatment - 580 mg eq. of glucose/g of dry
newspaper.

20 Other embodiments and uses of the invention will be apparemt
to those skilled in the art from consideration of the specification and practice
of the invention disclosed therein. It is intended that the specification and
examples be considered exemplary only, with the true scope and spirit of the
invention being indicated by the following claims.
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centri fugat \weye4/@3640y conbi nations of these nethods. The cal rodnat e
may. al so be heated and converted into carbon di oxi de and cal ci um oxi de, and
t he cal ciumrecovered as cal ci um oxi de. Alternatively, the
pretreated m xture

treated with a car bon'éﬁ"l—ng agent, which is preferably
carbon di oxi de gas i @ I s bubbled into the m xture, form ng cal ci um
car bonat e.

The pretmgai@d and carbonated biomass is digested and the useful
product separated fromthegs remaining mxture or residual mxture. The
resi dual m xture, conprisi&g lignin and cal cium carbonate, is heated,
exanple in a kiln, preferé)l y a linme kiln, to convert the cal cium carbonate
i nto cal ci um hydroxi de. Ti# heat supplied to the kiln may be derived from

t he burning of the |Lgnkn / nmaking for a highly econonical overall process.
The foll ow ng exanpl 8 Brgoffered to illustrate enbodi ments of the

I nvention, but sh t e viewed as linmting the scope of the invention.
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Exarrpl e 2 Cal ci um Hya#exi de Pretreat ment

hydr oxi de i ‘ érn bt a rel atively high tenperature. The
ef fectiveneds ﬁmocess was studied for several different
reacti on corjd me&es studied were linme loading (2 to 30 g

1/16-1/2 in.

Time
“d
0 m
2h

Pressure
atmosp.
70-165 psig
70 psi
; atmosp. -
e r——

Temp. (*C)
6
20-30
ambient

..E =’ ”
T RENIRE
%18 |5 |2
'-ag § _g
&8 B | 83| ¢
== |3 |2 |3%2

Relerence

Hultquist,

| Kellens et
al., 1993
1982
al, 1975
Morris et

al, 1980

Millet el

Sheet Has Been Reﬁaced

T




" [ RECEIVED 02/28 2305 1936 AT 532-7149 PAGE__13 (PRINTED PABE 13)

@(Gﬁ[@r&gmﬁm b Fifiifa 3 YHERG: BRGERD adi ng (6 Po 19 ggqﬁ%@ ki -
bi omass), t tenperature (50[err]C to 145[err]C) an reat ment tlme
(1 hour to 36 hours). The foll ow ng three types of reactor systens were
enpl oyed. BB =/=F= Yok T aRRNVASS A=Y a0 WM LA . 1 aabroataont experi nent s,

500-nL gl asp Egllenmefer of | psks fwer g usgd as g edctorls. The flfflasks were
sealed wthyr# [ goBer baand 5pl gegds i 1 -8 604~ pnp shakieng wat er - bat h.
Thi s net hod | B} to @[ er8] 4 tghe [hEdhedt 2t epller ft&ir  at t ai nabl e by
t he wat er b\tg,g s ® g@a stehgmi‘ge E Ila&reéer Iasg fere placed in
an oven, wi§h PdrZod gaﬁl ki|n8.& & & o8 Bxpedi npd, fat 65[err]C,
was perforngd byt mECTpPO: S yrer moq resafjted f 1 ower ieI ds, thus
denonstrati égjat cpn t| nupus ¢$hakijng wagq requijred for effedive nass
transfer. = ea: e 2 [Sieel r§actcr§ ge Ysed for experinents
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bot h endP-CP-L96 U&IFS bERM nYTHERS) & RIERESpeari ngs Hre bol £ %%W
frame (SF)WOh0I46 be pl aced inside the oven. Six holes aré

through this rod to hold the clanps (C) that hold the reactors. Set screws
hold the clanps in place during rotation. Through the back side of the
oven, a 1" hole is drilled. A small rogyf{R2) supported by a ball bearing
(bolted on the oven wall) passes through this hole. A pulley (P) is nounted
on the end that is outside the oven. ‘A variabl e speed AC/DC notor (M
nounted on the top of the oven rotates R2. The steel rc> d that holds the
reactors (Rl) has a splined end (a small nut (N)) that couples with the
pulley (via a socket (S)). This coupling arrangenent allow the reactors to

be placed in, and renoved from the oven with ease. _ To
performthe pretreatnent experlnents the reactors were prepared by w nding
at | east four gmeass o M W mpe on both ends. One end was cl osed by

pl aci ng the nifppl eji
The reaction nf _ frefl by placing the nmeasured quantities of

bi omass (7.5 dj C(OH) 2 (according the |ine | oading) inside
the reactors. | 3 $ gfhoroughly m xed inside the reactors using a

tightening the end cap by a pi pe wench.

" Glucose
Weight (reg)

30
40
50

Glucose
Conc. (mg/mL)

Table 5. Prepare standard solutions for glicose calibration (for filter Paper Assay).

This Sheet Has BeenRerilaced
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spat ul a2e %&%@urﬁﬂﬁ"oﬂl'ﬂﬂ&& ROGERS t hen add& to trﬂ@% o':,',-sfz
sanpl e. The was placed on the other end of the ni ppl
tightened. The reactors were then placed in boiling water for 5 to 15
m nut es (dependi ng on t he pretreat ment tesgperature) to pre-warmthem
Prewar m ng t he fea “Tapr§ly bring themto higher
t enper at ur es.
pl aced in the oyen mairtai redjpretreatment tenperature. The
notor was turnefl on ang or the desired pretreatnent

[ <i geactors were renoved fromthe

[ api Iy | ower the tenperature to

Glucose Concentration
(mg/mL)
0.2
04
06
08
10

Table 6. I’réparé standard solutions for ghscose calibration (for DNS Assay.)
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21 t hem2eeirBvi¥6f 16103t hERGME ACTHERS & BVGERY dr ol ysi s.TOA corrpB Bﬁa%o%-%gp
procedur e i VQBE¥646c| ow. Optional Iy, oxygen-co I's

i At roduced into the reactor froma high-pressure gas container or tank
attached to the system The gas may be puLggpressurized oxygen, conpressed
air (which is very economcal) or any oxygen-containing gas under pressure.
The pressure of the oxygen-. containing gas can be determ ned from a
pressure gauge ounted on the gas supply container or on the reactor.

Exanpl e 3 Cal ci um Hydroxi de Pretreatnment - Reactor System 3 1.
Renmove the old Teflon tape and clean the threads at both ends. Wap
(clockw se) at least four layers of fresh Teflon tape. 2. Label

and nunber all the reactors. 2 or 4 or 6 reactors can be

40 mesh

(g Ca(OH),/100g)

: 30

| 10 6,8,10,13,15,17, 19
10,2030 10,15 .
102030 10,15 N
2,5,10,15,20,30 10
5,10,15,20 10
5,10,15,20 10
10,15 10

U SN FE—N——— N—

Parnticle
Size
~40 mesh

Waler Loading
(g water/g)
6,8,10,13,15,12, 19 | -40 mesh

10,1519

{b)
136,124, | 30
26
24
126
1,3,624
1324
136,24
324
3,6,24
4

Temp.
(*O
65,125

5
65
135

00
50 -
85
65
65

Reacior
System

e
1
2
3
3
3
1
3
3
3

Exp.
"No

Table 7. A summary of coaditions used during vations bagassc experiments.
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run eac Brp996 16104 FROM QI0ERS RHEGERSact ors byTl aci ng? "
end. Hol d 3“ﬂ?ﬁﬁle in the vice and tighten the cap using ﬁ% Qanch.
4. Wei gh ground and sieved material that has 7.5 g dry weight. Using a
funnel, pour it in the |abeled reactors. 5. Wi gh cal-ci um

hydr oxi de, according to the desired |ime F8di ng, and pour into the
reactors with the biomass. - 6. Using a spatula, mx Ca(OH)2 and

bi omass thoroughly. *This dry mxing is essential to ensure a uniform
reaction. 7. -Pour water according to desired water |oading.
7A. (Optionally) Open a the val ve connecting the reactor to a container of
oxygen gas under pressure. C ose the valve when a specified gauge pressure

within the reactor has been achi eved. 8. Cl ose the ends of the
react ors.

E P W
§ € 8 |g |2 |a |2 |2 |
I
4
[*]
B
=
-Eég aaaa—-«‘
£
3 N |
- E O 2 |8 |g |2 |8 {8
H -
%
5 1. =
2 2
“ﬁg - & | | jwn e
2 v 2
s |
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Thi s | s 28H&Br1996 adeint FRANe d{ITHERS & ROGERS 10 S@@6E5532 714322 P 1

22 OWO 94/BMd6e t he reactors in boiling water for aboufSH THPRORE o
50[err]C run, to about 15 mn, for a 135[err]C rum The water boiler takes

=5]~-

about 30 mn to

g g 2 |8
3¢ ¢ ] |3
uﬁq %g
. A . M
LB"- .
£ E = 3 3|2
:.?_ = - ot - |
£
E, g2 8 g |8
5
E
:
[
2 £ g - o |a
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E %
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B-EB+19961 $5 THERS

heaf 4 + §:05ec FROMNad ROGERS hand. Bﬁ% ?ﬂ)&;’
t he desiredVPPé(0364% nent tenperature. The oven takes abou our reach
a stable tenperature. Keep the rotating device inside the oven during

heating so that it gets prewarnmed. | 11. Clanp the reactors, making
sure that the clanps are in the center=5f=- the reactors so that there is no

bl ocki ng during rotation. 12. Place the clanps in the slots of the
rotating rod and tighten the set screws. 13. Pl ace the device in
the oven and couple it with the notor using the coupling arrangenent.

14. Turn on the notor and keep the rotation speed at the m ni num

possi bl e. Make sure that the notor does not stall. 15. (bserve the
tenperature of the oven. 16. After the pretreatnent time has

el apsed, take out the reactors and place themin a cold tap water bath.
Let them cool for enzymati c hydrol ysis.

Table 10, Summary of conditions used during various whoat straw experiments,

————————
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Exanpl e #-FER-1¥F Ph EBQHYWITHERS & ROGERS  The fiTh er pap@#ss S 3?0'?5&22
conmonl y usMPMO¥Antitatively study cellulose hydrolysis and heasure
cellulose activity. Filter paper is used since it is a readily available.
and reproduci bl e substrate and is neither too susceptible nor too
resistant to cellul ase enzymes. The filt®e$paper is incubated .with various
amounts of cellul ose enzyne for 1 hour at 50C and pH of 4.8. The anount of
reduci ng sugars released in 1 hour is neasured by the Dinitrosalicylic
Acid (DNS) assay. (Al so see below). The anount of enzyne

This is the replacenent sheet

Sample
Nuomber

F
E & elaelalelelale :
£ |38
T
3
g%%gsssssess
= ]
éua
2
= e |83 |3 =I5~
2 | &8
.i e
g =
k-
-
Elg |®|8]8| 82 " 8|8
2 | EC
2 =%
L%
3
o=
3

5
10
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23 that P of FREB d WETHRRP & RPEFRS( expr esse® as gI (FORESEP21AE hEuWE2 | S
equal to 0.1 nté?ﬁltlonal Units (1 1U = 1 nmmmol e gl ucose/ ni CT/US93/07542 -
Cal i brate DNS reagent using glucose (along with filter paper): 1.
Using a 500ng/dl (5nglnl) alucose standardhsprepare 0.5 nL sanples in pairs
of test tubes accordiqg o [Talpl e} 5. Add 1.0 nL of pH 4.8; 0.05
Mcitrate buffer. ; Adgl 1 x 6 cn1f|Iter paper strip (Witman #1,
rolled in a curl). ]4. | ncubate at 50[err]C for 1 hour (use

capped test tubes). §

Table 12. Condilions uscd for treating bagasse for continmous recovery.
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shaki ng 22-FEB-1556 | 16:8A] (PN WHHEBS SRESKD each t edP t ube. FPOESSI R 0s /L
sanpl es for Wi owessses i n water bath. 7. Add 10 nlL wat'er an
vort ex. 8. ‘Filter through 0.45 um nyl on nenbrane filter. 9.
Measure the absorbance at 550 nm and prepasg-a calibration curve of

absor bance vs.{c qcose copceft rlat ijon as shown in Figure 2. Measur e

enzyne activit , 15, 20 ng enzyne to 10 m, 0.05 M
citrate buffer} pH 4.8, and vortex. 2. Pipet 0.5 nL of prepared
enzynme sanpl esi nto pairg|of It ubes. 3. Repeat steps 2 to 8
performed duri §g cal iﬁragi & | preparation. 4. Measure the absorbance
at 550 nm Measur

the enzyne: 1. Pipet 0.5 nmL of 20
dnpl e into pai§fs pf

ng/ nL enzynme s est tubes A 2. Pipet 0.5 nL of
\ into pairg ol tpst} -

distilled wate i t ubes B.

Calclum Conc. in
Bagasse
g/100g

(ppm)
Initial
54
81
54

ion during continuous recovery.

Table 13. Change in calcium “cunennln{

k|
S
.!:B =
32
3
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3. - AcRP- 96 ARG QLTHERS\E RPFEREt e buffer™ o tes?ﬂqﬁﬁ @?ﬁ,g;g;
4. Repeat st eps to 7 perforned during calibration cure pr ’
24 5. Measure absorbance at 550 nm 6. Cal cul at e absor bance
correction factor _(ACH) as follows. . . g
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Xx 0.5 nm
calibration curve,

wei ght (see Fi gptGua

absor bance data]fron1the

X E (where E =
3. 4. Fi nd Ejf
specific activi
mmol e

- Exanple 5 Enzy

%
8
» $.
£l Sg==
5 | E3&3
.n gL33V"
-E o
H
Bl g5
Bl =2
al 9%
5| %2
3 ="
3 ¢
. -
B
v | gi‘
2
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24

FR

532-7149 PAGE 25 (PRINTED PAGE 25) 1
ITHERS

WO 94/03646u| at e specific enzyne activity: 1.
cal cul-ate absorbance

ecti

err
3.
| uc

955

1109
1192
1154
1056

136
170

02
04
1.6
87

10
10
10
10
10

10

__’__-

2 TR PRV

e absorbance for 2 ng glucose

on factor (AQ to
Abs[err] = Abs - ACF
] vs. E to get Figure
5. Cal cul ate

ose x 1 hour x

0.18 ng gl ucose
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t he reacPBFERHEMS0R AT EFRUNWETHERS & RBERT | asks. TH@ c))p]eraﬂ%ﬁﬁw4aaﬁd P.26
tenperature for the enzyne systemwere kept at 4.8 and 50[err]C
respectively. The pH was reduced from abggt 11.5to 4.8 by addi ng acetic
acid. The total liquid volune was increa [Replé

d to 150 ni Thip Shegtiias GeaiReplaced ed
water to ob;g‘;%w g/L slurry of biomass. The require I mlﬂm :
cellul ase a obi ose we added to the m xture, and t I
stoppered and kept in a 100-rpm shaking air bath at 50[err]C for 3 days.
The enzymatic hydrolysis of control materials was performed using 150 nL of

0.05 H 4 8 f 3 o 1 nL |
sanpl g/ls \R/ere "W fkéﬁ%ﬂ%ﬁﬁé%ﬂ’%émﬂ 5 aybﬁm Il?nldgw

Th I boi |
e sanpl es were 0i

e di%gs%%n comprising: _
a) providing the lignocellulose-containing biomass,
b) _ adding calcium hydroxide and water to the biomass to form a mixture:
| c) adding an oxidizing agent, selected from the group consisting of oxygen
and oxygen-containing gasses, to the mixture under pressure; and
@ maintaining the mixture at an elevated temperature and for a period of

time sufficient to render the biomass of the mixture amenable to digestion.

2. The method of claim 1 wherein the lignocellulose-containing biomass contains

greater than 20% lignin,

3. The method of claim 1 or 2, wherein the oxidizing agent is added to the

mixture at a pressure of between about 20 to about 500 psig.

4. The method of any one of the preceding claims wherein the mixture contains

between about 6 to about 19 grams of water per gram of dry biomass.

5. The method of any one of the preceding claims wherein the mixture contains

between about 2 to about 30 grams of calcium hydroxide per 100 grams of dry biomass.

6. The method of any one of the preceding claims wherein the lignocellulose-

* [ L M S *
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25" {est Hcees1Ber 16®7ni ARAMeSITTERS A ADEERS t he enzyie, t huSPARTERA4IP f F-ERer.

hydrol ysis. The boiled sanples were filtered through 0.45-um nyl on nenbrane
filters. The reduci ng sugar concentrati on#vas measured using the DNS assay
(Mller, G.L, Anal. Chem 1959, 31, 462) th glucose as the calibration

o1 ancard. ooy SBmalnliy ARk i bl 868 i RA) EheRing 01 kA, St HERB LAY

bi omass. Both ce ase and cel T obiose 0 neasdre these

sugars, enzy {gﬁglt 150 .n%.'of r in the same concentration as
used previ Ougﬁ%rfﬁfgﬁt\%g ﬂtag%ﬁ?f"%lf' éﬂ%’e nm. sanpl es were taken to
measure the sugar concentration. This measured sugar in the enzyme anounts
to a correction of 45 ng eq. glucose/g dry biomass that was subtracted from

t he 3-day reducing sgﬁgr Lelds fromthe pretreated bi omass, The hydro| ysis
sanpl es wer e “di | ut ed oﬂgil!gd% agy qnenpl the, Flaims. Whereiy fher makusR; ishi n

t he .
maintained at the temperature of between about 40°C to about 150°C.

8 The method of any one of the preceding claims wherein the period of time is
between about 1 and about 36 hours.

9. The method of any one of the preceding claims wherein the mixture is
maintained at a temperature of about 120°C, for about 3 hours, and the oxidizing agent

pressure is about 100 psig.

10. A method for converting a lignoceliﬁlose—contairﬁng biomass into a useful
product comprising:

a) providing the .lignoclellulose-containing biomass;

'b) adding calcium hydroxide and water to the biomass to form a mixture;

c) adding an oxidizing agent, selected from the group consisting of oxygen
and oxygen-containing gasses, to the mixture under pressure;

d) maintaining the oxidized mixmre at a temperature and for a period of
time sufficient to render the biomass of the mixture amenable to digestion; and

e) digesting the pretreated biomass of the mixture to conﬁn the biomass

into the useful product.

_This Sheet Has Been Releaced
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assay r fRge oot 1648 E‘?"ht ITHERS & ROGERS A det@ | ed hyeRes$32i49epr or.@dur e
I's given bel ow : Open one end of the reactors and enpty the
contents (as much as p055| ble) into the ggpbel ed 500-nL Erlenneyer fl asks.
2. To conpletely transfer the bionmass, use water to wash the reactors.

Pour this vwager andmﬁmdﬂmrmwnéremtthebiowﬁdlgeﬁ&w@ﬁﬂmyMﬁls,such
that the total liquid volune (water added during the wash + water added

during pret eRafRR abtibd fé&ﬁbnfﬂaon or a combinatiofdRerédfaci al acetic acid to the
m xture until the pH reaches 4.8. During acetic acid addition, continuously
nonitor the pH and stir using a nmagnetic bar. Note the volunme of acetic
acid added. If the pH goes below 4.8, use Ca(OH) 2 to rai se it to 4.8.

4. Add nor. wat er 50 mL 5.
Add 0. 259 g]‘gel | ul ose povvt,Jr’egrE I' E@E'E"IB@&M%&%’&‘M er paper activity, 215

11U g powder) and 0.652 nL || obi ose "Novozyne" (activity 250

13. The useful product of claim 12 which comprises a chemical feedstock.
14. The uscful product of claim 12 which comprises a fuel.
15. The useful product of claim 12 which comprises an alcohiol, an organic acid,

a sugar, a ketone, a fatty acid, or a combination thereof,

16. A method for recovering calcium from a biomass pretreatment process
comprising:

a) pretreating the biomass with caicium hydroxide and water to the
biomass form a mixture, adding an oxidizing agent, selected from the group consisting of
oxygen and oxygen-containing gasses, to the mixmre under pressure, and maintaining the
mixture at a temperature and for a period of time sufficient to render the biomass of the -
mixture amenable to digestioix;

b) carbonating the pretreated mixtire or a liguid portion thereof to
precipitate calcium carbonate; and

c) recovering the precipitated calcium carbonate.

17. The method of claim 16 wherein the pH of the carbonated mixture is between

This Sheet Has Been Reﬂlaced
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Franci sco, CA) and cel | obi ose was supplied by Novo Laboratories (WIton,

CT). The cellulase loading was 7.4 11U g d pretreated |ignocellul ose and
the cel |l obi ose | oading was 22 CBU g dry |ignocell ul ose. This Sheet sBeenPb
the flasks i ngigiesishahdlddeut 1075 shaking air bath at 50[err] Il“ﬁl

Cl ose flasks with rubber stoppers after flasks have.been

18. "The method of claim 16 or 17 further comprising heating the carbonated

mixture to form carbon dioxide and calcium oxide, and recovering the calcium oxide.

19. The method of any one of claims 16 to 18 wherein the precipitated calcium
carbonate is recovered by filtration, hydroclone separation, sedimentation, centrifugation,

or a combination thereof.

20. A method for recovering calcium from a biomass pretreatment process
comprising:

a) pretreating the biomass with calcium hydroxide and water to the
biomass form a mixture; adding an oxidizing agent, selected from the group consistihg of
oxygen and okygen-containing gasses, to the mixmre under pressure; and maintaining the
mixture at a temperature and for a period of time sufficient to render the biomass of the
mixture amenable to digestion;

b) adding a carbonating agent to the pretréated mixwure to form calcium
carbonate;

c) digesting the carbopated mixrure;

d) separating the digested mixture into a useful product and a residual
mixtre; | |

€) heating the residual mixture to convert the calcium carbonate into
calcium hydroxide; and '

fH recovering the calcium as calcium hydroxide.

e
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8. Keef?F4B33986 1/:@he FBEN hWITHERS3R RBGRSS (PRINTED P&"5r0°" W t hdememsrdcenf Baapl e
and boil themfor 30 mn. in capped test t ubes. 10. Filter sanples
t hrough 0. 45 um nyl on nenbrane filter. form DNS assay to neasure

reduci ng sugars as expl ai ned bel ow. Exanple 6 Dinitrosalicylic Acid

(DNS) Assay 21, The metiSFof AimDSGerdin the GrbhRtingCRRROR birbbis §idxiR @Ak que

for measuring reducing sugars rel eased by cel lul ose hydrolysis. A glfucose
standard is used for the calibration, thus the reducing sugars are nmeasur ed
as "equival ent gl ucose. Prepare DNS reagent:

Dato m of delill el Baad “Wﬁﬂﬁé'ﬁl}}ﬁﬁﬁ?&éﬂéﬁ%ﬁﬁﬁt‘?g?%I e

salts). Mel n tals under a fune hood at 50[err]C
using a mtmﬂgli%ogt%r}ﬁ{ ﬁﬂé‘ﬁ to above m xture. __

23. ‘A method for recovering calcium from a biomass pretreatment process
comprising:

a) _ pretreating the biomass with calcium hydroxide and water to form a
mixture and maintaining the mixwre at a temperature and for a period of time sufficient
to render the biomass of the mixture amenable to digestion;

b)  carbonating the mixwure or a liquid portion thereof to precipitate
calcium carbonate; and

c) recovering the precipitated calcium carbonate.

24, The method of claim 23 wherein the ph of the carbonated mixtre is between

about 8.5 and about 10.5.

25. The method of claim 23 or 24 further comprising heating the carbonated

mixture to form carbon dioxide and calcium oxide and recovering the calcium oxide.

26. The method of any one of claims 23 to 25 wherein the precipitated calcium
carbonate is recovered by filtration, hydroclone separation, sedimentation, centrifugation,

or a combination thereof, @ ——
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t he soI ution obtained to adjust pHto 12 6.
27 Calibrate DNS reaggnt: 1. Using a 200 ng/dL
(2mg/ mL) gl ucose standard, prepare 1 nlL
27. A method for recoveripg calcium from a biomass pretreatment process:

comprising:

a) pretreating the biomass with calcinm hydroxide and water to the
biomass form a mixwre, and maintainipg the mixture at a ternperature and fdr a period
of time sufficient to render the biomass of the mixture amenable to digestion;

b) adding a carbonating agent to the pretreated mixture to precipitate
calcium carbonate; o

c) digesting the carbonated mixture;

d) | separating the digested mixture into a useful product and a residual
mixmre;

e) heating the residual ::_nixmre to convert the calcium carbonate into
calcium hydroxide; and

1§ recovering the calcium as caleium hydroxide.
28. The method of claim 27 wherein the carbonate agent is carbon dioxide gas.

29, The method of claim 27 or 28 wherein the heat is provided by burning the

remaining lignin of the digested biomass.
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sanpl es i 2 parrerof & Rt RN NI HERDE tﬂﬂﬁ@%gtmmﬁg e ! gadesss27iade® Opdidtl
of each sanpWO 94/03646 3. Di spense 1.5 nL of DNS regent i ntoPCTAUSIIANSE2
tub€e using a 5-nlL Brinckmann di spensette. 4. Pl ace the caps on the
t ubes and vortex. 5. Boil sanples in a water bath for 15 m nutes.
6. Cool the test tubes for a few m nyfges. Add 8 nL of distilled water
and vort ex. 7. Zero the spectrophotoneter at 550 nmw th distilled
water (Note: to stabilize the spectrophotoneter it should be turned on for
at |east 1 hour before using). 8. Measure the absorbance.
9. Prepare a calibration curve as shown in Figure 4. Measur e
reduci ng sugars of sanples: 1. Dilute the filtered sanple into a pair of

test tubes such that the sugal_gooncantration lies hetween 0.1 10 1.0 rrg/m_
=

i ‘M.
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ou.
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i
— -
o
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2. VorPBeREEriEe dilPilPed FRANWIAHERS & ROGERPet te 0.5 WL of eawmzww;@ sl e.
4. . D spﬂ%’%rﬂ DNS reagent into each test tube. F%"p

to 8 used in preparation of calibration curve. 6. Cal cuI at e sugar
concentration fromthe absorbance of ,the sanples using the calibration
curve. 7. Cal cul ate the reducing ar yield by the follow ng

expression: Y =S x Dx 20 Y = reducing sugar yield (ng eq. glucose/g
dry bi onmass) S = sugar concentration in sanple (ng eq.

gl ucose/ mFIG- 2 2.51

2.0+

Absi -
1.5 5

-y

1.0 5

054

0.0 1 - T T 1 - T T ¥ i L
0.0 0.5 1.0 1.5 2.0 2.5
GLUCOSE WEIGHT {mg in 0.5 mL)

ABSORBANGCE

FIG.3 2-

Abs' -
CORRECTED -
ABSORBANCE
0- T T T T i 1
0.0 0.2 04 E 06 0.8
ENZYME WEIGHT (mg in 0.5 mg)
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liquid vol MI”’W dry bionass -Exanple 7 Cal cium w&%@(i’%@”&i@ very
Two. factors notivate recovery of cal ci um hydroxide fromthe pretreated

bi omass. First, an inexpensive recover%and recycle process will reduce the
pretreatnment costs. Second, high cal ci resi dues have a detrinental effect
on its use as cattle feed. Thus, reducing the calciumcontent results in a
nore utilizable material. The method for recovering Ca(OH)2 is to wash the
pretreated material with water, and to contact or react this wash water
containing lime with carbon dioxide. This converts soluble Ca(OH) 2 to

i nsol uble CaCd err] that can be renoved by precipitation. The CaCJ err] can
then be heated to produce CaO and CJerr]. The CaOis hydrated to
Ca(OH)[err] which-

-
—

GLUCOSE CONCENTRATION (mg / mL)

z
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can be ?%'5@%'&9% AL | iU TR E B Bat ment agfht . CarBBT RIS, %? in
tur.n, be r NOM lime recovery. Thus, ideally, it is a system capable of
total recycling. The carbonate concentration is quite | ow when
the pHis below 9.5. Thus, to formand }areci pitate nore CaCO3, the pH was
mai nt ai ned above 9. 5. the recovery experinents were done
usi ng bagasse. The experinents to study the recovery process were conducted
by two di fferent approaches: Continuous Recovery and Batch Recovery.

1. Conti nuous Recovery A systematic flow di agram of the
continuous recovery experimental apparatus is shown in Figure 5. The
pretreated bagasse was packed in a 1" ID. x 85" high glass colum. Rubber
stoppers at both ends had connections for the inlet (bottom) and the
(top). Filters (nylon cloth) were ers. A perligaln
punp (Watson- Marl ow, 5025)
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punp&a-FrBt g e WBERPE. R aver age umet r

m/min, ThV@88403646; r om t he col uim went to a 300-nL fl ask. %ﬁﬁgﬁe
was bubbl ed thought the lime-saturated liquid in this flask to produce
CaCO err]. A pH probe was placed in this flask to continuously nonitor the
pH. The pH was mai ntai ned near 95 by bW¥Bbling only as nuch CJerr] as was
required to | ower the pH fromabout 12.0 to 9.5. However, because good pH

control was | acking, when the pH dropped below 9.5, the required anount of
NH[ er r] OH _

FlG. 6
HEATER
I HYDRO
S ol CLONE
s :
" BED | MIX Y
1 LIME SOLIDS
SATURATED LIME WATER
FIG. 7
/ HYDRO- / HYDRO-
. CLONE HEATER —f CLONE
MIX _ MIX
4 4
BIOMASS LIME SOLIDS
SATURATED LIME WATER
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the fl ask
remai ned in the flask,
pr esent
was pl aced between the
to hold it and provide
for filtration

colum for washing,

. clanped to the filter

16628 afRIMd WITHERS &
a filter assenbly Although most of the ®&EEII/P7542

in the overflom1 A glass fiber filter (G5, Fisher Scientific,

t hus conpleting the cycle.
was st opped after about one hour.

532-7148 PAGE &(PRINT% PAGE 37)

T¢o 9 5.90bbrs32ma%dd OW. BT om

filtration was required to renmove the CaCJerr]

Inc.)
A clamp was used

fritted glass 8Blter and glass jar.
The punp suction was the driving force

a good sea

The filters were replaced periodi cally when they cl ogged
with the CaCJerr] paste.

back to the
The washi ng

_ The wash water left in the glass jar

was transferred to the flask and left for 24 hour to

The filtered water was then punped

| et CaCE{err]'settl§f Clear liquid (1 m) was taken fromthe top of the
flask. The clear |iguidb canted slowy and cpl not her '
beaker. The bottom ortlon c t ai ni n hi gher "anmount s of Cderr] was
di scarded after nea>ur| vo u The 'sane v fresh water was
added to the systenjso e |u§%ud vol une before a%; aftﬁﬁ H
precipitation B I“"‘" I—
L—=M L
—
B B ,
L L—=M
W 1
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and dec¥nTRr1R ABHE nEBCT N THERe: REFREher recovBry of P > ?&gﬁ%@%ﬁ?ng
in the bi We403646 performed with this batch of decanted water 10r about 45

M nutes. After the wash, the CaCO err]-saturated water was again left for
30 precipitation and a sanple of clear liquid was taken after this second

preci pitation. To neasur¥8the cal cium concentration in the
wat er during
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washi ng- ViERR  WEHER R CRPFR? t aken frB?nthe @Bﬁ?ﬁi
outl et. The concentration was neasured by the atomc SO %t I'on
apparatus available in the Kinetics Goup of the Texas A&M Chem cal
Engi neeri ng Departnent. Depending on thg,cal cium concentration, the sanples
were diluted from1l to 135[err]C s & best yields were-obtained
bet ween 65C and 100[err]C, this wd nsured that the optinal
tenperature was found. The pretreatment times of 1 to 36 hours were |ogical
choi ces since longer tinmes were diffi ustify nomcally. Since
m xi ng woul d ensure uni for EGTO%&B&&%N&W&EM@IS&QL &oabl y result
in a better pretreatment, conti nuouh’lEl:ﬁlOﬁb.lﬁws BAREHS errpl oyed except in
one study that used pe ~straktrrge T xperiments,
the 3-day reduci ng sugar yiphkdsmwer &EXBJIATA t he neasure of enjymatic
susceptibility of lime-trea ed aga Rﬁ%gwﬂg sugar yiefds were
cal cul ated as ng equival ent] gl u oseiSGB Typicglly, %0% and 85%
, respectively.

300 — T | T i Ll ) '
0 20 40 60 8 100 120
OXYGEN PRESSURE (psig)

FIG. 11

EFFECT OF TREATMENT TIME ON HYDROLYSIS
500 OF NEWS PAPER

3-DAY
YIELD
(mg/G) -
400 <
1 —o— EXP. DATA
—— CORRECTED DATA
300 ~——————, .
0 10 30
TREATMENT TIME (i
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forses—3 T
Tabl e 7 Eurrmarl zes the conditions and the reactor systens used in the 2
vari ous bagasse experiments. : The experinment at 50
Exper i menWO #(83¢f6e 2) ,Thls|SH3%tl|leQ®dénnGﬂlaceE g Ca(OH)2/100 g dryP 'éé%ﬁg%t er

| oadi ng =t 18 ghwater/g ]gummmmlmj d treatjmenteapimesMENT samdTdd NQGUTS | -
was repeated thrice to i nvol vedt;mﬁﬁa}s}u Is the r
reduci ng sugar vyi el ds. f Bogdde. f Bt E

T un, t He #fCeligiss)Wer §akliZss 14 m
eq. glucose/g dry bagasse, showing a standard @evk@vplssé@) ngtg....hg?zﬁag%&. &
eq..glucose/ g dry bagasse. For the 24 hourggl UNf Anhctract - maced paged......

ryn
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We Claim: : DATE OF RECEfPT. Ml

1. A method for pretreating a lignocellulose-containing biomass to

render the biomass amenable to digestion comprising:
a) providing the lignocellulose-containing biomass,
5 b) adding calcium hydroxide and water to the biomass to form a
mixture;
c) adding an oxidizing agent, selected from the group consisting

of oxygen and oxygen-containing gasses, to the mixture under pressure; and
d) maintaining the mixture at an elevated temperature and for a

10 period of time sufficient to render the biomass of the mixture amenable to

digestion.

2, The method of claim 1 wherein the lignocellulose-containing biomass

contains greater than 20% lignin.

3. The method of claim 1 wherein the oxidizing agent is added to the
15 mixture at a pressure of between about 20 to about 500 psig.

4, The method of claim 1 wherein the oxidizing agent is added to the

mixture at a pressure of about 100 psig.

5. The method of claim 1 wherein the mixture contains between about

6 to about 19 grams of water per gram of dry biomass.

20 6. The method of claim 1 wherein the mixture contains about 16 grams
of water per gram of dry biomass.
7. The method of claim 1 wherein the mixture contains between about
2 to about 30 grams of calcium hydroxide per 100 grams of dry biomass.
8.  The method of claim 1 wherein the mixture contains about 30 grams
25 of calcium hydroxide per 100 grams of dry biomass.
9. The method of claim 1 wherein the lignocellulose-containing biomass
is selected from the group consisting of grass, wood, bagasse, straw, paper,

plant material, and combinations thereof.
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i ati ape

Ftic acid

ad ust nent .

5

10

15

I bition Experinent
gsent in the hydrolysis m xture SI n |c aC| (about 5 nL gl aci al

@ the yields were 273, 256, 268 ng eq. glucose/g dry bagasse, show ng a
‘sPhndard deviation of 8.7 ny eq. gl ucose/g dry bagasse. These standard

: 9azuelee generalized to ap H@ee lacsll t he epperuERhFsqzand
§/s ot her experinments were not repea Ie 8 Cal cium Acet at e

ate concentrations are

for a sanple treated with a Ilma | oadi ng of 30 g

g OH)[err]/100 g dry bagasse) is used to neutralize the |inme for pH

To neasure the cal cium acet at5® i nhi biti on of

10.  The method of claim 1 wherein the mixture is maintained at the
temperature of between about 40°C to about 150°C.
11.  The method of claim 1 wherein the mixture is maintained at the
temperature of between about 100°C and about 140°C.
12. The method of claim 1 wherein the mixture is maintained at the
temperature of about 120°C. |
13.  The method of claim 1 wherein the period of time is between about
1 and about 36 hours.
14.  The method of claim 1 wherein the period of time is about 3 hours.
15. The method of claim 1 wherein the mixture is maintained at a
temperature of about 120°C, for about 3 hours, and the oxidizing agent
pressure is about 100 psig.
16. A method for converting a lignocellnlose-containing biomass into a
useful product comprising:
a)  providing the lignocellulose-containing biomass;
b) - ‘adding calcium hydroxide and water to the biomass to form a
mixture; |
¢)  adding an oxidizing agent, selected from the group consisting
of axygen and oxygen-containing gasses, to the mixture under
pressure; | |
d) maintaining the oxidized mixture at a temperature and for a
period of time sufficient to render the biomass of the mixture
amenable to digestion; and
e) digesting the pretreated biomass of the mixture to convert the
biomass into the useful product.
17.  The method of claim 16 wherein the biomass is digested by acid
hydrolysis, enzymatic action, fermentation, or a combination thereof.
18. A useful product made by the method of claim 16.
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enzymes, and experiment Was perforfee—i-A—whi ch group ‘bagasse was ammni at ed

at t he repor g é m These ammoni ati on condi tions wer
 enper ature = 93 @%eat ?ﬂpg{e”&nﬁ“ﬂ , water |oading = 0. %r/é’593’°7542
wat er/ g dry bagasse, Hmr"ﬂ 5 g NH[ err]/g dry bagasse

particle size = 40 rresh there was no expl osion (as used'
i n Ammoni a Fi ber Expl osi on process) since the pressure was slowy rel eased.
This pretreated naterial was hydrolyzed in enzyne sol uti ons contai ni ng
various cal cium acetate concentrations. The cg)cium acetate sol utions were :
prepared by addi ng various anmounts of Ca(G—l)Z according to the line

| oadi ngs used for fghe ﬁ&qﬁqﬁm&l r t@@qk ‘?ﬂﬂ g acetic
acid to reduce the pHto 4.8 us Ee cal ci urrﬂfcge%oa (?%Pflgél ra?fson in

t hese sol utions wdeedstecksane as for Ilrre pretreated materi aI s. The enzynes

wer e added to sol ytJd ons.onl fter was by ought to 4. hus there
was no | oss of en ZGT %/ dt“ﬁtﬁf L@H d’aﬁl ield

obtained from thi a”m’l‘]ié"ﬁ FfER b blakth fs]'\gﬁ{chyc GhliShiGes ahPd1chigi! gASed

cal ci um hydr oxi de oadi ngs ecr ase sugar yie
5 organic acid, a sugar, a ketone, a fatty acid, or a combination thereof.

22. A method for recovering calcium from a biomass pretreatment
process comprising: |
a) pretreating the biomass with calcium hydroxide and water to
the biomass form a mixture, adding an oxidizing agent, !

10 selected from the group consisting of oxygen and oxygen- :

containing gasses, to the mixture under pressure, and
maintaining the mixture at a temperatﬁre and for a period of
time sufficient to render the biomass of the mixture amenable
to digestion;

15 b) carbonating the pretreated mixture or a liquid portion thereof

" to precipitate calcium carbonate; and
c) - recovering the precipitated calcium carbonate.
23.  The method of claim 22 wherein the pH of the carbonated mixture is
between about 8.5 and about 10.5.

20 24. The method of claim 22 wherein the pH of the carbonated mixture is
between about 9.0 and about 10.

25.  The method of claim 22 further comprising heating the carbonated
mixture to form carbon dioxide and calcium oxide, and recovering the
calcium oxide.

25 26. The method of claim -22 wherein the precipitated calcium carbonate
is recovered by ﬁltration, hydroclone separation, sedimentation,
centrifugation, or a combination thereof. _

27. A method for recovéring calcium from a biomass pretreatment

process comprising:

* c L M S *
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fé- to calciumacetate inhibition of the enzyme. For the sanple hydrol yzed
ft hout addition of Ca(OH)2 to the saccharifictions flask, the sugar yield
s WO 94/03646 This Sheet Has Been RTilaced PCT/US9B/07542 S

ife replacenent sheet ”"ll ||" ”I I
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a) pretreating the biomass with calcium hydroxide and water to
the biomass form a mixture; adding an oxidizing agent,
selected from the group consisting of oxygen and oxygen-
containing gasses, to the mixture under pressure; and

5 maintaining the mixture at a temperature and for a period of
time sufficient to render the biomass of the mixture amenable
to digestion;

] b) adding a carbonating agent to the pretreated mixture to form

q calcium carbonate;

10 c) digesting the carbonated mixture;

d) separating the digested mixture into a useful product and a
residual mixture;

e) heating the residual mixture to convert the calciom carbonate
into calcium hydroxide; and

15 f) recovering the calcium as calcium hydroxide.

28. The method of claim 27 wherein the carbonating agent is carbon
dioxide gas.

29.  The method of claim 27 wherein the heat is provided by burning the
remaining lignin of the digested biomass.

20 30. A method for pretreating a lignocellulose-containing biomass to
render the biomass amendable to digestion comprising:
- a)  providing the lignocellulose-containing biomass;
b)  adding calcium hydroxide and water to the biomass to form a
mixture; and
25 c) maintaining the mixture at a temperature and for a period of
time sufficient to render the biomass of the mixture amenable
to digestion.

31. The method of claim 30 wherein the mixture contains between about
6 and about 19 grams of water per gram of dry biomass.

This is the i'eplacement sheet
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32 390 ng eq. glucose/g dry bagasse. This yield is 1.16, 1.14, 1.16, 1.15, _
1.25 and 1.22 of that obtained rom sanples hydrolyzed in the solutions with '

2, 5, 10, wi9a/8864gnd IDisSh 2860 g dry bagasse, respegti/usdo7in
t he subsequent experine | T‘ pretreatnents, these factors were
used to correct the sug ce this approach is sinplified and
only approximately corrects for calciumacetate inhibition, the original
data (without the correction factor) are reported in addition to the
corrected data. Exanple 9 Overview of Data (Bagasse)

The 3-day reducing sugar yield for untreatg2l bagasse sanple (used as a
control) was 40 ng eq. glucose/g dry bagasse which is only about 6% of the
theoretical yidRd. Nheymetliddokdaim G0divhéreirs thes mixture dontainkaddtwegn abodticed

hi gh sugar yields., Six hjgh yielding conditions.are tabulated in Table 8.
The choice of O ?%%ifg%g Qg\é’ﬁ P& AP 4Ty PiPMAsE end not only on

th i el . b . : . ) ol
Exg_;;lgafloy,gg L83 dm@mg%g%@;oggﬁggm%&eﬁf ARE hitkeice WbhMIMBEtveER BBout

2 and about 30 grams of calcium hydroxide per 100 grams of dry biomass.
5 34. The method of claim 30 wherein the mixture contains between about

10 and about 15 grams of calcium hydroxide per 100 grams of dry biomass.
35. The method of claim 30 wherein the lignocellulose-containing

biomass is selected from the group consisting of grass, wood, bagasse, straw,
paper, plant material, and combinations thereof.

10 36. The method of claim 30 wherein the mixture is maintained at the
temperature of between about 40°C and about 150°C.

37. The method of claim 30 wherein the mixture is maintained at the
temperature of between about 40°C and about 70°C.
38. The method of claim 30 wherein the mixture is maintained at the

15 temperature of between about 70°C and about 110°C.
39. The method of claim 30 wherein the mixture is maintained at the
temperature of between about 110°C and about 150°C.
40. The method of claim 30 wherein the period of time is between about
1 and about 36 hours.

20 41. The method of claim 30 wherein the period of time is between about
15 and about 25 hours. '
42.  The method of claim 30 wherein the period of time is between about
1 and about 2 hours.
43. ' The method of claim 30 wherein the mixture is maintained at a

25 temperature of between about 40°C and about 150°C, and the period of
time is between about 1 and about 36 hours.
44. A method for converting a lignocellulose-containing biomass into a

useful product comprising:
a)  providing a lignocellulose-containing biomass;
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tvvood newspaper is the largest fraction of nost residential municipal
29 d waste. Profitable utilization of softwood newspaper could hel p solve
T evNQ3OI4%y trash disposal problem The conposi tion JICHYSHHIFH2

[ fanspaper i s about 70% pol ysaccharides and 30%1 i gnr n, thus t he
Peoretical yield is bout 750 ng eq. glucosel/g dry Beéﬁhte mpose
% this study was to check the feasibility of using reat
@vwspaper. The conditions used for pretreating soft
gmarized in Table 9. Exanpl e Overvi ew of Data er)
ge 3-day reducing sugar yield froman treated sof t wod newspaper

etreatmont proddascadil St Rl Rassng bt IARRERTforma o1 o i
mixture;
c) maintaining the mixture at a temperature and for a period of
time sufficient to render the biomass of the mixture amenable
S to digestion; and
d) digesting the biomass of the mixture to convert the biomass
into the useful product.
4 45.  The method of claim 44 wherein the biomass is digested by acid

hydrolysis, enzymatic action, fermentation, or a combination thereof.
10 46. A useful product made by the method of claim 44.

47.  The useful product of claim 46 which comprises a chemical

feedstock.

48.  The useful product of claim 46 which comprises a fuel.

49.  The useful product of claim 46 which comprises an atcohol, an
15 organic acid, a sugar, a ketone, a fatty acid, or a combination thereof.

50. A method for recovering calcium from a biomass pretreatment
process comprising:
a) pretreating the biomass with calcium hydroxide and water to
form a mixture and maintaining the mixture at a temperature
20 and for a period of time sufficient to render the biomass of
~ the mixture amenable to digestion;
b) carbonating the mixture or a liquid portion thereof to
precipitate calcium carbonate; and
c) recovering the precipitated calcium carbonate.
25 51. The method of claim 50 wherein the pH of the carbonated mixture is
between about 8.5 and about 10.5.
52. The method of claim 50 wherein the pH of the carbonated mixture is
between about 9.0 and about 10.
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33 well for softwood newspaper.. This probably results fromits high lignin.
content. The yield inprovenents with CattH2—pretreatment—found in this

present swi94/8366conpar abl e to ot her prﬁ;r,r PCT/USQY 07842 '
the conditions tested, the best yield was aTQOC 24 hours, 30 g
Ca(OH)[err]/100 g dry newspaper and 16 g paper This yield

was 344 ng eq. glucose/ g dry newspaper (c /g) An

i nteresting observation is that the pretreat mant vvorks better for either g
very severe conditions (120[err]C, 24 hours) or very mld conditions ‘;
(65[err]C, 1 hour). 64

53.  The method of claim 50 further comprising heating the carbonated
mixture to form carbon dioxide and calcium oxide and recovering the
calcium oxide.
54. The method of claim 50 wherein the precipitated calcium carbonate
S is recovered by filtration, hydroclone separation, sedimentation,
centrifugation, or a combination thereof. '
S5. A method for recovering calcium from a biomass pretreatment
process comprising:
a)  pretreating the biomass with calcium hydroxide and water to *
10 | the biomass form a mixture, and maintaining the mixture at a
' temperature and for a period of time sufficient to render the
biomass of the mixture amenable to digestion;
b) adding a carbonating agent to the pretreated mixture to
| precipitate calcium carbonate;
15 c) digesting the carbonated mixture; _
d) - separating the digested mixture into a vnseful product and a
residual mixture; '
e) heating the residual mixture to convert the calcium carbonate
into calcium hydroxide; and
20 f) recovering the calcium as calcium hydroxide. '
56. The method of claim 55 wherein the carbonating agent is carbon
dioxide gas.
57.  The method of claim 55 wherein the heat is provided by burning the
remaining lignin of the digested biomass. |

-_
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Exang €12 \/\heat Straw St udy : VWheat straw is one of Rst
abindant agricul tural cop resi.dues. In the United States, about Yo of
cropl and prdduces wheat “t Hus | ar ge quantities of wheat straw are
generated. Typically, based on dry weight, wheat straw is 39% cel | ul ose,
36% hem cel | ul ose, and 10% i gnin. According to his conposition, the
maxi mum t heoretical yield is about .-800 ng eq. glucose/g dry wheat straw
The results for bagasse were used to guijde the sel ection of treatment
conditions. The lime | oadings were 5, 10, 15 and 20 g Ca(OH) 2/ 100 g dry

wheat straw. Only two MEFHODIOPBIOMASS PRETREAIMEBNTt enper at ur es of
50, 65, 85 and 125C, and treatnent tines of 1, 3 and 24 hours, were

studied. A M_djg_ﬁhmﬂmm conditions is tabulated in Table 10.
E)é\allgfgle gi-l?)f Ere;\rllk:e%yg tﬁagﬂgeﬂﬂ%uced gooﬁsy: gl ége %IaﬁgeOI r gg??nij\te time
and tenperature play e ifRahriddTélated % methods for the pretreatment of a lignin
containing biomass to render the biomass amenable to digestion. Pretreatment
comprises the addition of calcium hydroxide and water to the biomass to form
a mixture, and maintaining the mixture at a relatively high temperature.
Alternatively, an oxidizing agent, selected from the group consisting of oxygen
and oxygen-containing gasses, may be added under pressure to the mixture.
The invention also relates to the digested products of the pretreated biomass
which mcludes useful feedstocks, fuels, and chemicals such as sugars, ketones,
fatty acids and alcohols, and to a method for the recovery of calcium from the
pretreated biomass.
2 Description of the Background
Biomass can be classified in three main categories: sugar-, starch-

. and cellulose-containing plants. Sugar-containing plants (e.g. sweet sorghum,
sugarcane) and starch-containing plants (e.g. corn, rice, wheat, sweet potatoes)
are primarily used as food sources. Cellulose-containing plants and waste
products (e.g. grasses, wood, bagasse, straws) are the most abundant forms of
biomass. Although they are not easily converted to useful products, a well
engineered process to convert them to feedstock may potentially be economical
since the costs of feedstock are much less than those of sugar- and starch-
containing biomass. |

Cellulose-containing materials are generally referred to as
lignocellulosics because they contain cellulose (40% - 60%), hemicellulose
(20% - 40%) and lignin (10% -25%). Non-woody biomass generally contains
less than about 15-20% lignin. Cellulose, a glucose polymer, can be hydrol&zed
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rolegdn process economcs, the selection of conditions will not depend

strictly

i's the repl acenent sheet
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to glucose using acid, enzymes or microbes. Glucose can serve as a feedstock
for fuel alcohol and single-cell protein production. Microbial hydrolysis
produces cellular biomass (singie-cell protein) and metabolic waste products
such as organic acids. Acid hydrolysis, although simple, produces many
undesirable degradation products. Enzymatic hydrolysis is the clea_.nest and
most preferred approach. However, production of enzymes, mainly cellulase
and cellobiase, can be an expensive step. Apart from alcohol production,

.lignocelluiose can be used as inexpensive cattle feed. Since raw lignocellulose
‘cannot be easily digested by cattle, it must be processed to improve its

digestibility before it can be fed to ruminants. Also, anaerobic fermentation
using rumen microorganisms can produce low molecular weight volatile fatty
acids. | | ]

Cellulose is the world’s most abundant biological material.
Approximately 40% to 45% of the dry weight of wood species is cellulose. The
degree of polymerization ranges from 500 to 20,000. Cellulose molecules are
completely linear, unbranched and have a strong tendency to form inter- and
intra-molecular hydrogen bonds. Bundles of cellnlose molecules are thus
aggregated together to form microfibrils in which highly ordered (crystalline)
regions alternate with less ordered (amorphous) regions. Microfibrils make
fibrils and finally cellulose fibers. As a consequence of its fibrous structure and
strong hydrogen bonds. cellulose has a very high tensile strength and is
insoluble in most solvents.

Hemicellulose is the world’s second most abundant carbohydrate
and comprises about 20% to 30% of wood dry weight. Hemicelluloses,
aithough originally believed to be intermediates in cellulose biosynthesis, are
formed through biosynthetic routes different from cellulose. Hemicellulose are

heteropolysaccharides and are formed™by a variety of monomers. The most
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on swugar yields. Eight conditions that produced good yields are tabul ated
inh Table 11. Exanpl e 14 Cal ci um Recovery Study The best
yields for both bagasse and wheat straw were obtai.ned or a |linme | oading of
10 to 20 g Ca(OH)2/100 g dry material. Thus, an industrial process using
such | oadi ngs woul d need significant anmounts of linme. A process to recover
and recycle linme can reduce the tot'al of |inme requirenent. Since cal cium
hydroxide is quite cheap, one main reqgirenent for a recovery process is
that it should be sinple and i nexpensive. ' A new recovery

process Wagnifval @pAdmers fabé Lhidbse, palados€aind-tantase |(tikec hexbses) wadhed out
of the pretreated bi‘omass. The |inme-_ saturated wash water was carbgnated to

convert Caythgezand arahinesen(the pentaseshatMostshesmiselylosas have a; degrge ofhe
ooy o RRBul e A S Ry FERe el RS
preci pi tatiy[&s?ﬂﬁaﬂ@hﬁd%ﬂi&ﬁﬁ@%m@ﬁo@&ﬁefﬂa@kﬁbﬁe polymer.
Lignin is the world’s most abundant non-carbohydrate
biomaterial. It is 2 three dimensional macromolecule of enormously high
‘molecular weight. Since its units are extensively cross-linked, it is difficult to
define an individual molecule. Lignin provides strength by binding cellulose
fibrils together. Being hydrophobic in nature, it prevents water loss from the
" vascular system and, being highly resistant to enzymatic degradation, it protects
plants from insects and microbial attack.

Phenylpropane, an aromatic compound, is the basic structural
unit of lignin. The monomers not only cross-link with each other, but also
covalently bond to hemicellulose. A great constraint to cellulose and

~ hemicellulose accessibility is the presence of lignin. It has been shown that
decreased lignin content causes increased digestibility. Lignin can be removed
by physical, chemical, or enzymatic treatments. It must be decomposed to

* smaller units that can be dissolved out of the cellulose matrix. There are
several well developed pulping methods that disintegrate and remove lignin,
leaving the cellulose fairly intact. Conventional pulping processes, such as
Kraft and sulfite pulping, are too costly as bioconversion pretreatments. Also, |
economical use of the removed lignin is difficult because its chemical structure
and size distribution are highly heterogeneous.

_ Another major deterrent to enzymatic cellulosic hydrolysis is the
highly ordered molecular packing of its crystalline regions. Celluloiytic
enzymes readily degrade the more accessible amorphous portions of cellulose,
but are unable to attack the less accessible crystalline material. Thus,
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wer e ;conducted by two different approaches, nanely, continuous and batch
recovery processes. Exanpl e 15 Conti nuous Recovery Process

Three runs were perfornmed to recover Ca(CH)2 from bagasse by the conti nuous
recovery nethod. The line treatnent conditions used in the continuous |ine
recovery study are tabulated in Table 12. The recovery results for the
correspondi ng sanples are tabulated in Table 13. The cal ci um
content in the raw bagasse sanple was O. 4 g Ca/ 100 g dry bagasse. The

resi dual calciumcontent in the bagasse anple was brought down to about 2

g (Cj:a/ 10239 dry ba agy&qlrom 5.4 g Cal 108 drﬁ bagassg Sa Ie Sad IC)
t Iﬂﬁx
_gl_):I sTFisSt ﬁg%é@t&ﬁﬂ/ %1 Fﬁmqﬂded cal ci um was renoved e

The moisture content of cellulose fibers influences enzymatic
degradation. Cellulosic materials are effectively protected from deterioration
by enzymes or microbes provided the moisture content is maintained below a
critical level characteristic of the material and the organism involved. In
general, this critical level is slightly above the fiber saturation point,
approximately 40% of dry weight. Moisture plays three major roles: (1) it
swells the fibers by hydrating cellulose molecules, thus opening up the fine
structure and increasing enzyme access, (2) it provides a diffusion medium for
enzymes and for partial degradation products, and (3) it is added to cellulose
during hydrolytic cleavage of the glycosidic links of each molecule.

The surface area of lignocelluiose is another important factor
that determines susceptibility to enzymatic degradation. It is important
because contact between enzyme molecules and the cellulose surface is a
prerequisite for hydrolysis to proceed. A few other factors that also influence
susceptibility include size and diffusibility of enzyme molecules in relation to
size and surface properties of capillaries, unit cell ,dimehsions of cellulose
molecules, and conformation and steric rigidity of hydro-glucose units.

To enhance susceptibility to enzymatic hydrolysis, lignocellulose
pretreatment is an essential requirement. The heterogeneous enzymatic
degradation of lignocellulosics is primarily governed by its structural features
because (1) cellulose possesses a highly resistant crystalline structure, (2) the
lignin surrounding the cellulose forms a physical barrier and (3) the sites
available for enzymatic attack are limited. An ideal pretreatment, therefore,

would reduce lignin content, with a concomitant reduction in crystallinity and
increase in surface area. Pretreatment methods can be classified into physical,
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35 from Sanples A and C and 75% of added cal ci um was renoved from Sanpl e
B. The reduction in a content showed that- the recovery process is working
fairly well. However, if the pretreated lignocellulosics are to be used as
cattle feed, this residual calciumconcentration mght be slightly high (1
to 2 g Ca/100 g dry bionmass is desired).

5

chemical, physicochemical, and biological, depending on the mode of action.
The literature available on this subject is voluminous. The various
pretreatment methods that have been used to increase cellulose digestibility
are summarized in Table 1. | |

Biological pretreatments empioy fungi for microbial de-
lignification to make cellulose more accessible. Major biological lignin
degraders are the higher fungi, 4Ascomycetes and Basidiomycetes. Fungal
degradation is a slow process and most fungi attack not only lignin, but
cellulose also, thus resnlting in a mixture of lignin fragments and sugars.

" Improvements may require developing more specific and efficient microbes.

Physical Pretreatments

Physical pretreatments can be classified in two general categories:
mechanical (involving all types of milling) and nonmechanical ginvolving high-
pressure steaming, high energy radiation and pyrolysis). During mechanical
pretreatments, physical forces, (e.g. shearing, compressive forces) subdivide
lignocellulose into finer particles. These physical forces reduce crystallinity,
particle size and degree of polymerization and increase bulk density. These
structural changes result in a material more suséeptible to acid and enzymatic
hydrolysis. However, due to enormously high operating costs associated with
the high energy requirements, low yields and large time requirements, these
mechanical pretreatments are “not practical. Nonmechanical physical
pretreatment methods also increase digestibility, but have similar disadvantages
and thus are not economical for real processes.
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One af the main drawbacks observed with the continuous recovery experinent
was that there was some channeling inside the bagasse- filled colum. Thus,
tthe wash water was not contacting all of pretreated material. This
definitely would | ower the process effectiveness: Wth the use of sone
packi ng material and an efficient colum design, it mght be possible to

I ncrease the continuous recovery process efficiency. However, this
invention used a second approach (i.e. bgch recovery) that provides good
contact -by m xing the wash wat er and bi onmass. Exanpl e 16 Bat ch

Recovery Process Phvsicochemnital Prétréadsddtgent , i nstead of packing the
pretreated materi al in’ﬁ%%ﬂTmﬂT‘§7ﬂ7ﬁﬁrﬁ§§Rér was used to m x the bionass
with wash water. This viteamvexpiosiomand AmmeniziFiber Expiositine(AFEX)darnabe a pH
cont act ed vi {HABCPIMOCHRIEL  PrFRAtERasy or rieeth: SRIPTg. Bea oeded
e o S, 850 LR oo 2570 s SR 1 i
instantly. Due to rapid decompression, which flashes the water trapped in
fibers, physical size reduction occurs. The high temberatures remove acetic
acid from hemicellulose, so this process results in some autohydrolysis of the |
biomass. These changes result in better digestibilities, but the severe
conditions also produce degradation products that inhibit hydrolysis and
fermentation. These products are removed by washing with water which resuits
in a loss of water soluble hemicellulose. Thus, although digestibilities are
improved, biomass degradation and protein denaturization limits the use of
steam explosion. ) :
The AFEX pretreatment process soaks lignocellulose in liquid
ammonia at high pressure and then explosively releases the pressure.
Pretreatment conditions (30°C - 100°C) are less severe than steam explosion.
An increase in accessible surface area coupled with reduced cellulose
crystallinity (caused by ammonia contacting) result in increased enzymatic
digestibility. However, use of ammonia (a hazardous chemical) and the high
pressure release makes the process quite complex and energy intensive.
Chemical Pretreatments |
Many chemical treatments have been used for lignin removal and
destruction of the lignin crystalline structure. Of these chemicals, acids, gases,
oxidizing agents, cellulose solvents, and solvent extraction agents, are all able
to increase digestibility, but are not as popular as alkalis. Ei:onomics, simpler
processes and less degradation favor alkalis as chemical pretreatment agents.

However, most of these are process for paper pulping and involves the
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The first threé samples (D, E, and F) used six washi ngs whereas the other
sanpl.es used ten washings. For a lime loading of 10 g Ca(OH)2/100 g dry
bagasse (Sanples D and E), with six washings, the cal cium concentration
was reduced to about 1.7 g Ca/ 100 g dry bagasse, and for a |inme | oading of

15 g Ca(OH)2/100 g dry bagasse (sarrple P) with six washings, the cal cium
This is the replacenent sheet
7

complete or nearly complete destruction of lignin, and a corresponding
destruction of cellulose. Although unimportant in pulping, these 'pulping
process are quite severe and not useful as pretreatments for biomass.
Furthermore, the traditional pulping processes used by the paper industry are
too expenﬁve as lignocellulose pretreatment methods.

U.S. Patent No. 4,644,060 to Chou is directed to the use of super-
critical ammonia to increase lignocellulose digestibility. =~

U.S. Patents Nos. 4,353,713 and 4,448,588 to Cheng are directed

~ to the gasification of biomass or coal which is an endothermic process. These
patents also relate to a method for adding the required thermal energy by
reacting lime with carbon dioxide v;rhich is an exothermic reaction.

US Patent No. 4,391,671 to Azarniouch is directed to a method
for calcining calcium carbonate in a rotary kiln. The reference relates to the
paper/pulp industry where the calcium carbonate would be contaminated with
waste biomass. The waste biomass is burned to provide the needed heat of .

_reaction.

U.S. Patent No. 4,356,196 to Hulquist is directed to treating
biomass with ammonia.

U.S. Patent No. 4,227,964 to Kerr is directed to the use of
ammonia to promote the kinking of pulp fiber to increase paper strength, not
to break down the fibers.

' U.S. Patent No. 4,087,317 to Roberts is directed to the use of
lime and mechanical beating to convert pulp into a hydrated gel. There is no
mention of lime recovery or enzymatically hydrolyzihg the hydrated gel.

U.S. Patent No. 4,064,276 to Conradsen directed to a process
where biomass is covered with a tarp and then ammoniated with ammonia,
which is allowed to dissipate into the -atmosphere.
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36 concentration was reduced to about 2.2 g Ca/ 100 g dry bagasse. Thus.
about 75% of added cal ci um was renoved. Sanple F and G

Teceived the same |linme treatment. Wiereas sanple F was washed six tines
Sampl e G received four additional washi ngs. These additional washings
reduced the residual calciumcontent from2.2 to 1.5 g Ca/100 g dry
bagasse. Thus ten washi ngs were able to renove 86% of the added cal ci um
Since it is possible that the calcium g onms are chenmically bound to the
cel l ul ose and ot her macronol ecul es of bagasse, sinple washing with water

TRy ot work beyond augerpded N6 5,939086xH Fefle! i diessid b biidizheg bound
cal ciumions (+2), could be replace HA+ ions, the line-treate

biomass with high-pressure oxygen under elevated temperature and pressure
in the presence of an acid catalyst, and a metal catalyst, ferric chloride, to
break lignin bonds and to increase digestibility. The catalysts are described as
essential to the process and calcium hydroxide is utilized as a neutralizing
agent to adjust the resulting pH of the hydrolyzed biomass.

U.S. Patent No. 3,878,304 to Moore is directed to production of
slow-release nonprotein nitrogen in ruminant feeds. An amide, ﬁrea, is reacted
with waste carbohydrates in the presence of an acid catalyst. The resulting
material is pelleted and used as animal feed. Since the nitrogen is released
slowly in the rumen, it is nontoxic to the animal. |

U.S. Patent No. 3,944,463 to Samuelson et al. is_ directed to a
process for producing cellulose pulp of high brightness. The cellulose is
pretreated with an alkaline compound at a temperature of between about 60°C
to about 200°C so as to dissolve between 1 and 30% of the dry weight of the
material in the pretreatment liquor. The pretreatment liquor preferably
contains sodium carbonate, sodium bicarbonate or mixtures thereof, or possible
sodium hydroxide.

U.S. Patent No. 3,639,206 to Spruill is directed to the treatment
of waste water effluent derived from a pulping process with calcium oxide or-
hydroxide to reduce the fiber and color content of the effluent.

U.S. Patent No. 4,048,341 to Lagerstrom et al. is directed toa
process for increasing the feed value of lignocellulosic material by contacting
the material with an alkaline liquid, specifically, sodium hydroxide. The
alkaline liquid, supplied in excess, is allowed to run off the material before any
essential alkalization effect has been reached. After the liquid absorbed in the
material has provided its effect, an acid solution is added to the material to |
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bagasse was washed with an ammoni um hydroxi de sol uti on. The anmoni um
hydroxi de concentration varied fromO0.2 to 8.7 g NH err]OH 100 g water. The

KH err]OH was a 30% (w w) solution of anmonia in water. These
experinents shoved that the ammoni ated wash water was not able to further
recover cal cium In all the previous sanples, ammoni a was

added to the carbonated water to adjust the pHto 9.5. This ensured that
t he carbonate ions donm nated, thus enhgncing the precipitation of _
CaCJ err]. For Sanples R and I, sanpleS for calcium analysis were drawn

f ttl er t : car lygaat /s i fgm
rom set | gl VeClexkbal RCaT AR erkicd yfes’ %ﬂ”dd@élg_ SR

settl ed carbonated wash wat t has been raise I ng
ammoni a. | interrslationsitipt of temperatare:andntime! of alkali/ ¢reatment;l mdrodoeLit5 i n

order to effectively recover the err]. A.though this experinent used

ammoni a t odisglose the HB“Eﬁ@G‘W oﬁhcg%gﬁq W@‘W‘f‘ @B‘ijl’"@tge achi eved by
havi ng a good contr ol gnpa‘lqng%o qg%yé) o orh & at.irﬁiﬁifwgd 6Qe pH is
about 11.5. Only the anount o g n egeg (EEee e pHtO 220 Eoul d be
added. process for increasing the feed value of lignocellulosic materials by alkali

treatment and subsequent neutralization of the materials with an acid in a

closed system under circulation of the treating agents.

U.S. Patent No. 4,515,816 to Anthony is directed to a prdcess in
which lignocellulose is treated with dilute acid in an amount of about 1.5 to
2.5% of the dry weight of lignocellulose. The mixture is then stored at
ambient conditions for 5 to 21 days in an air-free environment.

U.S. Patent No. 4,842,877 to Tyson is directed t0 a process for
the delignification of non-woody biomass (<20% lignin). In this process, non-
woody biomass is treated with a chelating agent, to prevent unnecessary
oxidation, and maintained at high pH and high temperatures (150°F to 315°F)
in the presence of hydrogen peroxide and pressurized oxygen. Hydrogen
peroxide is stated to cause a reaction on the cell walls to allow the
hemicellulose and lignin to solubilize and be removed through a subsequent
hydrolysis process. Oxygen is added to initiate and accelerate the activation
of hydrogeil peroxide.

The conditions and results of studies reported in the literature
using ammonia (gaseous, anhydrous liquid, or NH,0H) and sodium hydroxide
as pretreatment agents are listed in Table 2 and Table 3, respectively. The
literature available on the use of these two chemicals to enhance lignocellulose
digestibility of ruminant feeds, as well as for hydrolysis to glucose, is extensive.
The literature on calcium hydroxide pretreatment processes is considerably less
compared to that for sodium hydroxide and ammonia. The conditions and
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37 = Al'l the recovery experinents show t hat except for |ine
| oadi ng, the other pretreatnent conditions (i.e. treatnment tine,
t'enperature and water |oading) do not affect the recovery process. To
determine if there are pretreatnment reactions that hinder the recovery
process, |inme was recovered fromuntreated material, i.e. a physical

m xture of bagasse and Ca(COH) 2. The cal ci um concentratlon I n the wash wat er
had a pattern simlar to the other 10

results of studies reported in the literature using calcium hydroxide are shown
in Table 4.

The references cited in the Tables and below are:

Anderson, D.C.; Raiston, A.T. J. Anim. Sci 1973; 37, 148.

Baker, ALJ.; Millett, M.A.; Satter, L.D. ACS Symposium Series 1975; 10,
7S _

Brown, W.F.; Phillips, J.D.; Jones, D.B. J. Anim. Sci. 1987; 64, 1205.

Dawish, A.; Galal, A.G. In Proc. Conf. Anim. Feeds Trop. Subtrop.
Origin 1975. '

Felix, A.; Hill, R.A_; Diarra, B. Anim. Prod. 1990; 51, 47.

Feist, W.C.; Baker, AJ.; Tarkow, H. J. Anim. Sci. 1970; 30, 832.
Gharib, F.H.; Meiske, J.C.; Goodrich, R.D.; El Serafy, AM.J. Anim.
Sci. 1975; 40(4), 734.

Hulquist, J.H. U.S. Patent No. 4,356,296; 1982.

Kellens, R.D.; Herrera-Saldana, R.; Church, D.C. J. Anim. Sci. 1983;
56(4), 938. _

Mandels, M.; Hontz, J.R.; Kystrom, J. Biotech. Bioeng. 1974; 16, 1471.
Millet, M.A. et al., J. Anim. Sci 1970; 31(4), 781.

Millet, M.A_; Baker, AL.; Satter, LD. In Biotech. Bioeng. Symp. 1975;
5,193. - |

Moore, W.E.; Effland, M.J.; Medeiros, J.E. J. Agr. Food Chem. 1972;
20(6), 1173.

Morris, P.J.; Movat, D.N. Can. J. Anim. Sci. 1980; 60, 327.

Playne, M. J. Biotech. Bioeng., 1984; 26, 426.

Rounds, W.; Klopfenstein, T. J. Anim. Sci. 1974; 39, 251 (abst.).
Turner, N.D.; Schelling, G.T.; Greene, LW.; Byers, PM. J. Prod. Agric.
1990; 3(1), 83. -

This is the replacement sheet

Date: ] 3 MAR 1997



sanplwes. The residual calciumcontent was 13 g Ca/ 100 g dry bagasse which
is the | owest obtained fromall the recovery experinments. Thus, there seens
to be greater calciumbinding to the biomass resulting from pretreatnent
process. However, the effect is small since ten washings of pretreated

mat eri al “had residuals of about 1.5 to 1.7 g Ca/ 100 g dry bagasse. Thus,
there is not nmuch difference in the recovery process for the pretreated
material and for the untreated nateria#1 An i nportant question
is how far can one atnosphere CO2 |owef“the pH. Trichoderma reesei

cel l ul ase opera p : h 18 i DI £S5 48R0 11. 5,

so an acid wstkﬁga%eg']#bﬁhg%?hgﬁeq%ﬁg &‘rﬂﬁgg}g gﬁ?%@e%%ﬁ?’amn

processes, nmuchig@@gerr] is generated, so it will be the cheapest acid for

pH adjustnent. To answer this question, a sinple experinment was perfornmed
1T AN

in which a few Waiss,sAaratiald Jndsimndeic 19T@(2h W% e bubbl ed with 1
about 6. 5. Thus WAyt GeRlbptensit T. oAl S 1975, 4 32 BB  ver the
- PHto 4.8. It vould lpapsd ¢198%) ind&itipatet W€ elfeetl bf aBafli EéatRont And
steam explosion on baggase digestibility. The digestibility of untreated bagasse
was 190 g organic matter (0M)/kg bagasse dry matter. It was raised to: 733
g organic matter by using NaOH (ahd also by using Ca(OH), with Na,CO,);
to 430 g OM using NH,; and to 724 g OM using Ca(OH),. When Ca(OH),
' alone was used, a high loading (about 180 - 300 g Ca(OH), kg bagasse) was
used. Gharib et al. (1975) used calcium oxide for in vitro evaluation of
chemically treated poplar bark. They reported that calcium oxide increased in
vitro true digestibility from 38% to 52% for a 150-day treatment, although litte
improvement was found for a 1-day treatment. Rounds and Klopfenstein
(1974) studied the effects of NaOH, KOH, NH,0H and Ca(OH), on in vivo
digestibility of corn cobs by feeding to lambs and on in vitro digestibility using
an artificial rumen. Ca(OH), alone was unable to increase the in vitro
digestibility, although rations treated with Ca(OH), + NaOH resuited in higher
daily gain and feed efficiency for lambs. Waller and Riopfenstein (1975) used
various combinations of NaOH, Ca(OH), and NH,0H for treating feed for
lambs and heifers and reported that the highest daily gain and lowest feed/gain
was obtained for the 3% NaOH + 1% Ca(OH), rations. Darwish and Galal
(1975) used maize cobs treated with 1.5% Ca(OH), in a milk production ration
and found no significant change in milk output. Felix et al. (1990) evaluated
the effects of ensiling and treating soya-bean straw with NAOH, Ca(OH), and
NH,0H on ruminant digestibility. Results indicate that there was no significant
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operates at pH 7 such as those in bacteria (e.g. Costridiumthernocellum.
Thus it is seen that cal ciumhydroxide is an excellent pretreatment agent.
Many different conditions produced high sugar yields. There was no

significant effect of water |oading on sugar yields, although 10 g water/g

dry material produced slightly hlgher yi el ds. Line |oadings of 10
This is the replacenent sheet
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improvement due to alkali treatment of dry and unensiled straw, although
alkali treatment improved digestibility of ensiled straw.

Although the use of calcium hydroxide as a pretreatment agent
has been demonstrated, considerably less work has been done employing this
chemical compared to other alkalis. Most of the previous work has been
performed by animal scientists trying to develop a very simple process to
increase the lignocellulose digestibility of animal feed. All these studies were
done at room temperature or below; at lower water loadings, for very long
periods and without any mixing. These processes required very long treatment
times which is very expensive since the reactors must be very large. There is -
thus a need to improve the currently existing methods of pretreating
lignocellulose containing material to render it amenable to enzymatic digestion.
Summary of the Invention _ .

One embodiment of the invention is directed to an economical
process for pretreating a lignocellulose-containing biomass to render the
.biomass amenable to digestion.. Pretreatment comprises adding calcium
hydroxide and water to the biomass, and subjecting the biomass to relatively
high temperatures for a period of time. The pretreated biomass is digested to
produce a useful product.

_ Another embodiment of the invention is directed to an
economical pretreatment method comprising adding calcium hydroxide and
water to the biomass to form a mixture, adding an oxidizing agent, selected
from the group comsisting of oxygen and oxygen-containing gasses, to the
mixture under pressure, and subjecting the biomass to relatively high

temperatures for a period of time. The pretreated biomass is digested to
produce a useful product.
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38 and 15 g Ca(OH) 2/ 100 g dry material worked well. It was generally f ound
that the lover tenperatures (50[err]C, 65 err]C) required |longer tines (24
hours), whereas higher tenperatures (135[err]C) needed shorter times (1

hour) to produce high yields. The recovery process was able to
reduce the calciumcontent in biomass from8.1 to about 1.5 g Ca/l00g dry
material, thus recovering 86% of the added cal ci um Exanple 17

Circul ati on Met hods To pr,gvent the addition of excess |ineg,
t he bi omass may be contacted with a sdPution of hot |ine water. This may be

(t g?rprrglr iture range ofBoHuheRoHmegtof the AUtAS diper el bR 61
vater is Cidcovertis taldMifUfiont £HibimbsCdAftbr pretreatment, the biomass is

carbonated with a carbonating agent to form calcium carbonate. Calcium

carbonate is recovered from the pretreated mixture or recovered after
digestion and can be reconverted into calcium hydroxide.
Brief Description of the Drawings

Figure 1 is a schematic diagram of Reactor System 3.

Figure 2 is a glucose calibration curve for the filter paper assay.

Figure 3 is an enzyme calibration curve for the filter paper assay.
| Figure 4 is a calibration curve for the DNS assay. -

Figure 5 is a flow diagram for continuous calcium hydroxide recovery.

Figure 6 is a techematic diagram of one embodiment of using a
hydroclone to separate lime solids from lime solution.

Figure 7 is a schematic diagram of another embodiment of using a
hydroclone to separate lime solids from lime solution.

Figure 8 is a schematic diagram showing different possible permutations
of pretreating biomass with lime.

Figure 9 shows the lime treatment process for ruminant animal feed
production.

Figure 10 is a graph of oxygen pressure verses yield to show the effect
of oxygen on the hydrolysis of newspaper.

Figure 11 is a graph of pretreatment time verses yxeld to show the effect
of treatment time on the hydrolysus of newspaper.
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bi omass for a tine period of fromabout 1 hour to about 36 hours. As the
solution exits the bed, it is heated to replace heat loss in the packed
- bed. The solution of saturated |ine water can be prepared by m xing excess
lime with water and separating the excess solid |[inme fromthe water phase
by filtration, hydroclone separation (Figure 6), settlenent, or
centrifugation. Met hod 2: .A solution of hot (tenperature range of
from about 40C to about 150[err]C), saturated line water is circulated
through a stirred slurry of bionmass fod4a tine period of from about 1 hour

to about 36 hours. TEe biomass is separated fromthe solution by a filter,
hydr ocl one 1 th O or centrifuge. As the solution exits the
hydrocl one, it is he . i s Shi | ek L OF
bi omass. The sol uti owpggﬁe&ﬁgbg%&?ﬁe%ﬁ?égs é‘gﬂﬁél@"%?e‘%%@g?@f ntycf(i ng
excess | i mpredrefmyeitcof £bibmasar Ristreatinent esaptises ehe addition 6f calciune wat er
phase by filtration, hydroclone separation (Figure 7), settlengnt, or
centri f ugathydroxide and water to a biomass to render the biomass susceptible to
' degradation. Calcium hydroxide is inexpensive and much cheaper than other
alkalis. Itis safe to handle and, unlike the sodium residue, the caicium residue
is little or no problem for animal feed. In an artificial rumen, calcium
hydroxide produces calcium acetate which is also safe and nontoxic. Calcium
hydroxide (Ca(OH),) as the lignocellulose pretreatment agent is therefore very
economical. Further, there was also no significant difference in digestibility

between Ca(OH), pretreated material and NH, or NaOH pretreated material
in animals.

The operating conditions of the pretreatment methods of the
invention are a significant imprdvement over the existing literature. Previous
researchers restricted their operating temperature to ambient and below in
order to create a very simple process without heaters. These simple processes
required extremely long treatment times typically ranging from 8 to 150 days.
Raising the treatment temperature could decrease the treatment time, but runs
the risk of degrading the lignocellulose. High-temperature treatment
conditions héve been identified that did not degrade the lignocellulose and
resulted in treatment times that were orders of magnitude shorter. The
economic impact is significant since the reactor can be orders of magnitude
smaller. | | |

Further, previous calcium hydroxide (lime) pretreatment methods
used very low water loadings. Since their processes operated at room
temperature, good heat transfer was not an issue. They could operate with
very little water since the thermal -insulating properties of air were not

DCO1:781.1 03/06/93 10:158m
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In either Method 1 or Method 2, the line solids nust always

be kept in contact with hot water at t he hi ghest tenperature in the | oop,
such as between 40[err] C and 150[err]C. This is required because line is
relatively nore soluble in cold water than in hot water. if the water
contacting the linme solids were cold, it would dissolve too nmuch |ine.

Then, if the linme solution were heated later, linme would either precipitate

out and foul the heat exchanger or depgsit on the bionmass. This explains

why the water is heated before it cont

detrimental. However, when operating at a higher temperature, the process
benefits by including about ten times more water since its high heat capacity
and heat transfer coefficient ensure a uniform temperature. Higher water
loadings also provides a medium into which the lime can more uniformly
disperse, but are unattainable using conventional procedures. Consequently,
most of the previous research in lime treatment used relatively low lime
loadings whereas we were able to realistically consider higher loadings can be
realistically considered because a lime recovery process is also incorporated
into the invention.

In one embodiment, the invention is directed to a method for
pretreating a lignocellulose-containing biomass to render the biomass amenable
to digestion and comprises providing a lignocellulose-containing biomass,
adding calcium hydroxide and water to the biomass to form a mixture, and
maintaining the mixture at an elevated temperature and for a period of time
sufficient to render the biomass of the mixture amenable to digestion. Types
of useful biomass include grass, wood, bagasse, straw, paper, plant material,
and combinations thereof. Lignocellulose-containing biomass to which the
process of the invention is directed is preferably biomass containing greater
than 15% lignin and more preferable biomass containing greater than 20%
lignin. "

Preferably, biomass to be pretreated is fed into a chipper,
grinder, chopper, shredder or the like, to be reduced in size. Resulting

biomass chips or particles are preferable about one-half inch. or smaller. The

biomass particles are then combined with calcium hydroxide and water to form
an alkaline biomass mixture. The mixture contains between about 6 to about
19 grams of water per gram of dry biomass and preferably about 16 grams of
water per gram of dry biomass. The mixture also contains between about 2 to
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Exampl e 18 Different Pernutations

The materials needed for
this invention include: Biomass, |line, or calcium hydroxide, and water.
mani pul ati ve procedures for this invention include: Mxing, heating, and

si mul t aneous m xi ng and heating. Thus,

capabl e of

producti on.
Alternativ

The

these materials and procedures are

a nunber of pernutations, as diagrammatically shown in Figure 8.
~ The notations used in Figure 8 are: L - line; W- water; B-biomass; M -
m xing; H- heating; and M & H - sinultaneous m xing and heating. An arrow
in Figure 8 signifies adding, introducilfg, or a step to be perforned.
Exanmpl e 19 Linme Treatnent Process for Rum nant Ani mal Feed Productign
Figure 9 stabeutt30 grams afr ealeinemhygraxdde parof00 grama el dRY hipmass and

refefdtlie btiBR @by bee

@ﬁpeﬁmﬁp% gg%%&%ﬁﬁ@éﬁmﬁiﬁéﬂc ?égc?ﬁfoat ﬁﬁ%l on of

saturat ed |yigmaeft Bepefdiigoon! Qﬁgsof biomasid thd

addi tion nethod, the raw Dbl omass 1's soaked in ho? (ca. 650 |line vvater for

about 24 homore orfiess, Calcium hydroxidemayrbe sddedrbefore oriaften theewaterar i s

circul ated

as an aqueous solution or dispersion.

The aqueous calcium hydroxide/biomass mixture is maintained
in reaction chambers, which are preferably stainless steel, at between about
40°C to about 150°C, preferably between about 100°C to about 140°C, and
more preferably at about 120°C. Depending on the type of biomass, the
temperature range may be between about 70°C to about 110°C, between about
110°C to about 150°C, or between about 50°C to about 65°C. ' The
temperature is maintained for between about 1 to about 36, preferably between
about 1 to about 20 hours, more preferably about 3 hours. Agam, depending
on the type of biomass, the time period may be longer or shorter such as
between about 15 to about 25 hours.

Another embodiment of the invention is directed to a method for
converting a lignocellulose-containing biomass into a useful product and
comprises providing a lignocellulose-containing biomass, adding calcium
hydroxide and water to the biomass to form a mixture, oxygenating the mixture
with pressurized oxygen, maintaining the mixture at an elevated temperature
and for a period of time sufficient to render the biomass of the mixture
amenable to digestion, and digesting the biomass of the mixture to convert the
biomass into the useful product. Oxygen is relatively inexpensive and readily
available as pressurized oxygen gas, pressurized air, and other pressurized
ox}?gen-c,onta.ining gasses. Oxygen is also non-toxin and non-polluting to the
environment. Calcium hydroxide is added to a biomass as described above to

form a mixture. To the mixture is added an oxidizing agent under pressure
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t hrqugh an adsorption colum where it is contacted with carbon di oxide. The
carbon dioxide reacts with the lime to f-orminsol uble cal ci um carbonate
‘which is filtered out and sent to a linme kiln. The cal cium carbonate is

heated to 40 about 1200[err]C
in the linme kiln which drives off the carbon dioxide. The hot exit gases
(primarily carbon dioxide with sonme nitrogen fromthe conbustion air)

17

selected from the group consisting of oxygen and oxygen-rich gasses.
Preferably, the added oxygen-containing gas has a pressure of between about
20 to about 500 psig (pounds per square inch gauge), preferably greater than
about 50 psig, and more preferably greater than about 100 psig.

' After either of the above-described embodiments, the pretréated
biomass is digested by hydrolysis snéh as acid hydrolysis, enzymatic action,
fermentation, or a combination of digestion methods. The digested biomass
comprises material which are useful products such as alcohols, acids such as
organic acids, sugars, ketones, starches, fatty acids, or combinations thereof.
These products can be made into feedstocks such as chemical feedstocks, fnels,
and other useful products. Due to the relatively gentle pretreatment
conditions, the useful products are obtained in higher quantities and are of a
higher quality than products obtained after other pretreatment methods. The
maximum amount of material is converted into useful product with as little
waste as possible. Further, no toxins or harmful chemicals are introduced into
the biomass therefore none need to be removed or even tested for in the final
product.

Another embodiment of the invention is directed to a method for
recovering calcium from a biomass pretreatment process comprising pretreating
the biomass with calcium hydroxide and water to form a mixture, optionally
adding an oxidizing agent selected from the group consisting of oxygen and
oxygen-containing gasses to the mixture under pressure, and maintaining the
mixture at an elevated temperature and for a period of time sufficient to
render the biomass of the mixture amenable to digestion, carbonating the

~ mixture or the liquid portion thereof to precipitate calcium carbonate, and
' recovering the precipitated calcium carbonate. The pH of the carbonated

mixture is between about 8.5 and about 10.5, and preferably between about 9.0
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are cooled in a countercurrent beat exchanger recovering high-pressure
steam that may be used for electricity production and/or process heat. The
cool ed carbon dioxide is recycled to the absorption colum where the carbon

di oxi de again reacts with lime water. Inert, such as nitrogen, wll exit
t he absorption colum. Make-up carbon di oxi de nust be added to repl ace any
| osses. The circulating lime water will contain free sugars
and protein extracted fromthe bionmass. In addition, there will be sone

cal cium acetate produced fromthe acet1§I groups on the hem cellul ose. A
bl eed streamw || be ken off fromthe circul ati l.oop.that will be
aci di fi ed apd abauy ¥erji'§° SalQumccarhanatg léinsﬁﬂpﬁﬁse‘ﬁg’e% EWBH and £ags
gypsum T [ ' ' s > ANy )
Sehcent r argeesgesa 88 et il BBt dn, Sedithedeildn HebiritiBation,

mul ti - ef f egt b \combisdtionm) of thesetnetivdsol The calohnageabonate( may. alsdibekens,
pi gs) ani mal Teed. . The treated_biomass will enmerge fromthe
process i rheatogand caneerted intpcarbon dioxide,and galcinm oxide; andthe|@ldum,  he

2[ gfgzsig%eglaﬁ}ﬁg %%‘?‘@?’8& it directly in the wet state. If it nust be
Alternatively, the pretreated mixture is treated with a carbonating
agent, which is preferably carbon dioxide gas which is bubbled into the mixture,
forming calcium carbonate. The pretreated and carbonated biomass is digested
“and the useful product separated from the remaining mixture or residual

Ohd
)
wn
o
=

mixture. The residual mixture, comprising lignin and calcium carbonate, is
heated, for example in a kiln, preferably a lime kiln, to convert the calcium
carbonate into calcium hydroxide. The heat supplied to the kiln may be
derived from the burning of the lignin, making for a highly economical overall
process. |

The following examples are offered to illustrate embodiments of
the invention, but should not be viewed as limiting the scope of the invention.
Examples

Example 1 Sample Preparation

Raw bagasse was collected from the Animal Science Department
of Texas A&M University. For three years, it was lying in the open, covered
only by a plastic sheet. Thus, it was first thoroughly wéshed with water and
then dried in an oven (at 80°C) for about 8 hours. Also, because bagasse
deteriorates with storage time, the bagasse used in the present study was more
recalcitrant than that used by Holtzapple et al., Appl. Biochem. Biotech. 28/29,
59 (1991). The wheat straw was already clean and did not require washing.
Softwood newspaper was the Bryan/College Station, Texas, Eagle newspapér.
It was first shredded in a paper shredder. All materials were ground by a
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consunmed, it may be dried in the steamdriers we have previously described
i.n past disclosures. Exanple 20 Pretreatnents with Cal ci um Hydroxi de and
Pressuri zed Oxygen ' ‘Oxygen is believed to partially oxidizes
the lignin which opens the bionmass structure making it nore enzymatically
di gesti ble. Oxygen from high- pressure oxygen tanks was added to sanpl es of
newspaper under increasing pressure (Figure 10). Treatnent conditions were
consistent with those previously descrigded. Tenperature of the biomass was
120[err]C for 24 hours with 30 g cal ciUm hydroxi de/ 100 g dry newspaper, and

water at 1Gnfh9nfl{¥o 1x 1 mm particle size and then passed through a 40 mesh sicve.
Dry weight analysis was done by placing a small sample in an oven, at 80°C for
24 hr and measuring the weight loss due to water evaporation.
Example 2 Calcium Hydroxide Pretreatment

Calcium hydroxide pretreatment involves reacting biomass with

calcium hydroxide in the presence of water at a relatively high temperature.

The effectiveness of the pretreatment process was studied for several different

reaction conditions. Process variables studied were lime loading (2 t0 30 g

~ Ca(OH),/100 g dry biomass), water loading (6 to 19 g water/g dry biomass),

treatment temperature (50°C to 145°C) and treatment time (1 hour to 36
hours). The following three types of reactor systems were employed.

Reactor System 1: For initial pretreatment experiments, 500-mL glass
Erlenmeyer flasks were used as reactors. The flasks were sealed with rubber
stoppers and placed in a 100-rpm shaking water-bath. This method was limited

" to 65°C, the highest temperature attainable by the water bath.

Reactor System 2: Erlenmeyer flasks were placed in an oven, with
periodic manual shaking. Only one experiment, at 65°C, was performed by this
method. This method resulted in lower yields, thus demonstrating that
continuous shaking was required for effective mass- transfer.

Reactor System 3: Steel reactors were used for experiments in the 65°C
and 145°C temperature range. To resist the corrosive nature of calcium
hydroxide solutions, the reactors were constructed of 304 stainless steel. The
reactors were, 1.5 "LD. x 5" long, cylindrical nipples, with end caps on both
ends. To provide mixing inside the reactors, a rotating device was fabricated
in the Texas A & M Chemical Engineering Department’s machine shop. A
schematic diagram of this reactor system is shown in Figure 1. This device

holds the reactors (R) inside the oven (0) and, by rotating them continuousiy,
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.41 newspaper. |Increasing anmounts of oxygen-containing gas was introduced to
sanpl es of newspaper from hi gh-pressure tanks. After pretreatnent, sanples
were digested enzymatically and the yield of glucose determ ned after three
days. Newspaper treated with only line resulted in a yield of 418 ng eq.

gl ucose/ g dry newspaper. For conparison purposes, untreated raw newspaper
yields 240 ng eq. glucose/g dry newspaper. Wth 20 pounds/square inch gauge
(psig), glucose yield increased over 10% Wth increasing oxygen pressure
up to 100 psig, glucose yield increas®® to over 500 ng eq.

Useful oxygen pressures are between about 20 psig tq agout 500 ﬁ'Si and
pr ef er abl providesnumblemixing.of the gontenss, Jhag astenl Tgd (Rl sepporied; Bfﬂgl ed to

e oS S o S et UG BT e .
of experi 8Py thdtfdat'Bepladdd inkRiEPhRSoveh. Six holes are drilled through this rod
to hold the clamps (C) that hold the reactors. Set screws hold the clamps in
place during rotation. Through the back side of the oven, a 1 hole is drilled.
A small rod (R2) supported by a ball bearing (bolted on the oven wall) passes
through this hole. A pulley (P) is mounted on the end that is outside the oven.
A variable speed AC/DC motor (M) mounted on the top of the oven rotates
. R2. The steel rc>d that holds the reactors (R1) has a splined end (a small nut
(N)) that couples with the pulley (via a socket (S)). This coupling arrangement
allow the reactors to be placed in, and removed from, the oven with ease.

To perform the pretreatment experiments, the reactors were
prepared by winding at least four layers of Teflon tape on both ends. One end
was closed by placing the nipple in a vice and tightening the end cap by a pipe
wrench. The reaction mixture was prepared by placing the measured quantities
of biomass (7.5 g dry weight) and Ca(OH), (according the lime loading) inside
the reactors. The material was thoroughly mixed inside the reactors using a
spatula. Measured amounts of water were then added to this dry mixed
sample. The end cap was placed on the other end of the nipple and tightened.
The reactors were then placed in boiling water for 5 to 15 minutes (depénding
on the pretreatment temperature) to pre-warm them. Prewarming the reactors
is necessary to rapidly bring them to higher temperatures. They were then
clamped and fixed on the rotating device and placed in the oven maintained

at the desired pretreatment temperature. The motor was turned on and the
system was left for the desired pretreatment time. After the treatment time
elépsed, the reactors were removed from the oven and transferred to a water

bath to rapidly lower the temperature to ambient temperature. Samples were
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newspaper were pretreated with line at 30 g/100 g dry newspaper, water at 6
g/g dry newspaper, and oxygen at 100 psi'g. These sanple were pretreated for
up to 24 hours. The pretreated sanples were enzymatically digested and the
sugar content determ ned. Maximal yield with oxygen-pressures of 100 psig
was observed at three hours of pretreatnment - 580 ng eq. of glucose/g of

dry newspaper. Ot her- enbodi nents and uses of the invention
will be apparent to those skilled in gﬂe art from consideration of the
specification and practice of the invehtion disclosed therein. It is

wth the then oipRdchamd it RacRH B HkeRE, ACRmBRIE wEPBIREY
fol I owi ng pebcidiE®e is given below.

Optionally, oxygen-containing gas is introduced into the reactor
from a high-pressure gas container or tank attached to the system. The gas
may be pure pressurized oxygen, compressed air (which is very economical) or
any oxygen-containing gas under pressure. The pressure of the oxygen-
containing gas can be determined from a pressure gauge ounted on the gas
supply container or on the reactor. |

Example 3 Caicium Hyvdroxide Pretreatment — Reactor System 3

1. Remove the old Teflon tape and clean the threads at both ends.
Wrap (clockwise) at least four layers of fresh Teflon tape.

2. Label and number all the reactors. 2 or 4 or 6 reactors can be
run each time. |

3. Close the reactors by placing the cap on one end. Hold the

. nipple in the vice and tighten the cap using a pipe wrench.

4.  Weigh ground and sieved material that has 7.5 g dry weight.
Using a funnel, pour it in the labeled reactors.

5. Weigh calcium hydroxide, according to the desired lime loading,
and pour into the reactors with the biomass.

6. Using a spatula, mix Ca(OH), and biomass thoroughly. This dry
mixing is essential to ensure a uniform reaction. |

7. Pour water according to desired water loading.

TA. (Optionally) Open a the valve connecting the reactor to a container
of oxygen gas under pressure. Close the valve when a specified gauge pressure
within the reactor has been achieved.

8.  Close the ends of the reactors.
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9. Place the reactors in boiling water for about 5 min, for a 50°C
run, to about 15 min, for a 135°C run. The water boiler takes about 30 min to
beat up, so it must be turned on before hand.

10. Heat the oven to the desired pretreatment temperature. The
oven takes about 1 hour to reach a stable temperature. Keep the rotating
device inside the oven during heating so that it gets prewarmed.

11. Clamp the reactors, making sure that the clamps are in the
center of the reactors so that there is no blocking during rotation.

12. Place the clamps in the slots of the rotating rod and tighten the
set Screws.

13 Place the device in the oven and couple it with the motor using
the coupling arrangement. | |

14.  Turn on the motor and keep the rotation speed at the minimum
possible. Make sure that the motor does not stall.
| 15.  Observe the temperature of the oven.

16. -After the pretreatment time has elapsed, take out the reactors
and place them in a cold tap water bath. Let them cool for about 10 min.

17.  Perform enzymatic hydrolysis. |

Example 4  Filter Paper Assay _

The filter paper assay is commonly used to quantitatively study
cellulose hydrolysis and measure cellulose activity. Filter paper is used since
it is a readily available and reproducible substrate and is neither too
~ susceptible nor too resistant to cellulase enzymes. The filter paper is incubated
with various amounts of cellulose enzyme for 1 hour at 50°C and pH of 4.8.
The amount of reducing sugars released in 1 hour is measured by the
Dinitrosalicylic Acid (DNS) assay. (Also see below). The amount of enzyme
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that produces 2 mg of reducing sugar (expressed as glucose) in 1 hour is equal
to 0.185 International Units (1 JU = 1 mmole glucose/min).

Calibrate DNS reagent using glucose (along with filter paper):
L Using a 500mg/dl (Smg/mL) glucose standard, prepare 0.5 mL

| samples in pairs of test tubes according to Table 5.

2. Add 1.0 mL of pH 4.8, 0.05 M citrate buffer.
3. Add 1 x 6 cm filter paper strip (Whitman #1, rolledmacurl) '

Vortex.

4 Incubate at 50°C for 1 hour (use capped test tubes). Preventany

shaking

Add 3.0 mL of DNS to each test tube.

S

6 Boil samples for 15 minutes in water bath.
7. Add 10 mL water and vortex.
8

Filter through 0.45 um nylon membrane filter.
9. Measure the absorbance at 550 nm and prepare a calibration

curve of absorbance vs. giucose concentration as shown in Figure 2.

el A =

Measure enzyme activity:

Add 0, 5, 10, 15, 20 mg enzyme to 10 mL, 0.05 Mcxtrate buffer, pH 4.8,
and vortex.

Pipet 0.5 mL of prepared enzyme samples into pairs of test tubes. -
Repeat steps 2 to 8 performed during calibration curve preparation. |
Measure the absorbance at 550 nm.

Measure sugars in the enzyme:

Pipet 0.5 mL of 20 mg/mlL enzyme sample into pairs of test tubes A.
Pipet 0.5 mL of distilled water into pairs of test tubes B.

Add 1.0 mL of pH 4.8, 0.05 M citrate buffer to test tubes A and B.
Repeat steps 5 to 7 performed during calibration curve preparation.
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5. Measure absorbance at 550 nm.
6. Calculate absorbance correction factor (ACF) as follows.
ACF = (Abs A - Abs B)

(20 mg enzyme/10 mL) x 0.5 mL

Calculate specific enzyme activity:
1. Using the pglucose calibration curve, calculate absorbance, the
absorbance for 2 mg glucose weight (see Figure 2).
2. Apply absorbance correction factor (AC) to absorbance data from the
_ enzyme resuits.

Abs,, = Abs - ACF x E (where E = mg enzyme in 0.5 mL)

3. Plot Abs,, vs. E to get Figure 3.

Find E’ corresponding to Abs’ using Figure 3.

Calculate specific activity:

Activity (TU/mg) = 2 mg gincose x _1 hour  x mmole
E'mgh 60 min 0.18 mg glucose

Example 5 Enzymatic Hydrolysis Procedure

~ The pretreated material (7.5 g dry weight) was transferred from
the reactors to S00-mL Erlenmeyer glass flasks. The operating pH and
temperature for the enzyme system were kept at 4.8 and 50°C respectively.
The pH was reduced from about 11.5 to 4.8 by adding acetic acid. The total
liquid volume was increased to 150 mL by adding distilled water to obtain a
50 g/L slurry of biomass. The required amounts of cellulase and cellobiose we
added to the mixture, and the flasks were stoppered and kept in a 100-rpm
shaking air bath at 50°C for 3 days. The enzymatic hydrolysis of control
materials was performed using 150 mL of 0.05 M, pH 4.8 citrate buffer.

~ After 3 days, 1 mL liquid samples were withdrawn from each
flask using a 1000-mL Eppendorf pipet, The samples were boiled in capped

~ This is the replacement sheet

Date: 1 3 MAR 1897



[er.r_] N

25

test tubes for 30 minutes to denature the enzyme, thus avoiding further
hydrolysis. The boiled samples were filtered through 0.45-um nylon membrane
filters. The reducing sugar concentration was measured using the DNS assay
(Miller, G.L., Anal. Chem. 1959, 31, 462) with glucose as the calibration
standard. Thus, the sugar yields are reported as equivalent glucose/g dry
biomass. Both cellulase and cellobiose contain sugars. To measure these
sugars, enzymes were added to 150 mL of water in the same concentration as
used previously, but without any biomass. One ml samples were taken to
measure the sugar concentration. This measured sugar in the enzyme amounts
to a correction of 45 mg eq. glucose/g dry biomass that was subtracted from
the 3-da}' reducing sugar yields from the pretreated biomass. The hydrolysis
samples were diluted from 13 to 33 times to bring the concentration within the
assay range (0.1 - 1.0 mg/mL).
A detailed hydrolysis procedure is given below:
1. Open one end of the reactors and empty the contents (as mmch
. as possible) into the labeled 500-mL Erlenmeyer fiasks.

2. To completely transfer the biomass, use water to wash the
reactors. Pour this water and biomass mixture into the flasks. Add enough
water such that the total liquid volume (water added during the wash + water
added during pretreatment) is 140 ml..

3. Add glacial acetic acid to the mixture until the pH reaches 4.8.
During acetic acid addition, continuously monitor the pH and stir using a
magnetic bar. Note the volume of acetic acid added. I the pH goes below
4.8, use Ca(OH), to raise it to 4.8.

4, Add more water to bring the total liguid volume to 150 mL.

5. Add 0.259 g cellulose powder "Cytolase 300 P" (filter paper
activity, 215 IU/g powder) and 0.652 L cellobiose "Novozyme" (activity 250
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CBU/mL). Cytolase 300 P was supplied by Genecor, Inc. (South San
Francisco, CA) and cellobiose was supplied by Novo Laboratories (Wilton,
CT). The cellulase loading was 7.4 IU/g dry pretreated lignocellulose and the
cellobiose loading was 22 CBU/g dry lignocellulose. |

6. Place the flasks inside the 100-rpm shaking air bath at 50°C.

7. Close flasks with rubber stoppers after flasks have been warmed
for 10 min.

8.  Keep flasks in the bath for 3 days.

9. Withdraw 1 mL of sample and boil them for 30 min. in capped
test tubes. - _

10.  Filter samples through 0.45 um nylon membrane filter. Perform
DNS assay to measure reducing sugars as explained below.

Example 6 Dinitrosalicvlic Acid (DNS) Assay

The DNS assay is the most commonly used technique for
measuring reducing sugars released by cellulose hydrolysis. A glucose standard
is used for the calibration, thus the reducing sugars are measured as
"equivalent glucose.” .
Prepare DNS reagent:

1 Dissoive 10.6 g of 3,5-dinitrosilicylic acid crystals and 19.8 g
NaOH in 1416 mL of distilled water.

2. Add 306 g Na-K-tartrate (Rochelle saits).

3. Melt phenol crystals under a fume hood at 50°C using a water
bath. Add 7.6 mL of phenol to above mixture.

4, Add 83 g sodium meta-bisulfite.

_ 5.  Add NaOH, if required, to the solution obtained to adjust pH to
12.6.
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Calibrate DNS reagent:

1 Using a 200 mg/dL (2mg/mL) glucose standard, prepare 1 mL
samples in pairs of test tubes according to Table 3.

2. Take 0.5 mL of each sampie.

3. Dispense 1.5 mL of DNS regent into each test tube using a 5-mL
Brinckmann dispensette.

4, Place the caps on the tubes and vortex.

3. Boil samples in a water bath for 15 minutes.

6. Cool the test tubes for a few minutes. Add 8 mL of distilled
water and vortex. |

7. Zerothe spectro‘photdmeter at 550 nm with distilled water (Note:
to stabilize the spectrophotometer it should be turned on for at least 1 hour
before using). .

- & Measure the absorbance. '

9. Prepare a calibration curve as shown in Figure 4.

Measure reducing sugars of siunples:
1. Dilute the filtered sample into a pair of test tubes such that the sugar
concentration lies between 0.1 to 1.0 mg/mL. |
Vortex the diluted samiple. _
Pipette 0.5 mL of each diluted sample.
Dispense 1.5 mI. DNS reagent into each test tube.
Repeat steps 4 to 8 used in preparation of calibration curve.

Calculate sugar concentration from the absorbance of the samples using
the calibration curve.

o nos WD

7. Calculate the reducing sugar yield by the following expressibn:
Y=SxDx20 Y = reducing sugar yield (mg eq. glucose/g dry biomass)

S = sugar concentration in sample (mg eq. glucose/mL)
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D = dilution factor
20 = 150 mL liquid volume/7.5 g dry biomass
Example 7 Calcium Hydroxide Recovery

Two factors motivate recovery of calcium hydroxide from the
pretreated biomass. First, an inexpensive recovery and recycle process will
reduce the pretreatment costs. Second, high calcium residues have a
detrimental effect on its use as cattle feed. Thus, reducing the calcium content
results in a more utilizable material. The method for recovering Ca(OH), is .
to wash the pretreated material with water, and to contact or react this wash
water containing lime with carbon dioxide. This converts soluble Ca(OH), to
insoluble CaCO, that can be removed by precipitation. The CaCO, can then
be heated to produce CaO and CO,. The CaO is hydrated to Ca(OH), which
can be reused as the lignocellulose treatment agent. Carbon dioxide can, in
turn, be reused for lime recovery. Thus, ideally, it is a system capable of total
recycling. |

The carbonate concentration is quite low when the pH is below
9.5. Thus, to form and precipitate more CaCO,, the pH was maintained above
9.5.

All the recovery experiments were done using bagasse. The
experiments to study the recovery process were conducted by two different
approaches: Continuous Recovery and Batch Recovery.

1. Continuous Rei:overy |

A systematic flow diagram of the continuous recovery
experimental apparatus is shown in Figure 5. The pretreated bagasse was
packed in a 1" LD. x 8.5" high glass column. Rubber stoppers at both ends had
connections for the inlet (bottom) and the outlet (top). Filters (nylon cloth)
were glued on both stoppers. A peristaltic puinp (Watson-Marlow, 5025)

This is the replacement sheet

Date: 1 3 MAR 1997



~lerr].

29

pumped water through the column. The average volumetric flow rate was 20
ml/min. The outlet from the column went to a 300-mL flask. Carbon dioxide
was bubbled thought the lime-saturated liquid in this flask to produce CaCO,.
A pH probe was placed in this flask to continuously monitor the pH. The pH
was maintained near 95 by bubbling only as much CO, as was required to
lower the pH from about 12.0 to 9.5. However, because good pH control was
lacking, when the pH dropped below 9.5, the reqﬁired amount of NH,OH
(about 1 or 2 mL) was added to bring the pH back t0 9.5. The overflow from
the flask went to a filter assembly. Although most of the CaCO, remained in
the flask, filtration was required to remove the'Ca.CO3 pi'esent in the overflow.
A glass fiber filter (G6, Fisher Scientific, Inc.) was placed between the fritted _
giass filter and glass jar. A clamp was used to hold it and provide a good seal.
The pump suction was the driving force for filtration. The filters were .
replaced periodically when they clogged with the CaCO, paste. The filtered
water was then pumped back to the column for washixig, thus completing the
cycie.

The washing was stopped after about one hour. The wash water
left in the glass jar clamped to the filter, was transferred to the flask and left
for 24 hour to iet CaCO, settle. Clear liquid (1 mL) was taken from the top
of the flask. The clear liquid was decanted slowly and collected in another
beaker. The bottom portion containing much higher amounts of CaCO, was
discarded after measuring its volume. The same volume of fresh water was

- added to the system so that the liquid volume before and after precipitation
and decantation remained the same. Further recovery of the lime remaining
in the biomass was performed with this batch of decanted water for about 45

mi_nutes. After the wash, the CaCO,-saturated. water was again left for
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precipitation and a sample of clear liquid was taken after this second
precipitation.

To measure the calcium concentration in the water dﬁring
washing, 1-mL samples were periodicaily taken from the column inlet and
outlet. The calcium concentration was measured by the atomic absorption |
apparatus available in the Kinetics Group of the Texas A&M Chemical
Engineering Department. Depending on' the calcium concentration, the
samples were diluted from 11 to 135°C. since the best yields were dbtained
between 65°C and 100°C, this wide range ensured that the optimal
temperature was found. The pretreatment times of 1 to 36 hours were logical
choices since longer times were difficult to justify economically. Since mixing
would ensure uniformity of the reaction mixture and probably result in a better
pretreatment, continuous shaking was always employed except in one study that
used periodic shaking. |

In all the experiments, the 3-day reducing sugar yields were used
as the measure of enzymatic susceptibility of lime-treated bagasse. The
reducing sugar yields were calculated as mg equivélent glucose/g dry bagasse.
Typically, 50% and 85% of the 3-day sugars were released in 6 hours and 24
hours, respectively. _

Table 7 summarizes the conditions and the reactor systems used
in the various bagasse experiments.

The experiment at 50°C (Bagasse Experiment, Example 2), lime
loading = 5 g Ca(OH),/100 g dry bagasse, water loading = 10 g water/g dry
baggase, and treatment times of 1 and 24 hours was repeated thrice to find the
error involved in measuring the 3-day reducing sugar yields. For the 1 hour
run, the yields were 112, 125, 111 mg eq. glucose/g dry bagasse, showing a

- standard deviation of 7.8 mg eq. glucose/g dry bagasse. Fér the 24 hour run,
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the yields were 273, 256, 268 mg eq. glucose/g dry bagasse, showing a standard
deviation of 8.7 mg eq. glucose/g dry bagasse. These standard deviations can
_ be generalized to apply to the rest of the experiments, and thus. other
experiments were not repeated.
Example 8 Calcium Acetate Inhibition eriment

High calcium acetate concentrations are present in the hydrolysis
mixture since acetic acid (about 5 mL glacial acetic acid for a sample treated
with a lime loading of 30 g Ca(OH),/100 g dry bagasse) is used to neutralize
_the lime for pH adjustment. To measure the calcium acetate inhibition of
enzymes, and experiment was performed in which group bagasse was
ammoniated at the reported optimum conditions. These ammoniation
conditions were: temperature = 93°C; treatment time = 30 min., water loading
= 0.25 g water/g dry bagasse, ammonia loading = 1.5 g NH,/g dry bagasse,
particle size = 40 mesh.

 Also, there was no explosion (as used in Ammonia Fiber

Explosion process) since the pressure was slowly released. This pretreated
material was hydrolyzed in enzyme solutions containing various calcium acetate
concentrations. The calcium acetate solutions were prepared by adding various
amounts of Ca(OH), (according to the lime "loadings used for the
pretreatment) to 150 mL water, and then adding acetic acid to reduce the pH
to 4.8. Thus, the calcium acetate concentration in these solutions was the same
as for lime-pretreated materials. The enzymes were added to solutions only
after the pH was brought to 4.8, thus there was no loss of enzyme acidity due
to high pH. The 3-day sugar yield obtained from this ammonia-treated material
clearly shows that increased calcium hydroxide loadings decrease sugar yields
due to calcium acetate inhibition of the enzyme. For the sample hydrolyzed
without addition of Ca(OH), to the saccharifictions flask, the sugar yield was
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390 mg eq. glucose/g dry bagasse. This yield is 1.16, 1.14, 1.16, 1.15, 1.25 and
1.22 of that obtained rom samples hydrolyzed in the solutions with 2, 5, 10, 15,
20 and 30 g Ca()H),/100 g dry bagasse, respectively. In the subsequemt
experiments using lime pretreatments, these factors were used to correct the
sugar yields. Since this approach is simplified and only approximately corrects
for calcium acetate inhibition, the original data (Without the correction factor)
are reported in addition to the corrected data. |

Example 9 Qerviéw of Data (Bagasse)

. The 3-day reducing sugar yield for untreated bagasse sample
(used as a control) was 40 mg eq. glucose/g dry bagasse which is only about
6% of the theoretical yield. Many different conditions as listed in Table 7
produced high sugar yields. Six high yielding conditions are tabulated in Table
8. The choice of conditions to be used industrially will depend not only on the
sugar yields, but also on the expense associated with conditions.

Example 10 Softwood Newspaper Study

Softwood newspaper is the largest fraction of most residential
municipal solid waste. Profitable utilization of softwood newspaper could help
solve the ever-growing trash disposal problem. The composition of softwood

- newspaper is about 70% polysaccharides and 30% lignin, thus, the theoretical

yield is bout 750 mg eq. glucose/g dry newspaper. The purpose of this study
was to check the feasibility of using Ca(OH), to pretreat newspaper. The

conditions used for pretreating softwood newspaper are summarized in Table
9.

Example 11 Overview of Data (Newspaper)
The 3-day reducing sugar yield from an untreated softwood
newspaper sample, used as control, was 240 mg eq. giucose/g dry newspaper.
Pretreatment processes that work well for many lignocellulosics do not work
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well for softwood newspaper. This probably results from its high lignin
content. The yield improvements with Ca(OH), pretreatment found in this
present study are comparable to other pretreatments.

Of all the conditions tested, the best yield was obtained for
120°C, 24 hours, 30 g Ca(OH),/100 g dry newspaper and 16 g water/g dry
newspaper. This yield was 344 mg eq. glucose/g dry newspaper (corrected: 430
mg/g). An interesting observation is that the pretreatment works better for
either very severe conditions (120°C, 24 hours) or very mild conditions (65°C,
1 hour).

| Example 12 Wheat Straw Study

Wheat straw is one of the most abundant agricultural cop
residues. In the United States, about 20% of cropland produces wheat, thus
large quantities of wheat straw are generated. Typically, based on dry weight,
- wheat straw is 39% cellulose, 36% hemicellulose, and 10% lignin. According
. to his composition, the maximum theoretical yield is about 800 mg eg.
glucose/g dry wheat straw. _ '

The results for bagasse were used to guide the selection of
treatment conditions. The lime loadings were 5, 10, 15 and 20 g Ca(OH),/100
g dry wheat straw. Only two water loadings were used. Treatment
temperatures of 50, 65, 85 and 125°C, and treatment times of 1, 3 and 24
hours, were studied. A summary of the treatment conditions is tabulated in
Table 10. |

Example 13 Overview of Data

As in the case of bagasse, several different conditions produced

good yields. Since treatment time and temperature play the most important

role in process economics, the selection of conditions will not depend strictly
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on sugar yields. Eight conditions that produced good yielﬂs are tabulated in
Table 11.
Example 14 Calcium Recovery Study
The best yields for both bagasse and wheat straw were obtained
or a lime loading of 10 to 20 g Ca(OH),/100 g dry material. Thus, an
industrial process using such loadings would need significant amounts of lime.
A process to recover and recycle lime can reduce the total of lime
requirement. Since calcium hydroxide is quite cheap, one main requirement
for a recovery process is that it should be simple and inexpensive.
A mnew recovery process was developed in this invention.
Ca(OH), was leached or washed out of the pretreated biomass. The lime-
saturated wash water was carbonated to convert Ca(OH), to insoluble CaCO,
that was subsequently settled. The recovered CaCO; can be calcinated to form
CaO, which can be hydrated to Ca(OH),, and thus reused. In this study, the
washing, carbonation and precipitating steps were performed. The experiments
were conducted by two different approaches, namely, continuous and batch
Tecovery processes.
Example 15 Continuous Recoverv Process
Three runs were performed to recover Ca(OH), from bagasse by
the continuous recovery method. The lime treatment conditions used in the
continuous lime recovery study are tabulated in Table 12. The recovery resuits
for the corresponding samples are tabulated in Table 13.
| The calcium content in the raw bagasse sample was 0.4 g Ca/100
g dry bagasse. The residual calcium content in the bagasse sample was brought
down to about 2 g Ca/100 g dry bagasse from 5.4 g Ca/100 g dry bagasse
_(Samples A and C) and to 2.3 g Ca/100 g dry bagasse from 8.1 g Ca/100 g dry
bagasse (Sample B). This shows that 68% of the added calcium was removed
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from Samples A and C and 75% of added calcium was removed from Sample

~ B. The reduction in a content showed that the recovery process is working

fairly well. However, if the pretreated lignocellulosics are to be used as cattle
feed, this residual calcinm concentration might be slightly high (1 t0 2 g

'Ca/100 g dry biomass is desired).

One of the main drawbacks observed with the continuous
recovery experimeﬂt was that there was some channeling inside the bagasse-
filled column. Thus, the wash water was not contacting all of pretreated
material. This definitely would lower the process effectiveness. With the use
of some packing material and an efficient column design, it might be possible
to increase the continuous recovery process efficiency. However, this invention
used a second approach (i.e. batch recovery) that provides good contact by
mixing the wash water and biomass. |

- Example 16 Batch Recovery Process

In this experiment, instead of packing the pretreated material in
a column, a glass beaker was used to mix the biomass with wash water. This
wash water was saturated with CaCO, and had a pH of 8.7. The lime-
saturated wash water obtained after filtration was contacted with CO, and the
resulting CaCO,-containing solution was allowed to settle. The pretreatment
conditions and the corresponding calcium contents are given in Table 14 and
Table 15, respecﬁvely.

The first three samples (D, E, and F) used six washings whereas
the other samples used ten washings. For a lime loading of 10 g Ca(OH),/ 100
g dry bagasse (Samples D and E), with six washings, the calcium concentration
was reduced to about 1.7 g Ca/100 g dry bagasse, and for a lime loading of 15
g Ca(OH)2/100 g dry bagasse (sample P) with six washings, the calcium
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concentration was reduced to about 2.2 g Ca/100 g dry bagasse. Thus about
75% of added calcium was removed. |
Sample F and G received the same lime treatment. Whereas
sample F was washed six times Sample G received four additional washings.
These additional washings reduced the residual calcium content from 2.2 to 1.5
g Ca/100 g dry bagasse. Thus ten washings were able to remove 86% of the

~ added calcmm.

Since it is possible that the calcium atoms are chemlcally bound
to the cellulose and other macromolecules of bagasse, simple washing with
water may not work beyond a certain limit. To explore the possibility that
bound calcium ions (+2), could be replaced by NH4+ ions, the lime-treated
bagasse was washed with an ammonium hydroxide solution. The ammonium
hydroxide concentration varied from 0.2 to 8.7 g NH,0H/100 g water. The
KH,0H was a 30% (w/w) solution of ammonia in water.

These experiments shoved that the ammoniated wash water was
not able to further recover calcium.

' In all the previous samples, ammonia was added to the
carbonated water to adjust the pH to 9.5. This ensured that the carbonate ions
dominated, thus enhancing the precxplta.tmn of CaCO,. For Samples R and I,
samples for calcium analysis were drawn from settled wash water that was
carbonated to pH 6.7, and also from settled carbonated wash water that has
been raised to pH 9.5 by adding ammonia. It was found that it was essential
to have the pH about 9.5 in order to effectively recover the CaCO,. Although
this experiment used ammnonia to adjust the pH to 9.5, industrially this would
be achieved by having a good control on the C0, addition. After lime

treatment, the pH is about 11.5. Only the amount of C0, needed to reduce the
PH 10 9.5 would be added. )
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All the recovery experiments show that except for lime loading,
the other pretreatment conditions (i.e. treatment time, temperature and water
loading) do not affect the recovery process. To determine if there are
pretreatment reactions that hinder the recovery process, lime was recovered
from untreated material, i.e. a physical mixture of bagasse and Ca(OH),. The
calcium concentration in the wash water had a pattern similar to the other
samples. The residual calcium content was 1.3 g Ca/100 g dry bagasse which
is the lowest obtained from all the recovery experiments. Thus, there seems

to be greater calcium binding to the biomass resulting from pretreatment
. proceSs. However, the effect is small since ten washings of pretreated material
had residuals of about 1.5 to 1.7 g Ca/100 g dry bagasse. Thus, there is not
much difference in the recovery process for the pretreated material and for the
untreated material.

An important question is how far can one atmosphere C0, lower
the pH. Trichoderma reesei cellulase operates at pH 4.8. The pH of pretreated -
biomass is about 11.5, so an acid must be added to lower the pH. During
alcohol fermentation processes, much C0, is generated, so it will be the
cheapest acid for pH adjustment. To answer this question, a simple
experiment was performed in which a few lime-saturated wash water samples
were bubbled with 1 atmosphere C0, for about 15 min. The minimum pH that
was reached was about 6.5. Thus a stronger acid than C0, will be required to
lover the pH to 4.8. It would be more desirable to use a cellulase system that
operates at pH 7 such as those in bacteria (e.g. Clostridium thermocellum).

Thus it is seen that calcium hydroxide is an excellent
pretreatment agent. Many different conditions produced high sugar yields.
There was no significant effect of water loading on sugar yields, although 10
g water/g dry material produced slightly higher yields. Lime loadings of 10
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and 15 g Ca(OH),/100 g dry material worked well. It was generally found that
the lover temperatures (50°C, 65°C) required longer times (24 hours), whereas
higher temperatures (135°C) needed shorter times (1 hour) to produce high
yields.

The recovery process was able to reduce the calcium content in
biomass from 8.1 to about 1.5 g Ca/100 g dry material, thus recovering 86%
of the added calcium.

Example 17 Circulation Methods

To prevent the addition of excess lime, the biomass may be
 contacted with a solution of hot lime water. This may be accomplished in a
number of ways: .

Method 1: A solution of hot (temperature range of from about 40°C
to about 150°C) saturated lime water is circulated through a packed bed of
biomass for a time period of from about 1 hour to about 36 hours. As the .
solution exits the bed, it is heated to replace heat loss in the packed bed. The
solution of saturated lime water can be prepared by mixing excess lime with
water and separating the excess solid lime from the water phase by filtration,
hydroclone separation (Figure 6), settlement, or centrifugation.

Method 2: A solution of hot (temperature range of from about 40°C
to about 150°C), saturated lime water is circulated through a stirred slurry. of
biomass for a time period of from about 1 hour to about 36 hours. The
biomass is separated from the solution by a filter, hydroclone (Figure 7),
settler, or centrifuge. As the solution exits the hydroclone, it is heated to
replace heat loss in the stirred slurry of biomass. The solution of saturated
‘lime water can be prepared by mixing excess lime with water and separating
the excess solid lime from the water phase by filtration, hydroclone separation
(Figure 7), settlement, or centrifugation.”
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In either Method 1 or Method 2, the lime solids must always be
kept in contact with hot water at the highest temperature in the loop, such as
between 40°C and 150°C. This is required because lime is relatively more
soluble in cold water than in hot water. if the water contacting the lime solids
were cold, it would dissolve too much lime. Then, if the lime solution were
- heated later, lime would either precipitate out and foul the heat exchanger or
- deposit on the biomass. This explains why the water is heated before it
contacts lime solids rather than after.
Example 18 Different Permutations
The materials needed for this invention include: Biomass, lime,
or calcium hydroxide, and water. The manipulative procedures for this
invention include: Mixing, heating, and simultaneous mixing and heating.
- Thus, these materials and procedures are capable of a mumber of permutations,
as diagrammatically shown in Figure 8. The notations used in Figure 8 are: L -
- lime; W - water; B - biomass; M - mixing; H - heating; and M & H -
simultaneous mixing and heating. An arrow in Figure 8 signifies adding,
introducing, or a step to be performed.
Example 19 Lime Treatment Process for Ruminant Animal Feed Production
Figure 9 shows the lime treatment process for ruminant animal
feed production. The lime may be added directly to the biomass, as shown.
Alternatively, the biomass may be contacted with a circulating solution of
saturated lime water to avoid excess lime addition. Regardless of the addition
method, the raw biomass is soaked in hot (ca. 65°C) lime water for about 24
hours. Then, after the reaction is complete, the lime water is circulated
through an adsorption column where it is contacted with carbon dioxide. The
carbon dioxide reacts with the lime to form insoluble calcium carbonate which

is filtered out and sent to a lime kiln. The calcium carbonate is heated to
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about 1200°C in the lime kiln which drives off the carbon dioxide. The hot exit
gases (primarily carbon dioxide with some nitrogen from the combustion air)
are cooled in a countercurrent beai: exchanger recovering high-pressure steam
that may be used for electricity production and/or process heat. The cooled
carbon dioxide is recycled to the absorption column where the carbon dioxide
again reacts with lime water. Inert, such as nitrogen, will exit the absorption
column. Make-up carbon dioxide must be added to replace any losses.

The circulating lime water will contain free sugars and protein
extracted from the biomass. In addition, there will be some calcium acetate
p’roduced from the acetyl groups on the hemicellulose. A bleed stream will be
taken off from the circulating loop that will be acidified with sulfuric acid so
the calcium ions are precipitated as gypsum. 7he fres sugars, protein, and
acetic acid (HAc) will be concentrated by an appropriate technology (e.g
reverse osmosis or multi-effect evaporation). It may be sold as monogastric
(e.g. chickens, pigs) animal feed.

The treated biomass will emerge from the proi:ess in a wet state.
If the ruminant animals are located close to the processing plant, they may eat
it directly in the wet state. If it must be stored for awhile before it is
consumed, it may be dried in the steam driers we have previously described in
past disclosures.

Example 20 Pretreatments with Calcium Hydroxide and Pressurized Oxygen

Oxygen is believed to partially oxidizes the lignin which opens the
biomass structure making it more enzymatically digestible. Oxygen from high-
pressure oxygen tanks was added to samples of newspaper under increasing
pressure (Figure 10). Treatment conditions were consistent with those
previously described. Temperature of the biomass was 120°C for 24 hours with

30 g calcium hydroxide/100 g dry newspaper, and water at 16 g/g dry
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newspaper. Increasing amounts of oxygen-containing gas was introduced to
samples of newspaper from high-pressure tanks. After pretreatment, samples
were digested enzymatically and the yield of glucose determined after three
days. Newspaper treated with only lime resulted in a yield of 418 mg eq.
gliucose/g dry newspaper. For comparison purposes, untreated raw newspaper
yields 240 mg eq. glucose/g dry newspaper. With 20 pounds/square inch gauge
(psig), glucose yield increased over 10%. With increasing oxygen pressure up
to 100 psig, glucose yield increased to over 500 mg eq.

Useful oxygen pressures are between about 20 psig to about 500
psig and preferable are between about 100 to about 400 psig. Oxygen is
supplied to the biomass from high-pressure sources such as pure oxygen gas,
oxygen-containing gas, or compressed air.

In 2 second series of experiments (Figure 11), samples of
newspaper were pretreated with lime at 30 g/100 g dry newspaper, water at 6
g/g dry newspaper, and oxygen at 100 psig. These sample were pretreated for
up to 24 hours. The pretreated samples were enzymatically digested and the
sugar content determined. Maximal yield with oxygen pressures of 100 psig
was observed at three hours of pretreatment - S80 mg eq. of glucose/g of dry
newspaper.

Other embodiments and uses of the invention will be apparent
to those skilled in the art from consideration of the specification and practice
of the invention disclosed therein. It is intended that the specification and
examples be considered exemplary only, with the true scope and spirit of the
invention being indicated by the following claims. |
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58 CLAIMS | 1. A nethod for pretreating a l'i gnocel | ul ose- contalnlng
hi omass to render the biomass anenable to digestion conpr|5|ng

a) provi ding the |ignocellul ose-containing biomass, b)
addi ng cal ci um hydroxi de and water to the bionmass to forn1a m Xt ur e:
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Table 9. Summary of conditions used during various newspaper cxpcrimcnls;
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c) . addi ng an oxi di zi ng agent, selected fromthe group consisting of
oxygen and oxygen-contai ni ng gasses, to the m xture under pressure; and
d) mai ntai ni-ng the m xture at an el evated tenperature and for a period
of tinme sufficient to render the biomass of the m xture amenable to
di gesti on. 2. The nethod of claim1 wherein the
| i gnocel | ul ose-cont ai ni ng bi omass contains greater than 20%/i gnin.

-52-

Loading

Lime Loading
(g Ca(OH),
/100g)

10
5,10,15,20
5,10,15,20
5,10,15,20
5,10,15,20

Temp.
65
65
50
8
125

(°O)

 E—— Time
| (hours)
324
13
324
13,24
1,3,12,24

b
|
]
E

‘=
]
-
L

m

Table 10. Summary of conditions used during various wheat straw experiments.
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3. . The nethod of claim1 or 2 wherein the oxidizing agent is added to

the mxture at a pressure of between about 20 to about 500 psig. 4.
The nethod of any one of the preceding clains wherein the m xture contains
bet ween about 6 to about 19 grans of water per gram of dry bionass. . 5.

The net hod of any one of the preceding clains wherein the m xture contains

bet ween about 2 to about 30 grans of: cgk&iunlhydroxide per 100 grans of dry
bi omass. :
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Table 11. Conditions resulting in high yields from lime treated wheat straw.
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6. . The method of any one of the preceding clainms wherein the
| i gnocel | ul ose- '

This is the replacenment sheet
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Water Loading (g/8)

Ca Loading
(g/100 g)

Table 12. Conditions used for treating bagassc for continuous recovery.
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contai ning biomass is selected fromthe group consisting of grass, wood,
bagasse, straw, paper, plant material, and conbi nations thereof. 7.

The net hod of any one of the preceding clains wherein the mxture is
mai nt ai ned at the tenperature of between about 40[err]C to about 150[err]C.
8. The nethod of any one of the preceding clains wherein the period
of tinme IS Fhekieotea ke ad—about 36-BHurs.

Bagasse
g/100 g
(ppm)

~ Calcivm Conc. in

Table 13. Change in calcium concentration during continuous recovery.

i .Calcium Conc. in Wash
Water
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9. . The nethod of any one of the preceding clains wherein the
mxture is naintained at a tenperature of about 120[err]C, for about 3

hours, and the oxidizing agent pressure is about 100 psig. 10. A
met hod for ‘converting a |ignocellul ose-containing biomss into a useful
product conpri sing: a) provi di ng the
| i gnocel | ul ose-containing bionmass; . -_gg-
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b) . addi ng cal ci um hydr oxi de and wat er to'the bi omass to forma m xture;

c). addi ng an oxi di zi ng agent, selected fromthe group consisting of
oxygen and oxygen-contai ning gasses, to-the m xture under pressure;

d) mai nt ai ni.ng the oxidized m xture at a tenperature and for a period of
time sufficient to render the biomass offbhe m xture anenable to digestion;
and : a ',, --7""7--7; HaValllla iaVa -

2 omass of the m xture to

convert the b orrass |Hto t hd ugef {l Jroduct. \
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-60 11. The nethod of claim 10 wherein the biomass is di gested by
acid hydrolysis, enzymatic action, fernentation, or a conbination thereof.

12. A useful product nade by the method of claim 10 or 11.
58
CLAIM
1; A method for pretreating a lignocellulose-containing biomass to render the

biomass amenable to digestion co_mprising:
a) providing the lignocellulose-containing biomass,
b) adding calcium hydroxide and water to the biomass to form a mixture:
c) | adding an oxidizing agent, selected from the group consisting of oxygen
.and oxygen-containing gasses, to the mixture under pressure; and
d) maintaining the mixture at an elevated temperature and for a period of

_ time sufficient to render the biomass of the mixture amenable to digestion.

2. The method of claim 1 wherein the lignocellulose-containing biomass contains

greater than 20% lignin.

3. The method of claim 1 or 2 wherein the oxidizing agent ié added to the

mixture at a pressure of between about 20 to about 500 psig.

4. The method of any one of the preceding claims wherein the mixture contains

between about 6 to about 19 grams of water per gram of dry biomass.

5. The method of any one of the preceding claims wherein the mixture contains

between about 2 to about 30 grams of calcium hydroxide per 100 grams of dry biomass.

6. The method of any one of the preceding claims wherein the lignocellulose-

* c L L] S *
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13. = The useful product of claim 12 which conprises a chenical

f eedst ock. 14. The useful product of claim 12 which conprises a
f uel . 15. The useful product of claim 12 which conprises an

al cohol, an organic acid, a sugar, a ketone, a fatty acid, or a

conbi nation thereof. .16. A neg&od for recovering calciumfroma

bi omass pretreatnent process
containing biomass is selected from the group consisting of grass, wood, bagasse, straw,

paper, plant material, and combinations thereof.

7. The method of any one of the preéed_ing claims wherein the mixture is

maintained at the temperature of between about 40°C to about 150°C.

8. The method of any one of the preceding claims wherein the period of time is

between about 1 and about 36 hours.

0. ~ The method of any one of the preceding claims wherein the mixture is
maintained at a temperature of about 120°C, for about 3 hours, and the oxidizing agent

pressure is about 100 psig.

10. A method for.converting' a lignocellulose-containing biomass into a useful
product comprising: |

a) providing the lignbcellulose-containing biomass;

b) adding calcium hydroxide and water to the biomass to form a meture,

c) adding an oxidizing agent, selected from the group consisting of oxygen
and oxygen-containing gasses, to the mixture under pressure;

d maintaining the oxidized mixture at a temperature and for a period of
time sufficient to render the biomass of the mixture amenable to digestion; and

) digesting the pretreated biomass of the mixture to convert the biomass

into the useful product.

This is the replaceheht sheet
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conprissi ng: a) pretreating the biomass with cal ci um

hydr oxi de and water to the biomass forma m xture, adding an oxidi zi ng
agent, selected fromthe group consisting of oxygen and oxygen-cont ai ni ng
gasses, to the m xture under pressure, and maintaining the mxture at a
tenperature and for a period of tinme SUféd cient to-render the bionmass of
the m xture anenable to digestion; b) carbonating the

D e borar S X Ur CTRE nfkehdd O lah? 10" ikrdil 1he Blonkads is BiEGEP LY AL HArSyHE)

car bonat e;""a

enzymatic action, fermentation, or a combination thereof.

12. A useful product made by the method of claim 10 or 11.
13. ~ The useful product of claim 12 which cpmprises a chemical feedstock.
14, The ixsgful product of claim 12 Which comprises a'fuel.
15. The useful product of claim 12 which comprises an alcohol, an drganic acid,

a sugar, a ketone, a fatty acid, or a combination thereof.

16. A method for recovering caicium from a biomass pretreatment process
comprising:

a) pretreating the biomass with calcium hydroxide and water to the
biomass form a mixture, adding an oxidizing agent, selected from the group consisting of
oxygen and oxygen-containing gasses, to the mixture under pressure, and maintaining the
mixture at a temperature and for a period of time sufficient to render the biomass of the
mixture amenable to digestion;

l:J) carbonating the pretreated mixture or a liquid pbrtion therebf to

_ precipitate calcium carbonate; and

c) recovering the precipitated calcium carbonate.

17. " The method of claim 16 wherein the pH of the carbonated mixture is between

This is the replacement sheet
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c) recovering the precipitated cal cium carbonate. 17. The
met hod of claim 16 wherein the pH of the carbonated m xture is between
61 _

61
about 8.5 and about 10.5.

18. The method of claim 16 or 17 further comprising heating the carbonated

mixture to form carbon dioxide and calcium oxide, and recovering the calcium oxide.

19. The method of any one of claims 16 to 18 wherein the precipitated calcium
carbonate is recovered by filtration, hydroclone separation, sedimentation, centrifugation,

or a combination thereof.

20. A method for recovering calcium from a biomass pretreatment process
comprising: |
| a) pretreating the i)iomass with calcium hydroxide and water to the
biomass form a mixture; adding an oxidizing agent, selected from the group consisting. of
oxygen and oxygen-containing gasses, to the mixture under pressure; and maintaining the
mixture at a temperature and for a period of time sufficient to render the Biomass of the
mixture amenable to digestion;

b) adding a carbonating agent to the pretreated mixture to form calcium
carbonate;

¢)  digesting the carbonated xhixture;

d) separating the digested mixture into a useful product and a residual

mixture;

e) heating the residual mixture to convert the calcium carbonate into

calcium hydroxide; and

) recovering the calcium as calcium hydroxide.
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about. 8.5 and about 10.5. 18. The method of claim 16 or 17 further
conprising heating the carbonated m xture to form carbon di oxi de and

cal cium oxi de, and recovering the cal ci um oxi de. 19. The net hod of
any one of clainms 16 to 18 wherein the precipitated cal cium carbonate is
recovered by filtration, hydrocl one sep tion, sedinentation,
centrifugation, or a conbination there

21. The method of claim 20 wherein the carbonating agent is carbon dioxide gas.

22. The method of claim 20 or 21 wherein the heat is provided by burning the

remaining lignin of the digested biomass.

23. - A method for recovering calcium from a bioniass pretreatment process
comprising: |

a) pretreating the biomass with calcium hydroxide and water to form a
mixture and maintaining the mixture at a temperature and for a period of time sufficient
to render the biomass of the mixture amenable to digestion;

b) carbonating the mixture or a liquid portion thereof to precipitate

calcium carbonate; and

©) recovering the precipitated calcium carbonate.

24. The method of claim 23 wherein the ph of the carbonated mixture is between

about 8.5 and about 10.5.

25. The method of claim 23 or 24 further comprising heating the carbonated

mixture to form carbon dioxide and calcium oxide and recovering the calcium oxide.

26. The method of any one of claims 23 to 25 wherein the precipitated calcium
carbonate is recovered by filtration, hydroclone separation, sedimentation, centrifugation,

or a combination thereof.
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20. . A method for recovering calciumfrom a bi omass pretreat nent
process conpri sing: a) pretreating the biomass with cal ci um
hydroxi de and water to the biomass forma mxture; adding an oxidi zi ng
agent, selected fromthe group consisting of oxygen and oxygen-contai ni ng
gasses, to the m xture under pressure; a mai ntaining the mxture at a
tenperature and for a period of tinme sufficient to render the bionass of

the mxtupe amenaly Gudfod! @F YebSRring calcium from a biomass pretreatment process
comprising:
a)  pretreating the biomass with calcium hydroxide and water to the
biomass form a mixture, and maintaining the mixture at a temperature and for a period
of time sufficient to render the biomass of the mixture amenable to digestion;

b) adding a carbonating agent to the pretreated mixture to precipitate

calcium carbonate;

c) digesting the carbonated mixture;

d) separating the digested mixture into a useful product and a residual
mixture;

e) heating the residual mixture to convert the calcium carbonate into

calcium hydroxide; and

) recovering the calcium as calcium hydroxide.
28. The method of claim 27 wherein the carbonate agent is carbon dioxide gas.
29. The method of claim 27 or 28 wherein the heat is provided by burning the

remaining lignin of the digested biomass.

This is the replacement sheet
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b) .adding a carbonating agent to the pretreated m xture to form cal ci um
car bonat e; c) di gesting the carbonated m xture;

d) separating the digested mxture into a useful product and a residual
m xt ure; e) heating the residual mxture to convert the

cal cium carbonate into cal cium hydrox+ dgg and ~f—?———r—ecmz.er_|_ng_
the cal cium as cal ci um hydroxi de. . THIS SHEET HAS BEEN
i REPLACED

METHODS OF BIOMASS PRETREATMENT
ABSTRACT

‘The invention is directed to methods for the
pretreatment of a lignocellulose-containing biomass.
Pretreatment comprises the addition of calcium
hydroxide and water to the biomass to form a mixture,.
and subjecting the mixture to relatively high
.temperatures for a period of time sufficient to render
the biomass amenable to digestion. The pretreated
biocmass is digested to produce useful products such as
feedstocks, fuels, and compounds including £fatty
acids, sugars, ketones and alcohols; Alternatively,
the pretreatment process includes the addition of an
oxidizing agent, selected from the group consisting of
oxygen and oxygen-containing gasses, to the mixture
under pressure. The inventiqn is also directed to a
method for the recovery of‘calcium from the pretreated

biomass.

his Sheet Has Been RTlaced

TR

This is the replacement sheet

Date: 1 3 HAR }997



62 21. ‘The nmethod of claim 20'_55 {/\,he.,rei n the carbonating agent is
cayr bon di oxi de gas. 22. The nethod of claim 20 or 21 wherein the
heat is provided by burning the remaining lignin of the digested bionass.
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23. . A nmethod for recovering calciumfroma biomass pretreatnment
process conpri sing: a) pretreating the biomass with cal ci um
hydr oxi de and water to forma mxture and nmaintaining the mxture at a
tenperature and for a period of time sufficient -to render the biomss of
the m xture anenabl e to digestion; b) * carbonating the m xture
or aliquid portion thereof to precipktate cal ci um car bonate; and
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c) Jyecovering the precipitated cal cium carbonate. 24. The

nmet hod of claim 23 wherein the ph of the carbonated m xture is between
about 8.5 and about 10.5. 25. The met hod of claim 23 or 24
further conprising heating the carbonated m xture to form carbon di oxide
and cal ci um oxi de and recovering the cal ci um oxi de.
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26. N The nethod of any one of clains 23 to 25 wherein the

preci pitated cal cium carbonate is recovered by filtration, hydroclone
separation, sedinentation, centrifugation, or a conbination thereof.
This is the replacenent sheet ‘
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63 27. A method for recovering calciumfroma biomass pretreat nent
process conpri sing: a) pretreating the biomass with cal ci um
hydroxi de and water to the biomass forma mxture, and maintaining the

m xture at a tenperature and for a period of time sufficient to render the
bi omass of the m xture anmenable to di gestion; b) addi ng a
carbonating agent to the pretreated-niéture to precipitate calcium

car bonat e; :

FIG. 6
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c) . digesting the carbonat ed m xture; : d)

separating the
digested m xture into a useful product and a residual

m xture
ey heating the residual m xture to convert the cal cium carbonate into
cal ci um hydr oxi de; and f). recovering the cal ciumas cal cium
. hydr oxi de. 28.

The met hod of claim 27 wherein the carbonate agent

6

I s carbon dioxide gas.
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The nethod of claim 27 or 28 wherein , _
- e the heat is
remaining lignin of the digested bi omass. I's provided by

burnl ng the

29.
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FIG. 10
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- 64 -
METHODS OF BIOMASS PRETREATMENT
ABSTRACT

The invention is directed to methods for the
pretreatment of a lignocellulose-containing biomass.
Pretreatment comprises the addition of calecium
hydroxide and water to the biomass to form a mixture,
and subjecting the mixture to relatively high
temperatures for a period of time sufficient to render
the biomass amenable to digestion. The pretreated
biomass is digested to produce useful products such as
feedstocks, fuels, and compounds including fatty
acids, sugars, ketones and alcohols. Alternatively,
the pretreatment process includes the addition of an
oxidizing agent, selected from the group consisting of
oxygen and oxygen-containing gasses, to the mixture
under pressure. The invention is also directed to a
method for ti:.e recovery of calcium f£from the pretreated

biomass.
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