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. . ; ME'IHODS OF BIOMASS~ 
Backgroundgf the Inyention / 

1. Field of the Invention 
'Ihe invention relates to methods for the pretreatment of a lignin 

S c:nntahring bioinass to render the biomass arm:nablc to digestion. Pretreatment 

comprises the ·addition of calcium hydroxide and water to the biomass to fotm 

a mmme, and maintaining the mixture at a relatively high temperature. 

Altematively, an oxidizing agent, selected from the group consisting of oxygen 

and oxygen-containing gass~ may be added under pressure to the mixture. 

10 The invention also relates to the digested products of the pretreated biomass 

which ·includes useful feedstoclcs, 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 

15 Biomass can be classffied in three main categories: sugar-, starch· 

.ind ccllulose--contaiiiing plants. Sagar-conurining planu (e.g.. sweet sorghum, 

sugarcane) and Starcb-comainingpla:n1S (e.g. com, rice, wheat. sweet potatoes} 

are primarily used as food sour~. Cellulose-contaimng plants and waste· 

products (e.g. grasses, wo~ bagasse, straws) are the most abundant forms of 

20 biomass. Although they are not easily converted to useful pro~ 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 pnerally referred to as · 

25 lignocellulosics because they contain cellulose ( 40% • 60%), hemicellulose 

(20%-40%) and lignin (10% -25%). Non-woody
0

bioma5s generally contains 

less than about 15·20% lignjn. Cellulose, a glucose polymer, am be hydrolyzed 
'. . 
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to glucose usipg acid. e~ or microbes. Glucose can serve as a feedstock 

for fuel alcohol and singl~cell protein production. Microbial hydrolysis 

produces cellular biomass (sin&Je-cell protein) and metabolic waste producu 
such as orpuic acids. Acid hydrolysis, although simple, produces niany 

S undesirable dogradation products. Enzymatic hydrolysis is the cleanest and 

most preferred approach. However, production of enzymes, mainly cellulase 
and cellobiase, can be an expensive step. Apart from alcohol production, 

li111ocellulose can be used as Inexpensive cattle feed. Since raw lignocellulose 

cannot be easily digested by cattle, it must be processed to improve its 

10 digesti"bility before it can be fed to n11ninants. Also, anaerobic fermentation 

usi:f1& rumen microorganisms can prodnce low molecular weight volatile fatty 

acids. 

Cellulose is the world,s most abundant biol~gical material. 

Approximately 40% to 45% of the chy weight of wood species is cellulose. The 

1S degree of polymerization ranges from 500 to 20,000. Cellulose molecules are 

completely linear, mibranched and have a strong tendency to form. inter- and 

bma-molecular hydrogen bonds. Bundles of cellulose molecules are thus 

aggregated together to form microfibrils in which highly ordered (crystalline) 

regions alternate with less ordered (amorphous) regions. Microfibrlls make 

20 fibrils and fi:nally cellulose fibers. As a c:omequence of its fibrous structure and 

strong hydrogen bonds. cellulose hu a very high tensile mength 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, 

2S although origiDally 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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common DlOJ!Omers are glucose. plactose and mannose (the hexoses) and 

xylose and arabinose (the pemoses). Most hemicelluloses have a degree of 

polymcm.ation of only 200. Hemicelluloses can be classified in three families, 

xylans, rmmnans and p1acr.ans, named for the backbone polymer. 

S I .ipin is the world's most abundant uon-carbohydrate 

biomaterial. It is a three dimensional macromolecule of enormously high 

moleeular weight. Since i1s units are extemively cross-linked, it is diffic:W.t to 

define an iDdividual molecule. Ugnin provides strength by binding cellulose 

fibrils together. Being hydrophobic in nature, it prevents water loss from the 

10 vasadar system and, being highly resistant to enzymatic degradation, it protects 

plants from insects and micro~ attack. 

Phenylpropane, an aromatic compound, is the basic structural 

unit of ligaiD. lbe monomers not only cross-link with each other, but also 

covalently bond to bemicellulose. A great constraint to cellulose and 

15 hemicellulose acx:essibility is the presence of Jignin It haS been shown that 

dec:re•ed lip.in ccmtcnt awscs increased digesti~. Up;n can be removed 

by physical. chemical. or enzymatic treatments. It mun 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 ceDulose fairly intaet. Conventional pulping processes, such as 

Kraft and sulfite pulping, are too costly as bioconversion pretteatmems. Also, 

. economical use of the removed 1ignin is dliiicult because its chemical structure 

and size distnbu.tion are highly heterogeneous. 

Another major detmrent to enzymatic cellulosic hydrolysis is the 

25 highly ordered m.olec:alar packing of its crystalline regions. Cellulolytic 

enzymes readily degrade the more accessible amorphous ponions of cellulose, 

but are unable tO attack the less accessible crystalline materlal.. Thus, 
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enzymatic hyqrolysis rates increase with decreasm1 c:eystalliney index measured 

by x .. ray dfffraction methods. 

'Ibe moisture content of cellulose fibers influences enzymatic 

degradation. Cellulosic: materials are ~vely protected from deterioration 

S by enzymes or microbes provided the moisture content is maintained below a 

critical level characteristic of the material and the organimi involved. In 

1cueral, tbis 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 c:ellulose molecules, thus opening up the fine 

10 structure and increasing enzyme ac:ce~ (2) it provides a dfffllsion medium for 

enzymes and for partial degradation products, and (3) it is added to cellulose 

during hydtolytic cleavage of the ,llycosidic links of each motec:uie. 

'lbe smface area of lignocellulose is .another ~ortant factor 

that. determmes suscepn"bility to enzymatic degradation. It is important 

15 because contact between enzyme molec:ules and the cellulose surface fs a 

prerequisite for hydrolysis to proceed. A few other factors that also influence 

susceptibility include size and diffusibility of em.yme molecules in relation to 

me and smface properties of capillaries, unit cell dimensions of cellulose 

molecules, and conformation and steric rigidity of hydro.glucose units. 

20 To enhance susceptl"bili1;Y to enzymatic hydrolysis, lignocellulose 

preucatmcm.t is an essential requirement. The betero1=eous enzymatic 

degradation of lignocellulosic:s is primarily governed by its suuctural features 

because (1) cellulose poucsses a bigbly resistant crystalline suucture, (2) the 

lignin surrounding the cellulose forms a physical burier and (3) the sites 

25 available for enzymatic attack are limited. An ideal pretreatment, therefore. 

would reduce lignin content. with a concomitant reduction in aystallinity and 

increase in surface area. Pretreatment methods can be classified into physical, 
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chemical, ph~icochmnical, and biological. depenm111 on the mode of action. 

lbe 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 employ fungi for :microbial de­

ligllification to make ceDulose more aCcessible. Major biological lignin 

degraders are the higher fungi. Arcomyceta and Basidiomycetes. Fungal 

degradation is a slow process and most fungi attack not oDly li~ but 

ccl1ulose also, thus resulting in a mixture of lignin fragments and sugars. 

10 lmprC>vements may require developing more specific and efficient microbes. 

Ph,ysical Pretreatments 

Physical pretteaurumts can be classified in two sem:ral categories: 

mechanical (involving all types of mmiag) and nonmechanical ~involving high­

pressme steaming, high energy radiation and pyrolysis). During mechanical 

15 pretreannents, physical forces. (e.g. shearlng, compressive forces) subdivide 

lignocellulose into finer partides. These physical forces reduce cry&tallini.ty, 

particle size and degree of polym.orization and increase bulk density. These 

structural changes result in a material more susceptible to acid and enzymatic 

hydrolysis. However. due to enormously high operating costs associated with 

20 the high energy requirements, low yields and large time requirements, these 

mechanical pretreatments are not practical. Nonmechamcal physical 

pretreatment methods also increase digesn"bility, but have s;muar disadvantages 

and thus are not economical for real processes. 
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.fbvsicdchemical ·Pretrptments 

Steam explosion and Ammonia Fiber Explosion (AFEX) are the 

main physicochemical pretreatmenr.s. Steam explosion heats wetted 

lignocellulose to mp temperatures (about 25.C) and releases the presmre 

5 imumtly. Due to rapid decompression, which flashes the water trapped in 

fibers, physical size reduction occurs. The high temperatures remove acetic 

acid from hemicellulose, so tms process results in some autohydrolysis of the 

biomass. These changes result in better digestibilities, but the severe 

conditions also produce degradation produc:ts that inhibit hydrolysis and 

10 fermemation. These products are removed by washing with water which results 

in a loss of water soluble bemicellulose. Thus, although digestibilities are 

improved, biomass degradation and protein denaturization limits the use of 

steam explosion. 

The APEX pretreatment process soaks lignocellulose in liquid 

1S ammonia at high ~ure and then explosively releases the pressure. 

Pretreaanent conditions (30"C - tOO"C) are less severe than steam explosion. 

All increase in accessible smi'ace area coupled with reduced cellulose 

crystallinity (caused by ammonia contacting) result in increased enzymatic 

digestt'bility. However, use of ammonia (a hazardous chemical) and the high 

20 pressure release makes the process quite complex and energy intensive. 

Chemical Pretreapnents 

Many chemical treatments have been used for lignin removal and 

destruction of the lignin crys~ structUre. Of these chemicals, acids, pses, 

oxidizing agents, cellulose solvents, and solvent extraction agents, are aii able 

2S to increase digesti"bility, but are not as popular as alkalis. Economics, simpler 

processes and less degradation favor alkalis as chemical pretreatment agems. 

However. most of these are process for paper pulping and involves the 
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complete or _nearly complete dcsuuc:tion of ligniD, and a corresponding 

desuuciion of cellulose. Althoup unimportant in pulpiD& these pulping 

process. are quite severe and not useful as pretreatments for biomass. 

Furthermore, the traditional pulping processes used by the paper industry are 

S too expensive as lignocellulose pretreatment methods. 

U.S. Patent No. 4,644,060 to Chou is directed to the USll of super· 

critical ammonia to increase lipocellulose digestibili1¥. 

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

to the guification of biomass or coal which is an endothermic process. These 

10 patems ·also relate to a' method ~ adding tbe required thermal energy by . 

reading lime with carbon dioxide which is an emthennic reaetion. 

U.S. Patent No. 4,391,671 to Azarnioueh is directed to a method 

for calcining calcium carbonate in a roimy lciln. The reference relates to the 

paper/pulp industry where the calc:ium carbonate would be contaminated with 

15 waste biomass. The waste biomass is burned to provide the needed heat of 

reaction. 

U.S. Patent No. 4,356,196 to Hulqmst is directed to trea1iDg 

biomass witb ammonia. 

U.S. Patem 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 RoboIU is direclcd to the use of 

· · lime and mechanical beating to convert pulp into a hydrated gel. There is no 

mention of Ume -recovery or enzymatically hydrolyzing the hydrated gel. 

U.S. Pa.tent No. 4,064,276 to Comadsen directed to a process 

where biomass is covered with a tarp and then ammoniated with ammonia, 

whicb is allowed to dmipate into the atmosphere. 

iiii1ii1iiUr 
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U.S. Patent No •. 3,939,286 to Jelks is directed to oxidizing 

biomass with high-pressure oxygen under elevated temperatme and pressure 

in the presence of an acid catalysl:p and a metal ca~ ferric chloride, to 

break .lignin bonds and to increase. digestibility. The catalysts are described as 

S 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 ltirected to production of 

slow-release nonprotein nitrogen m ruminant feeds. An amide, urea, is reacted 

with waste carbohydrates in the presence of an add catalyst. 'Ihe resulting 

10 :material is pelleted and used as animal feed. Since the nitrogen is released 

slowly in the nun=. 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. 1:he cellulose is 

pretreated with an alkaline compound at a iemperature of between about 60°.C 

1S 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 direeted to the treatment 

20 of waste water effluent derived from a pulping process with calc:ium oxide or 

hydroxide to reduce the fiber and color content of the effluent. 

U.S. Puent No. 4,048,341 to lagemrom et al. is directed to a 

process for increasing the feed. value of lignocellulosic material by contacting 

the material with an alkaline liquid, specifically, sodium hydroxide. The 

2S alkaline liquid, supplied in excess, is allowed to run of! the material before any 

essential alkalimtion effect has been reached. After the liquid absorbed in the 

material bas provided its effect, an acid solution is added to the material to 

This Sheet Has Been Replaced 
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ncuttalize ~e excess alkali. The reference does not disclose the 

interrelationship of temperature and time of alkali treatment, nor does it 

disclose the optimal amounts of the sodium hydr~de and water. 

U.S. Patent No. 4,182,780 to Lagerstrom. et al. is directed to a 

S process for increasing the feed value of Jignocellulosk materials by alkali 

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

closed system under circulation of the treating a.gems. 
U.S. Patent No. 4,515,816 to Anthony is directed to a process in 

which lignocellulose is treated with dilute acid in au amount of about l.S to 

10 2.5% of the dry weight of lign.ocellulose. The mixture is then stored at 

ambient conditions for S to 21 days in an air-free environment. 

U.S. Patent No. 4,842,877 to Tyson is directed to a process for 
. . 

the delignification of non-woody biomass ( <20% ligain). In~ process, non-

woody biomass is treated with a chelating agent. to prevent mmeccssmy 

15 midation, and mamtained at high pH and high temperamres (1S0°F to 31S°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 

20 of hydrogen peroxide. 

The conditions and results of smdies reponed in the literature 

using ammonia (gaseous, anhydrous liquid, or NH.OH) 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 digestability of ruminant feeds, as well as for hydrolysis to glucose, is extensive. 

The literature on calcium hydroxide pretreatment processes is CODSiderabJy less 

compared to that for sodium hydroxide and ammonia. The conditions and 
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results of stu.djes reponed in the literature U$ing calcium hydroxide are shown 

in Table 4. 

1be references cited in the Tables and below are: 

·Anderson, D.C.; Ralston, AT. J. Anim. Sci. 1973; 37, 148. 

S Baker, A.J.; Millett, M.A.; Satter, LD.ACS Symposium Series 1975; 10, 

75. 

Brown, W :F.; Phillips, J.D.; Jones, D.B. J. Anina. Sci 1987; 64, 120S. 

Dawish, A.; Galal, AG. In Proc. Conj. Anbn. Feeds Trop. Subtrop. 

Origin 1975. 

10 Felix, A.; Hill, R.A.; Diana, B . .Anim. Prod. 1990; 51. 47. 

Feist, W.C.; Baker, A.J.; Tarkow, H.J. .Anina. Sci. 1970; 30, 832. 

Ghanl>, F.H.; Meiske, J.C.; Goodrich, R.D.: El Serafy,_A.M.J. Anim. 

ScL 1975; 40(4)p 734. 

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

ts Kellem, R.D.; Herrera-Saldana, R.; Churc~ D.C L Anim. Sci. 1983; 

S6(4), 938. 

Mandels, M.; Hontz, J.R.; Kystrom, l Biatech. Bioeng. 1974; 16, 1471. 

Millet, M.A. et al., l Anlm. Sci. 1970; 31(4), 781. 

Millelt M.A.; Baker, A.J.; Satter, LD. In Bioter:h. Bioeng. Symp. 1975; 

20 s, 193. 

Moore, W.E.; Effland, M.J.; Medeiros, J.E. J. Air. Food Chem. 1972; 

20(6), 1173. 

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

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

25 Rounds, W.; Klopfenste~ T.J. Anbn. Sci. 1974; 39, 251 (abst.). 

Turner, N.D.; Schelling, G.T.; Greene, LW.; Byers, P.M.J. Pl'Od-Agrlc. 

1990; 3(1), 83. 
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Villar~ E.R. Ph.D. ThW Tens A&M Univ. College Station, TX 

1988 .. 

Waiss, AC. et al.~ J. Anim. Sci. 1972; 35(1). 109. 

Waller, J.C.; Klopfenstein, T. J. Anim. Sci. 1975, 41 424 (abstract). 

·s Playne (1984) invastigated the effec:cs of albli treatment and 

steam explosion on bagase cHgesdbmty. 1be digestibility of untreated bagasse 

was 190 I orpnic matter (OM)/kg bapsse diy mauer. It was raised 10: 733 

g organic matter by using NaOH (and also by using Ca(OH), with N~COJ; 

to 430 g OM using. N"Hs; and to 724 g OM using Ca(OH)i. When Ca(Offh 

10 alone was used. a high loadin1(about180 • 300 g Ca(Offh kg baga.sse) was 

used. Gharib et al. (1975) used calcium oxide for in vitro evaluation of 

chemically treated poplar bark. 'Ibey reported that calcium oxide increased in . . 
vitro true digestibility from 38% to 5290 for a 150-day treatmen~ although little 

improvement was found for a l·day treaimmt. Rounds and_ Klopfenstein 

1S (1974) studied the effects of NaOH. KOH, NH.OH and Ca(OH)i on in vivo 

digestibility of com cobs by feeding to lambs and on in vitro digestibility using 

an artificial rumeu. Ca(OH)i alone was unable to increase the in vitro 

digestibility, although rations treated ~th Ca(OH)i + NaOH resulted in higher 

daily gain and feed efficiency for lambs. Waller and Riopfenstein (1975) used 

20 various combinations of NaOH. Ca(OH)2 and NH.OH for treating feed for 

lambs and heifen and reported that the highest daily pin and lowest feed/gain 

was obtained for the 3% NaOH + 1% Ca(OH)i rations. Darwish and Galal 

(1975) used maize cobs treated with 1.S90 Ca(OH), in a milk production ration 

and found no significant change in milk outpuL Felix et al. (1990) evaluated 

25 the effects of ensiling and treating soya-bean maw with NAOH. Ca(OH)2 and 

NH,OH OD mmjnant digestibility. Results indicate that there was DQ significant 
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improvement. due to al1cali treatment of dry and unensiled sttaw, although 

a1bli treatment improved digesaDility of ensiled straw. 

Although the use of calcium hydroxide as a pretreatment agent 

has been demcmstrated, considerably less work has been done employing this 

S chemical. compared to other alkalis. Most of the previous work has. been 

performed by animal scientists trying to develop a veiy simple process to 

increase the lignoceDulose digesti°bilify of animal feed. All these studies were 

ckme ai room temperature or below, at lower water loadings, for veey long 

periods and without any mixillg. These processes required very long treatment 

10 times which is ver; expensive since the reactors must be very lar&e. lhere is 

thus a ~ to improve the currently existing methods of pretreating 

lignocellulose co.ntainiug material to render it amenable to enzymatic: digestion. 

Spmmmy of the Inyention 

One embodiment of the invention is directed to an economical 

lS process for pretreating . a lipocellulose-c:ontaining 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 to an 

economical pretreatment method c:omprlsing adding calchlln hydroxide and 

water tO the biomass to form a mixture, adding an oxidizing agent, selected 

from the amup consisting of oxygen and oxygen-containing gasses, to the 

mixture under pressure. and subjecting the biomass to relatively high 

25 tempenuures for a period of time. The pretteated biomass is digested to 

produce a useful product. 
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Another embodimcnt of the invention is directed to a process for 

recoverl:ag calcium from· a biomass. After pretreatment, the biomass is 

carbonated with a carl>onating agent to form calcium carbonate. Calcium 

carbonate is recovered from the pretreated mixture or recovered after 

5 digestion and can be reconverted into calcium hydroxide. 

Brief Desqiption, of the Drawjpp 

Figure 1 is a schematic diagram of Reac:tor System 3. 

fipre 2 is a glucose cah"b:raticm c:mve for the filter paper assay. 

Figure 3 is an enzyme calibration curve for the filter paper assay. 

10 Figure 4 is a cah"bration curve for the DNS assay. 

Fi&me 5 is a flow diagram for continuous calcium hydroxide recDVel')'. 

Figure 6 is a techematic diagram of one embodiment of using a 

hydrodone to separate lime solids from lime solution. 

Figure 7 is a schematic diagram of another embodiment of using a 

15 hydrodone to separate lime solids from lime solution. 

Figure 8 is a schematic diagram showing ctifferent possible permutations 

of pretreating biomass with lime. 

Figure 9 shows the lime treatment process for ruminant animal feed 

production. 

20 Figure 10 is a graph of oxygen pressure verses yield to show the effect 

of oxygen on the hydfolysis of newspaper. 

Figure 11 is a graph of pretreatment time verses yield to show the effect 

of treatment time on the hydrolysis of newspaper. 
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Descdption Qj the lnyention 

The present mvention eomprises economical methods for the 

pretreatment of a biomass. Pretreatment comprises the addidon of calcium 

hydroxide and water to a biomass to render the biomass susceptible to 

S degradation. Calcium hydroxide is inc:xpemive and much cheaper than other 

alkalis. It is safe to handle anct. UDlike the sodium residue, the calcium residue 

is little or no problem for animal feed. In an artificial nunen, calcium 

hydroxide produces calciwn acetate which is also safe and nontoxic. Calcium 

hydrmrlde (Ca(OHh) as the Hpocellulose pretreatment agent is therefore very 

10 economical. Further, there was also no significant difference in digestibility 

between Ca(OH)2 pretreated material and NH3 or NaOH pretreated material 
• • a1s m. an1m • 

The operating conditiom of the pretreatment methods of the 

invention are a significant improvement over tho existing literature. Previous 

1S researchen n:stricted their operating temperature to ambient ;md below in 

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

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

Raisin& the treatment temperature could decrease tbe treatment time, but rum 

the risk of degrading the lignocellulose. High-temperature treatment 

20 eonditions have been identified that did not degrade the ligu.occllulose and 

resulted in treatment times that were· orders of megrritude shoner. The 

economic impact is significant since the reactor can be orders of m"aguitude 

smaller. 

Further, previous calcium hydroxide (lime) pretreatment methods 

25 med very low water loadings. Since their processes operated at room 
temperature, good heat transfer was not an issue. They could operate with 

very little wat.er sbicc the thermal insulating properties of air were not 

1iiiii1Hr 
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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 enS1lre a mUf~ temperature. Higher water 

loadinp. also provide& a mediwn into which the lime rm more uniformly 

S disperse, but are unattainable using conventional procedures. Consequently, 

most of the previous research iD lime treatment used relatively low lime 

loadinp whereas we were able to realistically consider higher loadings can be 

reallstic:ally CODSidered because a lime recovery process is also incorporated 

into the invention. 

10 In one embodiment, the invention is directed to a method for 

pretreatiDg a llgnocellulose-containing biomass to render the biomass amenable 

to digestion and comprises providing a Jignocellulose-containing biomass. 

adding calcium hydroxide and water to the biomiss to form a :mixture, and 

maintaimng the mixture at an elevated temperature and for a period of time 

1S 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. Ugnocellulose-contaming biomass to which tbe 

process of the invention is directed is preferably biomass containing greater 

than 15% lignin and ~ore preferable biomass containin& P'eatcr than 2090 

20 lipin. 

Preferably, biomass to be pretreated is fed mto 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. 'Ibe 

biomass particles are then combined with calcium hydroxide and water to form 

2S an alkaline biomass mixture. 'Ihe mixture contains between about 6 to about 

19 erams 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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about 50 grams of calcium hydroxide per 100 grams of dry biomass and 

preferably contains about 30 grams of calcium hydroxide per 100 grams of dry 

biomass Depending on the type of biomass, the preferable amount may be 

more or less. Calcium hydroxide ·may be added before or after the water or 

S as an aqueous solution or dispersion. 

'Ibe aqueous calcium hydroxide/biomass mixture is maintained 

jn reaction chambers, which are preferably stainless steel, at between ll;bout 

40•c to about iso•c, preferably betWeen about 1oo•c to about t40•c, and 

more preferably at about uo•c. Depending OD the type of biomass, the 

10 temperature range may be between about 7o•c to about 110°C, between about 

11o•c to about iso•c, or between about so·c to about 65°C. The 

temperature is maintained for beiween about 1 to about 36, preferably between . 
about 1 to about 20 houn, more preferably about 3 hours. Apin. depending 

on the type of biomass, the time period may be longer or shorter such as 

15 between about 15 to about 25 hours. 

Another embodiment of the invention is directed to a method for 

convenin1 a lignocellulose-conwning biomass into a useful product and 

comprises providbJg a lignocellulose-coutaining biomass, adcUng calcium 

hydroxide and water to the biomass to form a mixture, oxygenating the mixture 

20 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 

2S oxygen-containing gasses. Oxygen is also non-toxin and non .. polluting to the 

cnmonment. Calcium hydroxide is added to a biomass as described above to 

form a mixnue. To the mixture is added an oxidizing agent under pressure 



-=======----------~~----------------~--------------

•[ REC:EIYED lilZ/Zlil ZZ:'iB 1996 AT S3Z-71'i9 PAGE ze <PRINTED PAGE Zlil) ] 
20-FEB-1996 15:44 FROM WITHERS & RCEERS TO 90065532714900 P.20 

WQ 94/03'46 PCT/US93/07542 -. 

17 

selected from the group consisting of oxygen and oxygen-rich gasses. 

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

20 to about SOO psig (pounds per square inch gauge), preferably grea.1er than 

about 50 psi& and more preferably greater tban about 100 psig. 

· S After either of the above-described embodiments, the pretreated 

biomass is digested by hydrolysis such as acid hydrolysis, enzymatic actio11t 

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

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

orgamc 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 produds. Due to the relatively &entle pretreatment 

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

higher quality than products obtained after other pretteatment methods. The 

maximum amount of material 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 embodjmen1 of the invention is directed to a method for 

recovering calcium from.a biomass pretreatment process comprisingpretreating 

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

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

oxygen-containing psses tQ 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 ponion thereof to precipitate calcium carbonate, and 

recoverlng the precipitated calcium carbonate. 'Ibe pH of the carbonated 

mixture is between about 8.5 and about 10.S, and preferably between about 9.0 
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and about 10. The calcium carbonate is precipitated in the mixture and ean 

be recovered by filtration, hydroclone separation, seclimemation. centrifugation. 

or by combinations of ihese methods. lbc calcium carbonate may also be 

heated and converted into carbon dioxide and calcium oxide, and the calcium 

S recovered as calcium oxide. 

Alternatively, the pretreated mixture is treated with a carbonaring 

agent, which is preferably carbon dioxide gas which :is bubbled into the mixture, 

fonning calc:ium carbonate. The pretreated and carbonated biomass is digested 

and the· useful product separated &om the remaitdng mixture or residual 

10 mixture. 1be residual mixture, comprisin& lipin and calcium carbonate, is 

heated. for aample in a kiln, preferably a lime kiln, to convert the calcium 

carbonate into calcium hydroxide. lhe heat supplied to the kiln may be 

derived from the buming of the lignin, makin1 for a highly economical overall 

process. 

1S The following examples are offered to illustri.te embodiments of 

the mvention, but should not be viewed as llmidng the scope of the invention. 

P.xamples 

§!!nmle l Sample Prenmtion 

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 cbied in an oven (at BITC) for about 8 hours. Also~ because bagasse · 

deteriorates with storage time, the bapsse used in the present study was more 

rec:aldttaDt than that used by Holtzapple et al., Appl. Biochem. Biotoch. 28/29, 

25 59 (1991). lb.e wheat straw was already clean and did not require washing 

Softwood newspaper was the Bryan/College Station, Texas, Eagle newspaper. 

It was fint. shredded in a paper shredder. All materials were ground by a 

iu1111i1i1 ur 
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Wiley mill to 1 x 1 mm particle aizc and then passed thr011gh a 40 mesh sieve. 

Dry weight analysis was done by placing a small sample in an oven, at BO"C for 

24 ht and measuring the weight loss due to water evaporation. 
Emgple 2 .Qalcinm Hydroxide Pretreatmem 

5 Ci.lcium hydroxide pretreatment involves reacting biomass with 

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

lbe effectiveness of the pretreatment process was studied for several different 

reaction· conditions. ProcesS variables studied were lime loading (2 io 30 g 

Ca(OH)J100 & dry biomass), water loadina (6 to 19 1 wam/g dry biomass), 

10 treatment temperature (~O"C to 14S-C) and treatment time (1 hour to 36 

hours). 'lbe following three ~es of reactar systems were employed. 

Reactor System 1; For initial pretreatment experiments, .500-mL glass 

Erlemncyer flasks were used as reactors. The flasks were sealed with rubber 

sioppers and placed in a 100-rpm shaking water-bath. This method was limited 

1S to 6s·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 6S'"C was perlormed by this 

method. This method resulted in loWer yields, thus demonstrating that 

continuous shaking was required for effective mass transfer. 

20 Reactor System 3: Steel reactors were used for experiments in the 65"'C 

. and 145•c te121perature range. To resist the conosive nature of calcium 

hydroxide solutiom, the reactOrS were CODSttUcted of 304 stainless steel. The 

reactors were, 1.S "LD. x S" Jong, cylindrical nipples, with end caps on both 

ends. To provide mixing inside the reactors, a rotating device was fabricated 

2S in the Ta. A & M Chemical Engineering Department's machine shop. A 

schematic diagram of tbis reactor system is shown in Figure 1. This device 

holds the reactors (R) inside the oven (0) and, by rotating them continuously, 

iif1i1iiiWlr 
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provides tuml?le mmng of the contents. It has a steel rod (Rl) supponed from 

both ends on two ball bearings (B). 'Ihe be8rings are bolted on a steel frame 

(SF) that can be placed inside the oven.. Six holes are drilled through this rod 

to hold the clamps (C) that bold the reacton. Set screws hold the clamps in 

S place duriD1 rotation. 'Ibrough die back side of the oven, a 1" hole is drilled. 

A small rod (R2) supported by a baD 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 tho oven rotates 

R2. The steel re> d that holds the reactors (R.1) bas a splined end (a small nut 

IO (N)) that couples with the pulley (via a socket (S)). This coupling arrangement 

allow the reacun to be placed in, and removed ftom. the oven with ease. 

To pmform the pretreatment expmimenu. the reactors were 
' prepared by wincliDg at least four layers of Teflon tape on both ends. One end 

was dosed by placing the nipple in a vice and tightening the end cap by a pipe 

1S wrench. 'Ihe reaction mixiure was prepared by placing the measured quandties 

ofblomau (7.5 g dry weight) and Ca(OH), (ai:cording 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. 'Ibe end cap was placed on the other end of the Dipple and tightened. 

20 1be reactors were then placed m boiling water for S to 15 minutes (depending 

on the pretreatment temperature) to pre-wann them. Prewarming the reactors 

is necessary to rapidly bring them to higher temperatures. They were then 

damped and fixed on the rowing devi~ and placed in the oven maintained 

at the desired pretreatment temperature. The motor was turned on and the 

2S system was left for the desired pretreatment time. After the treatment time 

elapsed, the reactors were removed from tbe oven and transferred to a water 

bath to rapidly lower the temperature to ambient temperature. Samples were 

------ ·---·---
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them removed from the reactors for hydrolysis. A complete step-by-step 

procedure is given below. 

Optionally. oxygen.containing gas is iDttoduced into the reactor 

from a JJi&h·pressure ps container or tank attached to the system. The gas 

S may be pare pressurized oxypn, compressed air (which is very economical) or 

any oxygen-conwmn1 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 Caldum Hydroxide Pretreatment - Reactor Svstem 3 

10 1. Remove the old Teflon tape and dean the threads at both ends.· 

Wrap (dockwise) 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 

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. 

S. Weigh c:alcium hydroxide, accordiDg to the desired lime loading. 

and pour into the reactors with the biomass. 

20 6. Using a spatllla. mx Ca(OH), and biomass thoroughly. This dry 

mixing is essential to ensure a uniform reaction. 

7. Pour water according to desired water loadiJi&. 

7A.. (Optionally) Open a the valve connecting the reactor to a container 

of oxy1en gas under pressure. Cose the valve when a specified gauge pressure 

2S within the reactor bas been achieved. 

8. Cose the ends of the readors. 
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9. Place the reactors in boiling water for about S min, for a .50"C 

JUD, to about 15 min, for a 13s•c nm. The water boiler takes about 30 min to 

heat up. so it must be turned on before h8l1d. 

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

S oven takes about 1 hour to reach a stable temperature. Keep the l'Otating 

device inside the oven during heating so that it gets pmwarmed 

11. Clamp the reactors, making sure that the clamps are in the 

center of the reactors so that there is no blockin& during rotation. 

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

10 set screws. 

p. · Place the devic:o iu the oven and couple it vnth the motor using 

the coupling manaement. 
14. Tum on the motor and keep the rotation speed at the minhm1m 

pOSSJ'ble. Make sure that the motor does not s~. 

15 lS. Observe the te:aiperatme of the oven. 

20 

16. After the pretreatment time has elapsed, take out the reactors 

and plaee them in a cold tap water bath. Let them cool for about 10 min. 

17. Perform enzymatic hydrolysis. 

Example 4 filter Paper Apay 

'lbe filter paper assay is commonly used to quanti1atively study 

cellulose hydrolysis and measure cellulose acti\lity. 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 S<rC 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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that produccs.2 mg of redµcing sugar (expressed as glucose) in 1 hour is equal 

to 0.185 International Umts (1 IU = l mmole glucose/min). 

Calibrate DNS reagent using glucose (along with filter paper)~ 

L Using a SOOzng/dl (Sma/mL) glucose standard, prepare O.S mL 

S samples in pairs of test tubes accordin1 to Table S. 

2. · Add 1.0 mL of pH ·4.8, 0.05 M_ citrate buffer. 

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

Vonex. 

4. 

10 shaking 

Incubate at 50°C for 1 hour (use capped test tubes). Prevent any 

1S 

s. 
6. 

7. 
8. 

9. 

Add 3.0 mL of DNS to each test tube. 

Boil samples for lS mbmtes in water bath. 

Add 10 mL water and vortex. 

Filter through 0.45 um nylon membrane filtet. 

Measure the absorbance at SSO mn and prepare a cah"bration 

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

1. 

20 2. 

3. 

4. 

1. 

~ 2. 

3. 

4. 

Measure enzpae activity: 

Add o. S, 10, 15, 20 mg ~ to 10 mL, O.OS M citrate buffer. pH 4.8, 

and vortex. 

Pipet O.S. mL of prepared enZyme samples into pairs of test tubes. 

Repeat steps 2 to 8 performed during cahbration cmve prcparadon. 

Measure the absorbance at SSO nm. 

Measure sugars in the emymet 

Pipet O.S mL of 20 mg/mL enzyme sample into pairs of test tubes A 

Pipet O.S 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 S to 7 performed during calibtation cmvc preparation. 



--------------------"'=====~------·· ···----------------------
. C RECEJVED BZ/29 2z:sz 199& AT 532-71~9 PAGE 27 CPRIHTED PAGE 27) J 

20-FEB-1996 15:48 FROM WITHERS & ROOERS TO 9012165532?14900 P.27 
WO 94183646 PCf/US93/07542 

5 

24 

5. Measure absorbance at SSO nm. . 
6. Calculate absorbance correction. factor (ACF) as follows. 

ACF = CAbs A - Abs Bl 
(20 mg emyme/10 mL) x 0.5 ml. 

Calculate specUic enzym.e activity: 

1. Using the aJ.ueose calibration cmve, calculate absorbance. tbe 

absorbance for 2 mg glucose weight (see Yi.pre 2). 

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

10 enzyme results. 

15 

3. 
4. 

5. 

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

Plot Abs_. vs. B to get Fipre 3. 

Fmd E' corresponding to Abs' using Figure 3. 

Calm1atc sped&c activity: 

AcdWa.y (IU /-al - a mg •e- ;i 1 hpur :r mmple 
F mg h <ao mm Q.18 mg glucase 

&•mple S Enzymatic Hydro\ysis Procedure 

· 1be pretreated material (7.S g dry weight) was uausferred from 

the reactors to 500-mL Erlenmeyer glass flasks. The operating pH and 

20 temperature for the enzyme system were kept at 4.8 and 50°C respectively. 

The pH was reduced from about 11.S to 4.8 by aMing acetic acid. The total 

liquid volume was :increased to 150 mL by adding distilled. water to obtain a 

SO g/L sluny of biomass. The required amounts of cellulase and ccllobiose we 

added to the mixture, and the flasks were stoppered and kept in a 100-rpm 

2S shaking air_ bath at so•c for 3 days. ~e 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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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 Cbem. 1959, 31, 462) with glucose as the calibration 

S standard. lbus, the sugar yields are reported as equinlent 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 conc:emration as 

used previously, but without any biomass. One mL samples were taken to 

measure the sugar concentration. This measured sugar in the enzyme amounts 

10 to a correction of 45 mg eq. glucose/a dly 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 concenttation 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 contents (as much 

as pOSSJ"ble) into the labeled 500.mL Erlenmeyer flasks. 

2. To completely ~er the biomass, use water to wash the 

reacmrs. Pour this water and biomass mixture into the flasks. Add enough 

water such that the total liquid volume (water added during the wash + water 

20 added during pretreatment) is 140 mL. 

3. Add glacial acetic acid to the mixture until the pH reaches 4.8. 

Durm.1 acetic acid addiiion, continuously monitor the pH and stir using a 

magnetic bar. Note the volume of acetic: acid added. If the pH goes below 

4.8. use Ca(OH)2 to raise it to 4.8. 

2S 4. Add more water to bring the total liquid volume to lSO ml.. 

S. Add 0.259 g cellulose powder "Cytolase 300 P' (filter paper 

activity, 21S ID/g powder) and 0.652 mL cellobiose "Novozyme" (activity 250 
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CBU/mL). Cytolase 300 P was supplied by Genec:or, Inc. (South San 

Francisco, CA) and cellobiose was supplied by Novo Laboratories (Wilton, 

CI'). 'The cellulase Joading was 7.4 IU/a dry pretreated lignocellulose and the 

cellobiose loading was 22 CBU /g dry lignoccllulose. 

s 6. Place the. flasks inside the 100.q>m shaking air bath at so•c. 
7. Close flasks with rubber stoppers after flasks have been wanned 

for 1omm. 
8. Keep flasks in the bath for 3 days. 

9. Withdraw 1 mL of sample and boil them fol;' 30 min. iD capped 

10 test uibes. 

10. Filter samples through 0.45 um nylon membrane filter. Perform 

DNS assay to measure redur:ing suga..TS as explained below. 

pmple 6 J2initmsalicylis Md (DNS) AssaY 
The DNS assay is the most commonly used technique for 

15 measuring reducing sugars released by cellulose hydrolysis. A glucose standard 

is used for the calibration. dms the reducing sugars are measured ~ 

"equivalent glucose.'" 

Prepare DNS reagent: 

l. Dissolve 10.6 g of 3,5-dinitrosilicylic acid aystals and 19.8 1 

20 NaOH in 1416 mL of distilled water. 

2. Add 306 g Na·K·tarttate (Rochelle salts). 

3. Melt phenol crystals under a fllme hood at so·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 to 

12.6. 

---·-------
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1. Using a 200 rag/dL (2mg/mL) glucose standard, prepare 1 ml. 

samples in pairs of test tubes according to Table 5. 

2. Take O.S mL of eai:h sample. 

5 3. Dispense 1.5 mL of DNS regent into each test tube usin& a S·mL 

BriJldanann dispensette. 

4. Place the caps on the tubes and vortex. 

S. 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 :m.d vortex. 

7. Zero the spectrophotometer at550nm with distilled water (Note: 

to stabilize the spectrophotometer it should be mined on for at. least 1 hour 

before using). 

8. Measure the absorbance. 

15 9. Prepare a calibration cmve as shown in F"ipre 4. 

Measure nduciq sugars of samples: 

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 

2. Vonex the diluted sample. 

20 3. Pipette O.S mL of each diluted sample. 

4. Dispense 1.S mL DNS reagent into each test tube. 

5. Repeat steps 4 to 8 used in preparation of cab"bration curve. 

6. Calculate sugar concen.trati011 from the absorbance of the samples U$ing 

the calibration curve. 

25 7. Calculate the reducing sugar yield ·by the following expression: 

Y=SxDx20 Y = reducing sugar yield (mg eq. glucose/g dry biomass) 

S • sugar concenttation in sample (mg eq. glucose/mL) 
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D = dilution factor 

20 = 150 mL liquid volume/7.5 g dry biomass 

Exam.me 7 Calcium Hvdraxide Recovery 

1\vo factors motivate recovmy of calcium hydroxide from the 

S pretreated biomass. First, an inexpensive recovay and recycle process will 

reduce the pretreatment costs. Second, high ealcium residues have a 

detrimental effect on its use as cattle feed. Thus, ftduc:iug the calcium content 

results in a more utilizable material. 1be method for recovering Ca(Offh 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(OHh to 

insoluble CaCO, that can be removed by precipitation- The CaCO, can then 

be heated to produce Ca.O and ~- 1be CaO is hydrated to ca(OH)2 which 

can be reused as the lignocellulose treatment qent. Carbon dioxide can, in . . 

mm. be reused for lime recovery. Thus, ideally, it is a system capable of total 

15 recycling. 

The carbonate concenttation is quite low when the pH is below 

9.S. Tims. to form and precipitate more eaco,, the pH was maintained above 

9.S. 

All the recovery experiments were done using bagasse. The 

20 experiments to study the recovery process were conducted by two different 

approaches: Continuous Recovery and Batch Recoveey. 

1. Continuous Recovery 

A systematic flow diagram of the continuous recovery 

experimental apparatus is shown in Figure S. The pretreated bagasse was 
25 packed in a 1• LD. x 8.S .. high glass column. Rubber stoppers at both ends had 

cmmi=c:U.ons for the inlet (bottom) and tbe outlet (top). Filters (nylon dOtb) 

were glued on both stoppers. A peristaltic pwnp (Wats0n·Marlow, 502S) 
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pumped water through the column. The average volumetric fl.ow rate was 20 

ml/min. The outlet from the column went to a 300-mL flask. Carbon dioxide 

was bubbled thought the lime-samrated liquid in tbis flask to produce eaco,. 
A pH probe was placed in this flask to continuously monitor the pH. The pH 

5 was mainrained near 95 by bubbling only as DlUch C02 as was required to 

lower the pH from about 12.0 to 9.5. However, because aood pH control was 

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

(about l or .2 mL) was added to bring the pH back to 9.S. The overflow from 

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

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

A glass .fiber filter (G6F Fislter Scientific, Inc.) was placed between the frined 

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

lbe pump suction was the driving force for filttation. The filters were 

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

15 waier was then pumped back to the column for washing. thus completing the 

cycle. 

The wa.sbmg was stopped after about one hour. The wash water 

left in the glass jar clamped to the filter, was transferred to the fiask and left 

for 24 hour to let Ca.CO, settle. aear liquid (1 mL) was taken from the tap 

20 of the flask. The dear liquid was decanted slowly and collected in another 

beaker. The bottom ponion containing much higher amounts of CaC03 was 

discarded after measuring its volume. lbe same volume of fresh water was . 

added to the system so that the liquid volume before and after precipitation 

and decantation remained the same. Funber recovery of the lime remaining 

2S in the biomass was performed with this batch of decanted W&ter for about 45 

minutes. After the wash, the Ca.CO,-.saturated water was again left for 
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. precipitation and a sample of clear liquid was talcen after this second 

precipitation. 

To measure the calcium concentration in the water durin& 

washing. l·mL samples were periodically taken from the column inlet and 

S outlet. 1he calcium concenttation was measured by the atomic absorption 

apparatus available in the Emetics Group .of the Texas · A&:M Chemical 

Engineering Department. Dependin& on the calcium concenttation, tbe 

samples were diluted from 11 to 135°C. since the best yields were. obtained 

benveen 6S •c and 100°<:, this wide range eDSW"ed that the optimal 

10 temperature was found. The pretreatment times of 1 to 36 hours were logical 

choices since longer times were cliflicalt to justify economically. Since mixing 

would ensure UDiformity of the reaction mixture and probably result in a better 

pretreatment, continuous shaking was always employed except in one study that 

used periodic shaking 

15 In all the experiments, tho .3-day reducing sugar yields were used 

as the measure of enzymatic suscepti"bility of lime-treated bagasse. The 

reducing sugar yields were calculated as mg equivalent glucose/g dry bagasse. 

Typically, SO% and 85% of the 3-day sugars were released in·6 hours and 24 

hours, respec:tively. 

20 Table 7 summarizes the conditions and the reactor systemS used 

in the various bagasse experimcnu. 

The experiment at so•c (Bagasse Experiment, Example 2), lime 

loading= S g Ca(OH)JlOO g dry bagasse, water loading = 10 g water/g dJy 

bagase, 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 tbc 1 hour 

nm. the yields were 112, 125, 111 mg eq. glucose/g dry bagasse, showing a 

sumdard deviation of 7.8 mg eq. glucose/g dry bagasse. For the 24 hour run, 

lif iii~ll~f . 
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the yields weJ!: 273, 256, 268 mg eq. r).ucose/g dry bapsse, showing a standard 

deviation of 8.7 mg eq. y).ucose/g dry bapsse. These standard dcviatiom can 

be generalized to apply to the rest of the experiments, and thus other 

experiD1cDts were not repeated. 

S fanmte 8 _\alcium Acetate Tphibitiop Emeriment 

High calcium acetate mncentrations are present in the hydrolysis 

mixture since acetic add (about 5 mL glacial acetic acid for a sample ~ted 

with a lime loading of 30 g Ca(OH)JlOO I dry bapsse) is used to neutralize 

the liJne for pH adjustment. To measure the calcium acetate inhibition of 

10 enzymes, and experiment was performed in Which group bagusc was 

amxnouiated at the reponed optimum conditions. These ammoniation 

con~om were: temperature = 93•e; tremment time = 30 min; water h?ading 

= 0.25 g water/g dry bagas.se, ammonia loading = 1.5 g NH!/g dry bagasse, 

particle size = 40 mesh. 

15 Also, there Was no explosion (as used in ~Dia Fiber 

Explosion process) since the pressure was slowly released. 'Ibis 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)2 (according to the lime loadiugs used for the 

20 pretreatment) to 150 mL water, and then adding acetic acid to reduce the pH 

to 4.8. Thus. the calcium acetate concentration in these s0lutiom 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.oday sugar yield obtained from this ammonia-treated material 

25 clearly shows that increased calcium hydroxide loadings decrease sugar yields 

due to calcium aceiatc inhibition of the emyme. For the sample hydrolyzed 

without addition of Ca(OHh to the saccbarifictions flask. the sugar yield was 



; [ RECEIVED DZ/ZB zz:s? 1996 AT FROM 53Z-71~9 PASE 35 (PRINTED PASE 35) ] 
20-FEB-1996 15:53 WITHERS & ROOERS TO 

90065532714900 P.35 
W0~03646 PCf/US93/07542 -, 

32 

390 mg eq. glucose/g dry bagasse. This yield is 1.1~ 1.14, 1.16, 1.15, 1.25 and 

1.22 of that obtained rom samples hydrolyzed in the solutions with Z s. 10, lS, 

20 and 30 I Ca()H)JlOO. g dry bagasse, respectively. In the subsequent 

experiments using lime pretreatments, these factors were used to correct the 

s 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 correeted data. 

Example 9 Onrriew of Data CBapssel 

The 3-day reducing sugar yield for untreated bagasse smnple 

10 (used as a control) was 40 mg eq. f).ucose/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 fn Table 

8. 'Ibe choice of conditions to be used industrially will depend not only on the 

sugar yields.. but also on the expense associated witb conditions. 

ts fample 10 Softwood NewsWmer Studv 

Softwood newspaper is the largest fraction of most residcutial 

munic:ipal solid waste. Profitable utilintion of softwood newspaper could help 

solve the over.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 dJ:y newspaper. The pmpose of this stUdy 

was to check the feasibili~ of using Ca(OH)2 to pretteat newspaper. The 

conditions used for pretreating softwood newspaper are summarized in Table 

9. 

Evmpk 11 OverAew of Data <Newspaper) 

25 'Ibe 3-day. reducing sugar yield from an untreated softwood 

newspaper sample, used as conttol, was 240 mg eq. glucose/g dey newspaper. 

Pretreatment processes that work well for many lignocellulosics do not work 
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well for softwood newspaper. this probably results from iu high lig:nin 

content. The yield improvements with Ca(OHh pretreatment found in this 

present study are comparable to other pretreatments. 

Of all the conditiom tested, the best yield was obtained for 

s 12o•c, 24 hours. 30 1 Ca(OH)JtOO g dry newspaper and 16 g water/g chy 

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 

eithervery severe conditions (120•C, 24 hours) OrVeJY mild conditions (65°C, 

1 hour). 

10 );Yample 12 Wheat Stmw Study 

Wheat straw is one of the most abundant apicultural cop 

residues. In the United States, about 2~ of cropland produces wheat, thus 

large quantities of wheat sttaw are generated. Typically, based on dty weight. 

wheat straw is 39% cellul~ 36% hemicellulose, and 1090 lignin. According 

15 to his composition, the maximum theoretical yield is about 800 mg eq. 

,;J.umse/g dry wheat straw. 

1be results for bapsse were used to guide the selection of 

treaanent conditions. The lime loadings were 5, 10, 15 and 20 g Ca(OH)JlOO 

& dJy wheat straw. Only two water loadinp were used. Treatment 

20 temperatures of 50, 65, 85 and 125°C, and treaunem times of 1, 3 and 24 

hours, were stndied. A summaiy of the treatment conditions is tabulated in 

Table 10. 

Epmple 13 Overyiew of Data 

As in the case of bagasse, several different conditions produced 

25 &OOd 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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well for softwood newspaper. 'Ibis probably results from its high lignin 

content. 1be yield improvements with Ca(OH)1 pretreatment found in this 

present study are comparable to other pretreatments. 

Of all the conditions tested, the best yield was obtained for 

5 120°C, 24 hours, 30 g Ca(OH)JlOO 1 dry newspaper and 16 g water/g dry 

newspaper. 'Ibis yield was 344 mg eq. glucose/g dry newspaper (corrected= 430 

mg/g). An imeresting observation is that the pretreatment worts better for 

either very severe conditions c120·c, 24 hours) or very mild conditiom (65°C, 

1 hour). 

10 Bvmple 12 Wheat Straw Study 

Wheat straw is one of the most abundant agricaltural cop 

residues. Jn the United States, about 20% of cropland produces wheat, thus 

large quantities of wheat straw are generated. Typi~y, based on dry weight. 

wheat straw is 39% cellulose, 36% bemicellulose, and 10% llgnin. According -

lS to his composition, the maxbnum theoretical yield is about 800 mg eq. 

glucose/& dry wheat straw. 

The results for bapsse were used to guide the selection of 

tteannem conditions. The lime loadings were 5, 10, 15 and 20 g Ca(OH)2/100 

g dry wheat straw. Only two water loadings were used Treatment 
20 temperatures of so, 65, 85 and w•c. and ttcatment times of 1, 3 and 24 

hours, were studied. A summary of the treatment conditions is tabulated in 

Table 10. 

Epmple 13 °'1erview of para 

As in the c:ase of bapsse, several different conditions produced 

25 good yields. Since tteatment time and temperatUre play the most imponant 

role in process economics, the selection of couditions will not depend strictly 
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on sugar yields.· EiBht conditions that produced good yields are tabulated in 

Table 11. 

Egmple 14 Ca1gmp Recoyenr Stugy 

'Ibe best ~elds for both bapsse and wheat straw were obtained 

S or a lime loading of 10 to 20 g Ca(OH)JlOO & dry :material. Thus~ an 

industrial process using such loadings would need significa.n1 amounts of lime. 

A process to recover and recycle lime ean reduce the total of lime 

requirement. Since calcium hydroxide is quite cheap, one main requirement 

for a recovery pmcess is that it should be simple and inexpensive. 

10 A new recovery process was developed in this invention. 

Ca(OH)2 was lea.ched or washed out of the pretreated biomass. The lime· 

saturated wash water was carbonated to convert Ca(OH)2 to iDsoluble CaCOs 

that was subsequently settled. The recovered CaCO, can be calciDated to form 

CaO, wbich can be hydrated to Ca(OH)it and thus reused. In this study, the 

15 washing, carbonation and precipitating steps were performed. 'Ihe experiments 

were conduued by two ctifferent approaches, namely, continuous and batch 

recovory processes. 

E:mmple 15 Continuous Recoyerv Process 

Three rum were perfonned to recover Ca(OH)2 front bagasse by 

20 the continuous ret:OVeJY method. The lime treatment conditions used in the 

continuous lime nscovery study are tabulated in Table 12. 1'he 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 calcium content in ·the bagasse sample was brought 

25 down to about 2 & . 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 my bagasse from 8.1 g Ca/100 g diy 

bagassc (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 reUioved from Sample · 

B. The reduction in a content showed that the recovel)' process is working 

fairly well. Howevert if the pretreated lir;nocellulosics are to be used as cattle 

feed, this residual calc:ium concentration might be slightly bigb (1 to 2 g 

S Ca/100 g dry biomass is desired). 

One of the main drawbacks obsesved with the continuous 

recoveiy experiment was that there was some channeling inside the bagasse­

filled column. 'Ibus, the wash water was not contacting all of pretreated 

material. This definitely would lower the process effectiveness. With the use 

10 of some pack;ng material and an efficient column design, it might be possible 

to mcrease the continuous recovezy process efficiency. However. this invention 

used a second appmacb (i.e. batch recovety) that provides good conw:t by 

mixing the wash water and biomass. 

15 
Example 16 Batch Recovetv Process 

la. this experimem, instead of paclring the pretreated materlal in 

a column, a glass beaker was -µsed to mix the biomass with wash water. This 

wash water was saturated with eaco, and had a pH of 8.7. The lime­

sa.mrated wash water obtained after filtration was contacted with C02 and the 

resulting CaCO,-ccmtaining solution was allowed to settle. The pretteatment 

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 wasbinp whereas 

tbe other samples used ten washings. For a lime loading of 10 g Ca(OH)JlOO 

g dry bagasse (Samples D and B), with six wasbinp, the calcium con.c:enttation 

25 was reduced to about 1.7 g Ca/100 g dty bagasse, and for a lime loading of 15 

g Ca(OH)2/100 g dry bagasse (sample P) with six washing-;, the calc:imn 

illi1Uififif 
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concentration was reduced to about 2.2 g Ca/100 g dry bagme. Thus about • 
7590 of added calcium was removed. 

Sample F and G received the same lime trcatmeDt. Whereas 

sample F was washed six times Sample G received four additional wasbmgs. 

S These additional washings reduced the residual calcium content from 22 to 1.5 

I Ca/100 'g dry bapsse. 1bus ten wasmngs were able to remove 86% of the 

added calciuzn · 

Since it is posn"ble that the calcium atomS are chemically bound 

to the cellulose and other macromolecules of bapsse, simple washing with 

10 water may not work beyond a certain limit. To explore the pOSSl"bility 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..OH/100 g water. The 

KB.OH was a30% (w/w) solution of ammonia in water. 

lS These =xpeliments 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 

dmmn•ted, thus enhancing the precipitation of CaC03• For Samples R and.I. 
20 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 95 in order to effectively recover the CaCO,. Although 

this experiment used ammonia to adjust the pH to 9.S, industrially this would 

25 · be achieved by having a good control on the ~- addition. After lime 

treatment, the pH is about 11.S. Only the amount of C02 needed to reduce the 

pH to 9.5 would be added. 



-----·---··---·--·· 

-c RECEIVED HZ/ZH z3:e1 199& AT FROM 53Z-71'l9 PAGE s (PRINTED PAGE 5) l 
20-FEB-1996 15:57 WITHERS & RmERS TO 90065532714900 P.05 

WO 94/03646 PCT/tJS93/0'7S42 

37 

All the recovery experiments show that except for lime loading, 

tbe other pretreatment conditions (i.e. treatment time, temperatme and water 

loadin&) do not affect the recovery process. To determine if there are 

pretreatment reactions that binder the recovmy process, lime was recovered 

S from untreated material. i.e. a physical mixture of bagasse and Ca(OH)i- 'Ibe 

calcium concentration in the wash water had a pattrm similar to the other 

·samples. The residual calcium content was 1.3 g Ca/100 g my bagasse which 

js the lowest obtained from all the recoveiy c,,periments. Thus, 1here seems 

to be greater calcium bhxting to the biomass resulting from pretreatment 

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

bad residuals of about 1.S to 1.7 1 Ca/100 g dry bagasse. Thus, there is not 

:much difference in. the recovery process for the pretteated :material and for the 

untreated material. 

An important question is how far can one a:cmosphere ~lower 

15 the pH. Trit:hodmna reesei cellu1ase operates at-pH 4.8. the pH of pretreated 

biomass is about 11.S. so an acid must be added to lower the pH. During 

alcohol fermentation processes, much CO, is _generated, Sc>· it will be the 

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

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

20 were bubbled with 1 atmosphere CO: for about 1S min. The minimum pH that 

was reached wu about 6.S. Thus a stronger acid than CO, 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. Oo.stridium. thermocellmn). 

Thus it is seen that calcium hydroxide is an excellent 

25 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)JtOO g dry material worked well. It was generally found that 

tbe lover temperatures (so•c, 65°C) required longer times (24 hours), whereas 

higher temperatures (135.C) needed shorter times (1 hour) to produce high 

yields. 

S lhe recovery process was able to reduce the calchun content in 

biomass from 8.1 to about 1.5 g Ca/100 g dry material, thus recovering 86% 

of the added calcium. 

Expmple 17 CirmJation Methot!L 

To prevent the addition of excess lime, the biomass may be 

10 contacted with a solution of hot lime water. 1bis may be accomplished in a 

mun.her of ways: 

Method 1: A solution of bot (temperature range of from about 40"C 

to about lSO-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 

15 sohltion exits the bed, it is heated to replace heat loss ·in the packed bed. 'Ibe 

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

water and separatin1 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 lSO•C). saturated lime water is circulated through a stirred slurry of 

biomus for a time period of from about 1 hour to about 36 hours. The 

biomass is separated from the solution by a filter, hydroclcme (Figure 7), 

settler. or centrifuge. As the solution exits the hydroclone, it is heated to 

replace heat loss in the stirred slurry of biom:.ss. The solution of samrated 

2S 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 conw:t with hot water at the highest temperature in the loop, such as 

between 40°C and ISO•c. This is required because lime is relatively more 

soluble in cold water than in hot water. if the water contacting the lime solids 

5 were cold. it would dissolve too much lime. Then, if the time solution were 

heated later, lime would either precipitate out and foul the heat exchanger or 

deposit on the biomass. 'Ibis explains why the water is heated before it 

contacts lime solids rather tbaD after. 

&amRle 18 Different Permutatigns 

10 The materials needed for this invention inclUd.e: Biomass, lime, 

or calcium hydroxide, and water. The mampulative procedures "for tms 
invention include: Mixing, heating. and simultaneous mixing and beating. 

· Thus, these materials and procedures are capable of a number of permutations. 

as diagrammatically shown in Figure 8. lbe notations used in F'lgUl'e 8 are: L -

1S lime; W • water; B - biomass;. M - mixing; H • heating; and M & H -
simultaneous mixing and beating. An arrow in Figure 8 signifies adding. 

iDtroduc:ing, or a step to be performed. 

pP.mple 19 lrjme Tr.eatment Process for RumiDilDt ApjmaJ feed Production 

Figure 9 shows the lime treatment process for mminant animal 

20 feed production. 1he 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. 6S°C) lime water for about 24 

hours. Then, after the reaction is complete, the lime water is circulated 

25 through an adsmption 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 c:arbonate is heated to 
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about 1200'C in the lime kiln which drives off the carbon dioxide. 'Ibe hot exit 

pses (primarily carbon dioxide with some nitrogen from the combustion air) 

are cooled in a eountercurrent beat exchanger recovering high-pressure steam 

that may be used for electricity producdon and/or process heat. The cooled 

S c:atbon dioxide is recycled to the absmption column where the carbon dioxide 

apin reacts with lime water. Inert, such as nitrogen, will exit the absorption 

column. Make-up c:arbon dioxide must be added to replace any losses. 

The circulating lime water will contain free sugars and protein 

ext:raeied from the biomass. Jn addiiion. there will be some calcium acetate 

10 produced from the acetyl groups on the hemicellulose. A bleed stream will be 

taken off from the circulatiDa loop tbat will be acidified with sulfuric add so 

the c:alcium. ions are precipitated as SYJJSU111. Tne free sup.rs, protein, and 

acetic acid (HAc} will be concentrated by an appropriate technology (e.g 

reverse osmosis or multi..mfect evaporation). It· may be sold as monogasuic 

15 (e.g. chickens, pigs) animal feed. 

The treated biOJDBSS will emerge from the process in a wet state. 

If the ruminant urimals are located dose to the processing plant, tbey may eat 

it dircetly in the wet state. If it must be stored for awhile before it is 

consumed, it may be dried in the steam driers we bave previously described in 

20 past disclosures. 

Bpmple 20 Pretreappen.ts with Qlcinm HydJmide and Pressurized Oxwen 
Oxygen is believed to partially oxidizes the lignin which opens the 

biomass structure making it more emymatically digestible. Oxygen from high­

pressure oxygen tanks was added to samples of newspaper under increasing 

25 pressme (Figure 10). Treatment conditions were consistent with those 

previously described. Temperature of the biomass was 120•c for 24 homs with 

30 g calcium hydrmdde/100 g dry newspaper, and wa.ter at 16 g/g dry 

----------
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newspaper. Increasing amo~ of oxygen-containing gas was introduced to 

samples of :newspaper from Jll&h-pressure tanks. After pretreatment. samples 
were digested em:ymatically and the yield of glucose determined after three 

days. Newspaper treated with only lime resulted in a yield of 418 mg eq. 

5 f).ucose/g dry newspaper. For comparison purposes, untreated raw newspaper 

yields 240 ma eq. Jlu.C015e/g dly newspaper. With 20 pounds/square inch puge 

(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 SOO 

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/g dry newspaper. and oxygen at 100 psig. These sample were pretreated for 

up to 24 hours. 'Ibe pretreated samples were enzymatically digested and the 

sugar content determined. Maximal yield with oxygen pres5ures of 100 psi& 

was observed at three hours of pmreat111ent - 580 ms eq. of glucose/g of dry 

newspaper. 

20 Other embodiments and uses of the invention will be apparent 

to those skilled in the art from consideration of the specification and practice 

of tbe 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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Table l. Methods Used for the Pretreatment of Ugnocelluloslcs. 
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Ball-milling 

Two·roll milling 

S Hammer mflling 

Colloid milling 
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Biological Pre1tea1men•s 

Table 2. Rqatcd Ammoniation Conditions 
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'l)pe or Ammonia 
Reference Biomass scacc Temp. (•C) 
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Millet cl Aapcn Gaseous 30 
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al., 1981 
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1<8De111 et 
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s Millet et 
al •• 1g75 
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a1.1 1980 
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Type o( Amnt0nia 
Biomass Sta 

Temp. (•C) Time 

Wheal slraw ~ICOUS 6 44 d 
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Table 3. Reported NaOH 1R1tmcat Conditions 

Reference 
TJpc of Ten1p. (•C) 
·eiwnass 

Moore et at .. Cotton U11tcrs JO 
1912 

Moore cl al., Aspen 30 

1972 

Millet el al., Diffcrcal 2S 
1970 wood samples 

fic11l ct at. Different 2S 
1970 woad samples 

Balcer et al, Aspen sawdust aabieot 
197570 

Anderson d R )'Cgrass straw ambient 
al., 1973 

Malldcls ct Ba1asse 72 
al, 1974 

Mandel& cl Newspaper 70 
al., 1974 

Tur.11cr et al .. Different grass .. 
19!10 samples 

Notation usedi '· In Yivo, 2
- In vitro 

Time 

th 

lh 

lh 

I h. 2 II 

2h 

14b 

• h 

90m 

. 
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Pa1tic1c Siz:e I NaOH/IOO gNaOH/100 
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40 mesh I 20 

40 m.esh 1 20 
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0.16 cm o.s .5 
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l/lr' mesh 2 -· 
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Table 4. Reported. Ca(OH)2 Trcalaent Conditlon& 

Tpof 
Rc£m:nco Biomass 

Tcmp. ("C) Time 

PJayae, 1984 Bagasse 20 8d 

1'12 

Waller et 11 .• Corn cobs ambient 14d 
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Rounds et Corn cobs - --
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Gharib et al., Poplar bark ambient lorlSOd 
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Felix el al., Soyahean aablent/(roz 30d 
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TabJe 7. A IUllJJDM)' of coaditlons used during vadou bapsae experimenlS. 

Elcp. Reactor Temp. Time Linus Loading Water Loading 

. No. S)'sle• (•C) (h) (g Ca(OH}jlOll&) (s water/~ 

l 1 6S 1,3,6,12.~ 30 JO,JS,19 

26 

2 2 6S 24 30 6.8.10.13,15,11, 19 

3 3 65.115 l:Z,6 30 6,8,10.13,15,17, 19 

4 3 135 1,J,6.24 10,20,30 JD.IS 

5 l 100 1,3.24 10,20.10 10,15 

6 l so 1,3,6,24 2.J,16,IS,20,.10 10 

1 3 . BS 3.24 S.lct.IS.20 10 

8 3 6S 3.6,24 S,J.O,l.S,20 10 

' 3 6S 24 10.lS 10 
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Table 10. Summal)' of eonclilloas used dmlng v1rlo111 wheat 1lraw uperbnent1. 

Expc:rlmnl Reador Tentp. Time Lhne Loadin1 

Number S,stem (8C) (hours) (sCa(OH). 

/lOOg) 

1 3 65 3,24 10 

2 3 6S 1,3 5,10,IS,20 

3 1 so 3,24 5,10,15,20 

4 l BS 1,3,24 S.I0,1.S,20 

s 3 l2S l,3,12,24 S,10.IS,20 
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TablB 11. Conditions rcs11lling In blah S'ields frOlll lim• treated wheal straw. 

Smnplc Temp. Tlma Caldum Water 

N•P1ber (•CJ (houra) Loading Loacling 
(I/loot) (1/s) 

1 50 14 10 1S 

2 as 3 10 10 

3 .so 24 20 10 

4 85 3 20 10 

s 8S 24 20 10 

6 so 3 lO IO 

7 '' 24 10 10 

B 125 1 10 10 
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Taltl~ IS. Change ia calci1J111 concentration during batch rca1vcry. 

Catcium Cone. 

N•berof 
(BNH.oH/1008 Id Wash· 

Wuldngs 
) Wask Waler (ppm) 

Initial 

6 0 !JSS 

Ci 0 892 

6 0 U09 

JO a 1192 

10 0.2 1154 

10 0.4 1056 

10 1.6 ll06 

10 8.7 1070 

10 0 988 

:io 
11:1 
n 
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C.ldlllD Coac. 
ia Ba1usc 

(ppm) 
(ppm) (ppm) 

Final 
lallial final 

7 5.4 1.7 
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CLAIMS 

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

biomass amenable to digestion comprising: 

a) providing the lignocellulose.containing biomass, 

b) adding calcium hydroxide and water t0 the biomass to form a mixture: 

c) adding an oxidizing agent, selected from the group consisting of oxygen 

d} mainraining the mixtwc at an elevated temperature and for a period of 

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

2. 1be 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. 

S. 1bc method of any one of the preceding claiins wherein the mixture contains 

between abour 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· 

I lllllll llllll lllll lllll II llll 
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· containing biomass is selecred from the group consisting of grass, wood. bagasse, straw, 

paper, plant material, and combinations thereof. 

7. The method of any one of· the preceding claims wherein the mi.xn.tre is 

maintained at the temperature of between about 40°C to about lSOOC. 

8. The method of any one of the preceding claims wherein the period of time is 

bctwccn 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 die oxidizing agent 

pressure is about · 100 psig. 

10. A method for converting a lignocellulose-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; 

c) adding an oxidizing agent, selected from the group consisting of oxygen 

and oxyaen-containing gasses, to the mixmre 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 convert the biomass 

into the useful product. 
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11. The method of claim 10 wherein the biomass is digested by acid hydrolysis, 

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 comprises a chemical feedstoek. 

14. The useful product of claim 12 whlch comprises a fuel. 

15. The useful product of claim 12 which comprises an alcohol, 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) prctreating the biomass with calcium hydroxide and water to the 

biomass fonn a mixture, adding an oxidizina agent, selected from the group consisting of 

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

mixture at a temperature and for a period of time sufficient to render the biomass of the · 

:mixtllre amenable to digestion; 

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

precipitate calcium carbonate; and 

c) recovering the precipitated calcium carbonate. 

17. 1b.e method of claim 16 wherein the pH of the cai;bonated mixture is between 
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about 8.S and about 10.5. 

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

mixture to fonn 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 filttation, hydroclonc separation, sedimentation, centrifugation, 

or a combination thereof. 

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

a) pretreating the biomass with calcium hydroxide and water to the 

biomass fonn 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 amembJe to digestion; 

b) adding a carbonating agent to the pretreated mixmre to fonn calcium 

carbonare; 

c) digesting the carbonated mixmre: 

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

mixmre; 

e) heating the residual mixture to convert the calcium carbonate into 

calcium hydroxide; and 

f) recovering the calcium as calcium hydroxide. 
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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 me 

remainini lignin of the di1ested biomass. 

23. ·A method for recovering calcium from a biomass pretreatment process 

comprising: 

a) . prctreating 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 ICllder the biomass of the mixture amenable to digestion; 

b) carbonatina the mixmte or a liquid portion thereof to precipitate 

calcium carbOliate; and 

c) 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.S. 

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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27. A method for recovering calciUDl from a biomass pretreatment process· 

comprising: 

a) pretreating l:he 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 

mixmre; 

e) heating the residual mixture to convert the calcium carbonate into 

calcium hydroxide; and 

f) 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. 

11111111111111 lllll lllll ll f llf 
* C L M S * 


