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[571 ABSTRACT 

Disclosed are processes for pretreating cellulosic materials 
in liquid water by heating the materials in liquid water at a 
temperature at or above their glass transition temperature but 
not substantially exceeding 220" C., while maintaining the 
pH of the reaction medium in a range that avoids substantial 
autohydrolysis of the cellulosic materials. Such pretreat- 
ments minimize chemical changes to the cellulose while 
leading to physical changes which substantially increase 
susceptibility to hydrolysis in the presence of cellulase. 

ASM, 1992, pp. 510-518. 

23 Claims, 7 Drawing Sheets 
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amorphous cellulose was also solubilized. It has generally 
been accepted that crystalline cellulose is unaffected by hot 
liquid water pretreatment. 

In steam explosion, steam penetrates the lignin, 
s hemicellulose, and cellulose. The mixture is explosively 

decompressed, and the resulting expansion increases cellu- 
lose accessibility (Beltrame et al., 1992). The operating 
conditions promote acid formation and result in degradation 
of cellulose by autohydrolysis. This phenomenon is consid- 

i o  ered to be an important and necessary aspect of pretreatment 
(Beltrame et al., 1992, Heitz et al., 1991). 

Many process schemes for biotechnological use of ligno- 
cellulosic materials ignore possible uses of lignin, other than 
suggesting that it be burned for energy recovery. Leisola and 

is Fiechter (1985), point out that an efficient mechanism for 
lignin degradation exists in nature since no accumulation 
occurs, lignin either degrades to CO, and H,O or is con- 
verted to humus. Lignin is degraded by a narrower array of 
microbes than any other major biopolymer (Kirk and Farrell, 

20 1987). White-rot fungi (Basidiomycotina) are of special 
interest because lignin is attacked simultaneously with cel- 
lulose and hemicellulose; the wood becomes pale as the 
pigmented lignin is removed (Hudson, 1986). 

Despite much previous effort relative to cellulose 
zs pretreatments, there remains a need for effective cellulose 

pretreatments which are inexpensive, simple, safe and envi- 
ronmentally desirable to conduct. The present invention 
addresses this need. 

SUMMARY OF THE INVENTION 
Accordingly, one preferred embodiment of the invention 

provides a process for treatment of a cellulosic material in 
which temperature and pH conditions in a liquid water 
medium are controlled to provide dramatic improvement in 

35 the ability of cellulase to catalyze hydrolysis of the cellu- 
losic material. In accordance with the invention, the cellu- 
losic material is pretreated by a process including charging 
the material to a reactor containing liquid water to form a 
pretreatment medium, and heating the pretreatment medium 

40 to a temperature of about 160" C. to about 220" C. while 
maintaining the pH of the pretreatment medium in the range 
of about 5 to about 8. The cellulosic material thus pretreated 
is thereafter contacted with a cellulase enzyme to enzymati- 
cally hydrolyze the cellulosic material. In these processes, 

45 the optimum pH and temperature of the enzyme are prefer- 
ably employed. Therefore, in preferred processes, the pre- 
treated material can be left in situ in the pretreatment 
medium which can be adjusted to the appropriate conditions 
prior to enzyme addition. 

In another aspect, the invention provides a process for 
enzymatically hydrolyzing a pretreated cellulosic material. 
The process includes enzymatically hydrolyzing a pretreated 
cellulosic material in the presence of a cellulase enzyme, 
wherein the cellulosic material is the product of a pretreat- 

5s ment process in which the cellulosic material is heated in a 
liquid water medium to a temperature of about 160" C. to 
about 220" C. while maintaining the pH of the liquid water 
medium in the range of about 5 to about 8, so as to increase 
the susceptibility of the cellulosic material to hydrolysis by 

A further preferred embodiment of the invention provides 
a process for pretreating microcrystalline cellulose to 
increase its susceptibility to hydrolysis by a cellulase 
enzyme. This process include the steps of pretreating micro- 

65 crystalline cellulose by heating the microcrystalline cellu- 
lose in a liquid water medium at a temperature of about 160" 
C. to about 220" C.; controlling the pH of the liquid water 

30 

50 

60 the cellulase enzyme. 

1 
PROCESSES FOR TREATING CELLULOSIC 

MATERIAL 

This invention was made with Government support 
under Grant No. CSR90-37233-5410, awarded by the 
USDA and through the NASA NSCORT Center at Purdue 
University. The Government has certain rights in the inven- 
tion. 

The present invention relates generally to cellulose 
chemistries, and more particularly to processes for pretreat- 
ing cellulosic materials to modify their physical properties, 
for example to increase their susceptibility to enzymatic 
hydrolysis by cellulase enzymes. 

When cellulases are added to lignocellulosic substrates, 
there is a dramatic decrease in the hydrolysis rate during the 
first few hours of the reaction. This rapid decline in the 
hydrolysis rate of cellulose has been widely reported and is 
more pronounced for pretreated substrates than native mate- 
rials (Ladisch et al., 1978; Ladisch et al., 1992). Reasons for 
this decline, as reported by Nidetzky and Steiner (1993), 
include thermal instability of the enzyme, product inhibition 
by glucose or cellobiose, inactivation of the adsorbed 
enzyme (due to diffusion into the cellulose fibrils), transfor- 
mation of the more susceptible portions of the substrate to 
sugars leaving a less digestible form, and the general het- 
erogeneous structure of the substrate. Cellulose is associated 
both chemically and physically with lignin and physically 
with hemicellulose in plants. Both the lignin and hemicel- 
lulose protect the cellulose from hydrolysis (Ladisch et al., 
1983; Ladisch, 1989). In this regard, hemicelluloses are 
generally linear and branched polymers of pentoses, but may 
include some hexoses, uronic acids, methoxy moities and 
acetyl groups. Lignin is a three-dimensional polymeric 
matrix of aromatic structures. 

Pretreatments chemically and/or physically help to over- 
come resistance to enzymatic hydrolysis and are used to 
enhance cellulase action. Physical pretreatments for plant 
lignocellulosics include size reduction, steam explosion, 
irradiation, cryomilling, and freeze explosion. Chemical 
pretreatments include dilute acid hydrolysis, buffered sol- 
vent pumping, alkali or alkali/H,O, delignification, 
solvents, ammonia, and microbial or enzymatic methods 
(Marsden and Gray, 1986). 

Pulping processes use water to cook wood materials in 
order to remove lignin and obtain pulping grade celluloses 
suitable for making paper (Sjostrom, 1981). Reagents added 
to assist pulping processes in acid sulfite pulping (140" C., 
pH 1-2) result in effective delignification; in a neutral 
solution the lignin would remain insoluble. 

Water-based pretreatments should be ideal for applica- 
tions which demand strict safety requirements and/or envi- 
ronmentally compatible conditions. Bobleter et al. (1976), 
first used a water approach as a pretreatment to enhance 
susceptibility of lignocellulosic material to enzymatic 
hydrolysis. High temperature steam has previously been 
used as a pretreatment agent in the well documented hydro- 
thermolysis and steam explosion pretreatments. Hydrother- 
molysis studies such as those by Haw et al. (1985), Horm- 
eyer et al. (1988), and Walch et al. (1992), have shown that 
the primary effects of hot water pretreatment are a removal/ 
solubilization of hemicellulose which is catalyzed by small 
quantities of acid and solubilization of some of the lignin at 
high temperatures (>BO" C.). Brownell and Saddler (1987), 
report that steam pretreatment of lignocellulosic material 
was at least as effective for pretreatment of aspen chips, that 
neither the explosion or temperatures above 190" C. were 
necessary. Mok and Anta1 (1992), found that at 230" C., 
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medium during the period that it is in said temperature 
range, so as to maintain the pH of the liquid water medium 
in the range of about 5 to about 7; and recovering therefrom 
a pretreated microcrystalline cellulose having an increased 
susceptibility to hydrolysis by a cellulase enzyme. 

Still another preferred embodiment of the invention pro- 
vides a process for pretreating a crude plant cellulose 
material containing hemicellulose and lignin to increase the 
susceptibility of the cellulose material to hydrolysis by a 
cellulase enzyme. This preferred process includes charging 
the plant cellulose material and water to a reactor to form a 
pretreatment mixture. This mixture is then heated to a 
temperature of at least about 160" C. but not exceeding 
about 220" C., the pH of the pretreatment mixture during 
said heading being in the range of about 5 to about 7. 
Thereafter, a cellulose material is recovered therefrom 
which has an increased susceptibility to hydrolysis by cel- 
lulase. 

Processes of the invention provide cellulose pretreatment 
processes which are simple and inexpensive to conduct. As 
well, the processes lead to pretreated cellulose materials 
which are much more highly susceptible to cellulase- 
catalyzed hydrolysis than the starting cellulose materials. 
Processes of the invention further employ standard equip- 
ment and do not necessarily include costly reagents or 
microbiological elements while nevertheless providing 
advantageously pretreated materials. 

Additional embodiments, features and advantages of the 
invention will be apparent from the following description. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a graph illustrating the enzymatic conversion of 
microcrystalline cellulose after water pretreatment without 
pH regulation during the pretreatment. 

FIG. 2 is a graph illustrating the enzymatic conversion of 
microcrystalline cellulose after water pretreatment while 
controlling pH in accordance with the invention. 

FIG. 3 is a graph illustrating the enzymatic conversion of 
water pretreated rapeseed stems. 

FIGS. 4(A)-(C) provide photomicrographs of control and 
water pretreated rapeseed stems: (A) Control, (200x); (B) 
180" C., (200x); (C) 200" C., (350x). 

FIG. 5 shows the enzymatic conversion of pretreated 
rapeseed stems. 

FIG. 6 shows the enzymatic conversion of pretreated 
cowpea stems. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In order to promote an understanding and appreciation of 
the present invention, certain preferred embodiments thereof 
will be described. It will be understood that only the 
preferred embodiments are described and that all modifica- 
tions and further utilizations of the principles of these 
embodiments as would occur to those ordinarily skilled in 
the art to which the invention relates are contemplated as 
being a part of the invention. 

As indicated above, the present invention provides pro- 
cesses for pretreating cellulosic materials to improve their 
characteristics relative to cellulase-catalyzed hydrolysis, and 
also to overall processes for achieving hydrolysis of cellu- 
losic materials. In this regard, the particular cellulosic mate- 
rial employed in the present invention is not critical, and can 
be for example derived from plant biomass such as wood, 
agricultural products including oilseeds such as rapeseed 
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(Brassica napus), and soybeans, cowpeas, corn, corn fiber, 
wheat, rice, barley, sugar cane bagasse, cotton, cotton, 
cotton-containing textiles, and the like. Cellulosic residues 
for use in the invention can also be obtained from municipal 
solid wastes, pulping wastes and pulping sludges, waste 
newsprint, yard wastes, etc. Other forms of cellulose 
materials, for example microcrystalline cellulose, are also 
suitable for use in the invention. 

When the cellulose material is plant biomass, in one 
aspect of the invention it is preferred that the material 
contain substantial amounts of hemicellulose and lignin 
which occur naturally with the cellulosic material. Thus, as 
used herein, the term "crude plant biomass material" and 
variations thereof refer to plant biomass which has not been 
subjected to any processing steps to substantially remove 
hemicellulose or lignin. As discussed more fully below, it is 
believed that crude plant biomass materials possess a self- 
buffering capacity and also contain materials which act as 
intercalating agents in the pretreatment process. These natu- 
rally occurring properties are advantageous and can lead to 
pretreatments which are simple and inexpensive since in 
many cases no additional measures of pH control or addition 
of extraneous intercalating agents are necessary. 

In accordance with the invention, the cellulosic material 
to be pretreated is generally charged with water to a reaction 
vessel to form a pretreatment medium. In preferred 
processes, the pretreatment medium will contain up to about 
30% by weight of cellulosic material, most often falling in 
the range of about 2% to about 30% by weight. The reaction 
vessel will generally be equipped to operate under pressures 
sufficient to substantially maintain the water in a liquid state 
throughout the pretreatment process, i.e. to prevent any 
substantial formation of water vapor, and to avoid any 
explosive decompression of the cellulosic materials 
employed. Operating pressures at or above the saturation 
pressure of water at the temperatures of the pretreatment are 
thus contemplated for use in the invention. In addition, to 
safeguard against any flashing (i.e. formation of water 
vapor), it is preferable operate at pressures substantially 
above the saturation vapor pressure of water at the tempera- 
ture employed, e.g. at least about 10 psig or more above such 
saturation vapor pressure. 

Processes of the invention can be advantageously carried 
out wherein the pretreatment medium substantially fills the 
volume of the reaction vessel to minimize the head space 
available for vapor formation. However, it will be under- 
stood that this is not critical to the invention as vessels with 
larger head spaces can readily be employed so long as 
appropriate pressures are maintained to minimize vapor 
formation. 

The pretreatment medium will generally be heated to a 
temperature above the glass transition temperature of the 
cellulosic material employed but not so high as to lead to 
substantial autohydrolysis of the cellulosic material. Gener- 
ally speaking, temperatures of at least about 160" but not 
substantially exceeding about 220" C. have been suitable for 
these purposes. Throughout the period that the pretreatment 
medium is above 160" C., it is important in the present 
invention that its pH be maintained in the range of about 5 
to about 8 so as to avoid acid or base catalyzed reactions 
which significantly chemically alter the cellulose. Where 
crude plant biomass materials are employed, as noted above 
it has been discovered that these materials can have a 
self-buffering capacity and thus in many cases no further pH 
control is necessary. However, where plant biomass mate- 
rials or microcrystalline cellulose or other materials are 
employed, it is often necessary to initiate pH control in the 



5,846,787 
5 6 

pretreatment medium. Such pH control can be achieved canola oil, and others, to serve as intercalating agents. As 
using suitable basic agents, for example preferably including well, pretreatments of the invention can be used in combi- 
metal hydroxides such as alkali or alkaline earth metal nation with other pretreatment procedures, for example 
hydroxides, e%. sodium Or Potassium hydroxide, Or other microbiological pretreatments, as illustrated in the Experi- 
hydroxide bases such as ammonium hydroxide. In preferred s mental below, 
processes, such basic materials are periodically added dur- 
ing the heating period to maintain the p~ in the desired 
range of 5 to 8 so as to avoid autohydrolysis of the cellulose. 

pH, initially. In such cases small amounts of acid can be used i o  illustrative and not limiting in nature. 
to adjust and control the pH to be between 5 and 8. Suitable 
acids for these purposes include inorganic or organic acids, 
for example sulfuric, hydrochloric, phosphoric, nitric, 
acetic, citric or formic acid. In using these acids, care must 
be taken to avoid any substantial hydrolysis of the cellulosic is 
materials to achieve the desired pretreatment effects. The pH 
can be monitored for these purposes using standard equip- 
ment. 

The duration of the heating period will vary in accordance 
with the ce~~u~os ic  materials involved, the pretreatment 20 were air dried for 

cases it will be necessary only to slowly bring the pretreat- 
ment medium to the top pretreatment temperature desired, 
and then immediately allow the medium to cool (i,e, there is 
no hold of the pretreatment at the high temperature). In other 25 Carbohydrate 
cases, it will be desirable to maintain the pretreatment 
medium at the 160" C. to 220" C. temperature for some Proximate analysis of the cellulosic materials was con- 
period of time to allow the desired changes to the cellulosic ducted. Fat determination was by Soxhlet extraction (AOAC 
material. In typical processes the temperature will be held method 920.39B). Protein was by the microKjeldah1 method 
within the 160" C. to 220" C. range for up to about 5 hours, 30 (AOAC 960.52), and ash determination was per AOAC 
more typically up to about 3 hours. 923.03. Moisture contents were determined by oven drying 

Temperature control can be accomplished in a known (104" C., 24 h). Since assays for protein and ash were on 
manner using standard heating and monitoring equipment. defatted samples, the values were normalized to reflect the 
As well, it is known that the temperature of thermally protein and ash contents of the original sample. The estab- 
saturated water in a closed vessel can be controlled by 35 lished conversion factor of 6.25xN was used to obtain the 
venting steam to decrease the temperature. Hence a similar protein content. Total carbohydrate (CHO) concentration 
approach can be used in the present invention, wherein the was calculated from the moisture, protein and fat values: 
temperature can be rapidly decreased to below that required Total CHO=100%-(% protein+% fat+% ash+% moisture). 
for pretreatment by flashing of a measure amount of steam, 
thereby cooling the remaining water, While not particularly 40 Further investigations into the amounts of specific carbo- 

energy eficient, partial flashing can provide a method hydrate components were conducted. Data were 
whereby temperature can be readily controlled as needed to Obtained On a dry weight basis both the acid detergent 
quench the temperature and/or prevent temperature and fiber (ADF) procedure and the detergent fiber (NDF) 

procedure of Goering and Van Soest (1970), and Van Soest pressure overshot. 
45 and Wine (1967). ADF is comprised of lignin, cellulose, and 

Preferred processes of the invention will modify a starting insoluble minerals while the NDF also includes hemicellu- 
cellulose material so as to at least double its susceptibility to lose, Therefore, subtracting the ADF value from the NDF 

In order to promote a further understanding of the inven- 
tion and its advantages, the following specific Experimental 

In addition, Some cellulosic materials may have an alkaline is provided. It will be understood that this Experimental is 

EXPERIMENTAL 

Plant Growth 

Rapeseed and 'Owpea plants were grown in the Horticul- 
ture Department at Purdue University (Frick, 1993; Ohler, 
1994). Plants were grown until maturity, and then harvested. 
Upon harvesting, the inedible portions of the plant material 

days prior to being Oven dried for 

stem, leaf, and seed Pod (Or hull Portions), were then ground 
to between 2 0  mesh ( 0 . 8 4 4 4 3  mm). The ground mate- 
rial was stored in sealed glass containers until use. 

temperatures employed, and other similar factors, In Some 2 days between 70°-75" c .  The plant materials, divided into 

cellulase-catalyzed conversion to glucose Over a given 
period Of time, say about 40 hours, as more particularly 

value gives the weight of the hemice~~u~ose in the sample, 
The amount of lignin in the samples was found using the 

described in the Experimental below. More preferred inven- 
tive process can provide pretreated cellulose materials which 
are greater than three times and even up to about 10 times 

CL, Rhozyme HP-150, Multifect XL, and Cytolase M103S, example in FIG. 3. 
In carrying out Processes of the invention, heat from ss all from Genencor International, Schaumburg, Ill. Condi- 

pretreatment mediums can be recovered and used in subse- tions for the measurement of cellulase activities were as 
quent Pretreatments. For example, heat recovery by corn- reported by Ghose (1987) and included filter paper activity 
tercurrent Passage of hot fluid containing Preheated slurry (FP), cellobiase activity and CMCase activity. A glucose 
Over heat exchangers such as heat exchange tubes through analyzer (Glucose Analyzer 11, Beckman Instruments, 
which incoming slurry (to be subjected to Pretreatment) is 60 Fullerton, Calif.) was also used to measure the amount of 
Passed. In this manner, the outgoing, finished Pretreatment glucose present following hydrolysis. Alternatively, the 
slurry is cooled and in turn heats the incoming pretreatment amount of glucose as well as other o~igosaccharides was 
slurry. Process economics can thereby be improved by calculated from the use of liquid chromatography (LC) using 
recovering energy supplied to the heating process. appropriate standard curves. The LC system used and its 

Additionally, in accordance with the invention the pre- 65 operation were as described by Lin et al. (1988). The 
treatment medium can include other conventional additives percentage hydrolysis of the plant cellulosic material was 
such as surfactants, e.g. vegetable oils such as soybean oil, calculated by the following equation: 

permanganate lignin assay of Van Soest and Wine (1968), 

Enzyme Activity 
as to such conversion to glucose, as depicted for Cellulase enzyme systems evaluated included Cytolase 
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RESULTS 

(g glucose produced) [ G] (100%) dry weight of the cellulose. 

Compositional Analysis 

Proximate analysis data for rapeseed, cowpea and rice 
samples is Presented in Table 1. Individual carbohydrate 
components by ADF and NDF Procedures are given in Table 
2. 

5 
The cellulose hydrolysis assay developed for the plant 

material was as follows: to 100 mg of the plant material, one 
ml of the enzyme solution (diluted to between 1 to 90 filter 
paper units (FPU)/g substrate with 0.05M citrate buffer, pH 
4.8 and prewarmed to 50" C.) was added. The contents of the 
tubes were mixed, covered, and incubated at 50" C. At time 
intervals, 30 microliter Portions were removed and The carbohydrate values calculated by difference (Table 
microfuged for 1.5 minutes. The supernatant Portion was 1) with some exceptions agree with values obtained through 
then injected into the glucose analyzer for glucose concen- fiber analysis (Table 2), and indicate the large amount of 
tration determination. In some cases, samples were frozen 1s inedible material in the stems, seed pods and leaves, The 
for LC investigation. Duplicate or triplicate samples were values reported in Table 2 should be accurate for 
analyzed along with appropriate enzyme and substrate determination of total CHO content in these materials. 
blanks. 

Water Pretreatment TABLE 1 

Proximate Analvsis of Inedible Plant Material'. 20 Both microcrystalline cellulose and plant materials as 
described above were pretreated in a 300 mL pressure 
reactor (Autoclave Engineers, Erie, Pa.) as described by P1antiPortion Carbohydrate Fat Ash 
Kohlmann et a1 (1993). The microcrystalline cellulose 
(Avicel, FMC, Newark, Del.) was sieved dry to give a 
material with an initial particle size of greater than 53 2s Stems 

distilled water containing 1.5-5 weight % fiber particles. For 
the plant material, the reactor was heated to 180" or 200" C., 
the time required to reach these temperatures being 30-40 

over approximately 2 hours. The pretreated materials were 
collected through a sample port which emptied into a cooled 
coil, having sufficient back pressure to avoid flashing. The 
plant materials were treated with enzyme (at 15 mg enzyme 
protein/g plant material) following air drying for 3 4  days 
(moisture content 6-8%). Cellulase enzyme was added (at 
15 mg enzyme protein/g cellulose material) directly to 
portions of the pretreated microcrystalline cellulose. The 
amount of protein solubilized by the water pretreatment was 

(BCA) protein assay (Smith et al., 1985). Scanning Election 

Rapeseed 

73 1s 1 11 100 
68 22 1 10 101 Siliques 

microns. The reactor was loaded with 135 ml of deionized Leaves so 4s 2 11 108 
Cowpea 

Stems 87 4 1 8 100 
46 34 4 16 100 

minutes. Microcrystalline cellulose was heated up to 220" C. 30 b:r 66 27 2 5 100 
Rice 

Leaves 

- 
51 3s 2 12 100 
61 21 1 17 100 Stems 

3s  
'Percentage dry weight basis. 

TABLE 2 

CarbohydrateiLignin Composition of Inedible Plant 
Material'. 

40 measured in the supernatant fraction using the bicinchoninic 

Microscopy (SEM) was conducted on a Jeol (JSM-T300) PlantiPortion Cellulose Hemicellulose Lignin Total 

microscope. Rapeseed 

4s Stems 38 10 18 66 
Siliques 3s  12 18 65 
Leaves 14 1s 5 34 
Cowpea 

Microbiological Methods 

t? ostveatus (NRRL 2366) was obtained in the form of 

the Northern Regional Research Laboratory (NRRL) in 

distilled water (DDW), 1-2 ml to the original slant and then so 

plates were incubated several days at room temperature 

colonies. The new slants were incubated for two days at 
room temperature before being used to inoculate liquid 

Modified procedures of Kaneshiro (1977), and Linden- 
felser et al. (1979), were used to inoculate either rapeseed or 
cowpea stems with the submerged t? ostveatus pellets. 60 
Flasks containing wetted stems (100 g H,0/20 g stems) 
were sterilized and allowed to cool. Using aseptic Several commercially available enzyme preparations 
conditions, 10 ml of the submerged culture media was added were screened for the ability to hydrolyze cellulose present 
to each flask containing stems. Appropriate controls were in the stem, leaf or seed pod fractions of rapeseed, cowpea 
also prepared. Incubation was for 30 days at 27" C.; growth 6s and rice plants (Table 3). Cytolase CL was chosen for 
was visible after two days. During incubation, sterile DDW evaluation of effectiveness of pretreatments because overall 
was added periodically to moisten the plant stems. glucose production was higher with this enzyme system. 

mycelial growth on a potato dextrose agar (PDA) slant from 

Peoria, Ill. Initial transfers were made by adding deionized Stems 27 16 9 52 
37 17 15 69 
11 12 5 28 

Pods 
Leaves 
Rice using this liquid to prepare streak plates on PDA agar. The 

before new PDA slants were prepared from individual Stems 33 31 12 76 
Hulls 34 19 10 63 

55 Leaves 27 27 4 58 

- 

nutrient media to produce submerged cultures. 'Percentage dry weight basis rS%.  

Enzymatic 
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TABLE 3 

Percentage Cellulose Hydrolysis to Glucose Following a 24 
hour Incubation with Enzvmes. 

Plant Cytolase Multifect Cytolase Rhozyme 
Material CL XL M103S HP-150 

Rapeseed 

Stems 
Siliques 
Rice 

Leaves 
Stems 
Hulls 
Cowpea 

Stems 
Pods 
Leaves 

- 

23 
11 

23 
8 

23 

61 
36 
49 

15 
11 

37 
13 
29 

57 
34 
20 

22 
17 

8 
7 
6 

34 
34 
- 

9 
5 

2 
0 

15 

21 
7 
3 

Water Pretreatment of Microcrystalline Cellulose 
Enzymatic hydrolysis of crystalline cellulose (Avicel) 

following water pretreatment at 220" C. is shown in FIG. 1. 
As depicted in FIG. 1, there is only a small enhancement in 
the initial rate of Avicel hydrolysis, but by 24 h the rate and 
extent of hydrolysis were equivalent to control samples. 
Other characteristics of the pretreated Avicel were a 
decrease in pH from 5.4 to 3.3 and considerable browning 
(degradation) of the Avicel. Avicel was also pretreated at 
220" C., while maintaining the pH between 5.5 and 7.0 
during the heating period by the periodic addition of KOH, 
as described by Kohlmann et al., 1993. The results are 
presented in FIG. 2. 

Water Pretreatment of Plant Material 
Hot water treatment of plant stems at 180" C. and 200" C. 

resulted in significant improvement of the enzymatic 
hydrolysis of the cellulose in the material (FIG. 3). Both the 
rate and the extent of cellulose conversion to glucose were 
enhanced. Compositional, chemical and physical changes, 
all possibly related to this enhanced susceptibility to enzy- 
matic action, were noticed in the plant material following the 
water pretreatment. Scanning electron microscopy (SEM) 
on control and heated rapeseed stems produced the photo- 
micrographs presented in FIGS. 4(A)-(C), in which (A) is 
the control, (B) is material heated to 180" C., and (C) is 
material heated to 200" C. 

Compositional changes in carbohydrate components fol- 
lowing the water pretreatment are given in Table 4. Water 
pretreatment of rapeseed reduces the fraction of hemicellu- 
lose which remains, and is accompanied by an apparent 
increase in cellulose content. The fraction of lignin appears 
to be constant, thus indicating that in relative amounts, water 
removes some lignin. Approximately half the protein in the 
stem samples was solubilized as detected by the BCA 
protein assay in the supernatant portion of the heat treated 
material. 

Unlike the crystalline Avicel (FIG. 2), the pH of the plant 
material did not decrease dramatically, and hence repre- 
sented a self-buffering material. In most cases the pH 
dropped about one pH unit (Table 5). 

Biological Pretreatment 
Mycelial growth o f t ?  ostveatus alone as a pretreatment 

did not increase the susceptibility of the cellulose to enzyme 
action, but when the growth was followed by the hot water 
treatment, a significant increase in glucose production was 
measured (FIGS. 5 and 6). Other associated changes fol- 
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lowing growth and heating to 180" C. were a reduction in the 
hemicellulose content (Table 4). Liquid chromatography of 
the supernatant fraction indicated that little breakdown of 
hemicellulose to mono and disaccharide components was 
occurring (data not shown). The amount of xylose and 
arabinose present in the supernatant fraction following heat- 
ing would correspond to a less than 1% degradation of 
hemicellulose. It is likely that the hemicellulose is present in 
soluble larger molecular weight fractions. 

TABLE 4 

Carbohydrate Composition of Rapeseed Stems Following 
Water Pretreatment. 

Percentages (drv weight basis rS%) 

Treatment Hemicellulose Cellulose Lignin 

Control 17 
180" c .  4 
200" c .  0 

32 28 
so 24 
66 28 

TABLE 5 

Material 

Effect of Pretreatment on pH. 

Initial Final 
PH PH 

Rapeseed Stems 
180" c .  5.7 4.7 
200" c .  5.7 4.3 
Soybean Hulls 6.6 4.8 
Rice Stems and Leaves 5.8 5.6 

DISCUSSION 

Water Pretreatment of Microcrystalline Cellulose 
In an effort to understand pretreatment effects on 

cellulose, a model was developed to predict cellulose and 
glucose degradation during aqueous heating (Weil, 1993). At 
a pH below 7.0, the degradation reactions are catalyzed by 
H+. Two of the primary degradation products, formic and 
levulinic acid, contribute significant quantities of hydrogen 
ions. Hence, as degradation progresses, the rate of degrada- 
tion increases. 

The applicants have controlled pH during pretreatment by 
continuously adding small amounts of 0.5M KOH solution 
when the Avicel is at high temperatures. By adding -12 mL 
of KOH solution, the pH was maintained between 5.5 and 7 
for the entire heat up profile and for a substantial time at 
220" C. (FIG. 2). This resulted in a significant decrease in 
degradation and enhanced enzymatic hydrolysis as shown in 
FIG. 2. This clearly shows that liquid water pretreatment at 
high temperatures can enhance the susceptibility of crystal- 
line cellulose to hydrolysis. Further enhancements were not 
seen by increasing the time at 220" C. or the pretreatment 
temperature (FIG. 2). This is most likely due to the small 
amount of degradation that occurred during these condi- 
tions. Improved pH control may result in even greater 
susceptibility of Avicel. 

Water Pretreatment of Plant Material 
Enhanced Enzymatic Reactivity. The use of liquid water 

at 180" C. to treat inedible plant material improved the 
subsequent enzymatic hydrolysis of the treated material 
(FIG. 3), to 60% to 90%. Complete conversion of the 
cellulose by enzymatic hydrolysis was observed for mate- 
rials pretreated by bringing the material to 200" C., and then 
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immediately allowing it to cool. Compared to crystalline 
cellulose, plant materials are complex and experience 
compositional, chemical and physical changes following 
water pretreatment, some of which may relate to the 
enhanced enzymatic reactivity. 

Changes in Carbohydrate Composition. The primary 
compositional change which occurred as a result of the 
pretreatment was solubilization of most of the hemicellulose 
present (Table 4). The hydrolysis of the hemicellulose was 
assumed to be minimal since LC showed lack of xylose and 
furfural compounds. Hemicellulose is physically associated 
with cellulose, and hemicellulose removal is known to 
increase pore volume, thereby increasing enzyme accessi- 
bility and hydrolysis (Grethlein, 1985; Marsden and Gray, 
1986). Mok and Anta1 (1992), noted that hemicellulose can 
easily be removed from biomass by treatment with dilute 
acid, but they also found that this same goal can occur with 
water alone, achieving complete hemicellulose removal 
using water between 200"-230" C. 

The amount of lignin present in the rapeseed stems does 
not appear to change following heat treatment in water 
(Table 4). It has been reported that little delignification 
occurs until temperatures exceed 180" C. (Faass et al, 1989). 
However, chemical bonds between cellulose and lignin may 
have been affected. Meshitsuka 1991, states that at tempera- 
tures higher than the softening temperature of lignin 
(60"-80" C.), and close to that of cellulose (230"-253" C.), 
the melted lignin separates and then coagulates into cellu- 
lose free particulates. Lignin is also converted to a form 
which is extractable in alkali and some organic solvents. The 
temperatures used to pretreat the cellulose are well above the 
softening temperature of lignin, but non-alkaline; therefore, 
the lignin may have been rearranged or separated from the 
cellulose, but not solubilized and removed. This rearrange- 
ment of the hydrophobic lignin could possibly improve 
enzyme access to the internal pores of the cellulose. 

Following the pretreatment, the material became enriched 
in cellulose due to removal of hemicellulose and protein 
(Table 4). This is in fact desirable, providing a less hetero- 
geneous cellulosic substrate than the original material. 
Meshitsuka 1991, states that under proper conditions, only a 
small extent of cellulose hydrolysis occurs during the steam 
explosion process. Conditions in the present work were less 
severe than those of steam explosion; therefore, cellulose 
hydrolysis would not be expected. 

pH Effect. Plant materials were able to some extent buffer 
changes in pH (Table 5), possibly due to their heterogeneous 
structure which includes proteins, hemicellulose, and salts. 
Although the present invention is not limited by any theory, 
it is believed that pressure cooking of cellulose in liquid 
water at controlled pH avoids acid formation and hydrolysis 
of the cellulose during the pretreatment. Thus, an advantage 
then of pretreating plant materials in water is their ability to 
buffer changes in pH. 

Physical Changes. The SEM photomicrographs (FIG. 4) 
indicate that changes are occurring on the surface of the stem 
material as a result of the heat treatment. Following heating 
at 180" C., the stems appear to contain more void than 
controls. At the pretreatment temperature of 200" C., the 
photomicrographs show a similar pattern as the 180" C. 
samples, but it appears that the surface is even more dis- 
rupted at the higher temperature. 

The recrystallization of cellulose upon removal of the 
pretreatment conditions is a known phenomenon. Recrys- 
tallization reduces the reactivity of the cellulose, and there- 
fore decreases the glucose yield achieved upon subsequent 

12 
enzyme hydrolysis. The applicants have discovered that 
pretreated cellulose in biomass materials retains its reactiv- 
ity with respect to subsequent enzyme hydrolysis, even 
when the cellulose is air dried to about 8% moisture. It is 

s believed that the complex composition of biomass (which 
includes hemicelluloses, other oligosaccharides, and lignin) 
fosters retention of the reactive state of pretreated cellulose, 
even when the material is air dried following pretreatment to 
about 8% moisture. It is believed that this effect could be due 

i o  to water soluble polysaccharides (hemicelluloses) whose 
hydrolysis is inhibited at these pretreatment conditions and 
which are able to insert themselves between hydrated cel- 
lulose chains and thereby act as intercalating agents during 
pretreatment. This would prevent the adjacent cellulose 

is chains from recrystallizing during drying when the water is 
removed. Hemicelluloses would normally be hydrolyzed at 
conditions of water pretreatment (through autohydrolysis). 
However, pH control in the applicants' pretreatment process 
may reduce this hydrolysis, and hence maintain the water 

20 soluble oligosaccharides intact. These then could act as in 
situ intercalating agents during the pretreatment step. Addi- 
tion of a separate intercalating agent, which would add cost 
to the pretreatment, can therefore be avoided. 

Biological Pretreatment of Plant Material 
Mycelial growth o f t ?  ostreatus on plant stems did not 

result in enhanced glucose production following cellulase 
addition (FIGS. 5 and 6). However, when fungal growth on 
rapeseed and cowpea stems was combined with water 
pretreatment, cellulose conversion was greatly enhanced 

30 (FIGS. 5 and 6). Thus, the applicants have demonstrated that 
water pretreatment processes of the present invention can be 
combined with other known pretreatment methods to 
improve susceptibility of cellulosic materials to enzyme- 
catatlyzed hydrolysis. 
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contains stems, siliques or leaves of Rapeseed plants. 
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11. The process of claim 7 wherein the cellulosic material 
contains Cowpea stems, leaves or pods. 

12. The process of claim 7 wherein the cellulosic material 
contains Rice leaves or stems. 

13. A process for pretreating microcrystalline cellulose to s 
increase its susceptibility to hydrolysis by a cellulase 
enzyme, and for hydrolyzing the pretreated microcrystalline 
cellulose, comprising: 

pretreating microcrystalline cellulose by heating the 

charging water and a crude plant cellulose material 
containing lignin and hemicellulose to a reactor to 
form a pretreatment mixture; and 

heating the pretreatment mixture to a temperature of at 
least about 160" C. but not exceeding about 220" C., 
the pH of the pretreatment mixture during said 
heating being in the range of about 5 to about 8; 

thereby forming said pretreated cellulose material hav- 
ing an increased susceptibility to hydrolysis by said 
cellulase enzyme. 

20. The process of claim 19 wherein the cellulosic mate- 

21. The process of claim 19 wherein the cellulosic mate- 

22. The process of claim 19 wherein the cellulosic mate- 

23. A process for hydrolyzing a pretreated cellulosic 

microcrystalline cellulose in a liquid water medium at 10 
a temperature of about 160" C. to about 220" C.; 

controlling the PH of the liquid water medium during the 
Period that it is in said temperature range, so as to 
maintain the pH of the liquid water medium in the 1s rial contains cowpea stems, leaves or pods, 
range of about 5 to about 8; and 

recovering therefrom a pretreated microcrystalline cellu- 
lose having an increased susceptibility to hydrolysis by 
a cellulase enzyme; and 

cellulose in the presence of a cellulase enzyme. 
14. The process of claim 13 wherein said controlling the 

pH includes adding base to the liquid water medium. 
15. The process of claim 14 wherein the base is an alkali 

metal hydroxide, an alkaline earth metal hydroxide, or 2s 
ammonium hydroxide. 

16. The process of claim 15 wherein the base is sodium or 
potassium hydroxide. 

17. The process of claim 15 wherein the base is ammo- 

18. The process of claim 16 wherein the base is potassium 
hydroxide. 

19. A process for hydrolyzing a crude plant cellulose 
material containing hemicellulose and lignin and which has 
been pretreated to increase the susceptibility of the cellulose 35 
material to hydrolysis by a cellulase enzyme, comprising: 

hydrolyzing a pretreated cellulose material in the presence 
of a cellulase enzyme, wherein said pretreated cellulose 

rial contains stems, siliques or leaves of Rapeseed plants. 

rial contains ~i~~ leaves or stems, 

material, comprising: 
enzymatically the pretreated microcrystalline 20 enzymatically hydrolyzing a pretreated cellulosic material 

in the presence of a cellulase enzyme, said pretreated 
cellulosic material being the product of a process which 
comprises: 
providing a pretreatment medium containing a cellu- 

losic material in water; 
heating the pretreatment medium in a reaction vessel at 

a pressure at or above the saturation vapor pressure 
of water at the temperature of the heating, and while 
maintaining the pH of the medium at a value at 
which no substantial acid- or base-catalyzed auto- 
hydrolysis of the cellulosic material occurs; and 

causing the pretreatment medium to cool and the pres- 
sure to dissipate so as to avoid explosive decom- 
pression of the cellulosic material; 

so as to increase the susceptibility of the cellulosic 
material to cellulase-catalyzed hydrolysis. 

nium hydroxide. 30 

material is the product of a process which comprises: * * * * *  
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