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Lignocellulose-the material forming the 
woody cell walls of plants-represents the 
single largest supply of polysaccharides 
(carbohydrates) produced in the plant king- 
dom that can be hydrolyzed to  sugars and 
converted into fuel alcohol. Biomass mate- 
rials that are preponderantly lignocellulosic 
include all wood residues generated in log- 
ging and sawmilling operations; prunings of 
orchard, vineyard, and ornamental plants; 
stalks of cotton plants; and stems of grasses 
including wheat, rice, barley, corn (stover), 
sugarcane (bagasse after extraction of su- 
crose), and bamboo. 

Because of cell wall and molecular struc- 
tures, the polysaccharides, and especially 
the cellulose, of lignocellulosic materials are 
relatively inaccessible to  enzymatic hydroly- 
sis, when compared with other materials 
such as starch, and they require severe con- 
ditions in acid hydrolysis. However, either 
dilute acid or concentrated acid hydrolysis 
of these materials is technically feasible on a 
commercial scale. 

Designs of processes using either type of 
acid hydrolysis have disadvantages, and 
both involve complicated technology. In 
any hydrolytic process using lignocellulosic 
materials to produce ethanol, it will be es- 
sential to  completely utilize the raw materi- 
al, including the 25 to 40 percent insoluble 
ligneous residue produced in hydrolysis; t o  
be energy efficient; and to  be environmen- 
tally benign. 

The process also should be able to ac- 
commodate a wide spectrum of biomass, 
including materials with a low polysaccha- 
ride content, such as bark of trees and 
shrubs, or little or no lignin, such as herba- 
ceous plants, leaves, fruit pulp and other 
residues from food-processing plants, and 
spoiled or surplus fruits, vegetables, and 
grains. Biomass materials received at  a 
plant site will have moisture contents vary- 
ing from virtually overdried to  over 90 per- 
cent (green basis). No processing step 
should be needed to  adjust moisture con- 
tent except, perhaps, blending different raw 
materials to  provide a more uniform feed- 
stock. Drying should be avoided except 
under the unusual circumstance that mois- 
ture content is so high that it would be 
economically advantageous. 
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Lignocellulosic plant materials can be converted to alcohol by the oxidative hydrolysis- 
wet oxidation-fermentation process shown in this schematic. 



The new process operation. Basically, the system consists of 
A process designed at the University of hydrolysis in steps to produce the solutions 

California Forest Products Laboratory of monosaccharides (simple sugars); fer- 
meets the criteria set forth above and is be- mentation of the sugar solutions to produce 
ing studied to develop specifications for ethanol or other products; methanation to 
equipment and to perfect it for full-scale convert to methane the soluble organic pro- 
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ducts that are not isolated from the water 
solutions; and wet oxidation to convert 
solids produced in the process to soluble or- 
ganic products that can be methanated or 
isolated, carbon dioxide, and thermal 
energy. This process is illustrated by the 
schematic diagram. The process flow shown 
does not present the simplest design, but it 
illustrates the potentially available products 
using a relatively basic design. This design 
can be expanded to produce a greater vari- 
ety of products. 

The raw material is prepared by hammer- 
milling, using a minimum of energy to pro- 
vide the optimum particle size. After 
removal of tramp metal, sand, and the like, 
the hammermilled material is introduced in- 
to the stage I pressure vessel at the as- 
received moisture content. 

Stage I hydrolysis removes accessible 
polysaccharides, largely hemicellulose, 
from the feedstock. The result is a particle 
that can be readily crushed or refined to 
provide finely divided particles in a slurry. 
Substantially less energy is used than would 
be required to reduce the feedstock to the 
same size by only mechanical means. 

Sensitization and stage I1 hydrolysis 
hydrolyze the more resistant (crystalline) or 
inaccessible cellulose and polysaccharides. 
Sensitization with oxygen increases the rate 
of cellulose hydrolysis. An acid added in 
this system provides a pH that will give an 
acceptable rate of hydrolysis at the elevated 
temperature used. Thus, this process is of 
the dilute acid type. The state I1 product- 
the hydrolyzate-may be introduced to 
stage I to carry out the hydrolysis of the ac- 
cessible polysaccharides. Or separate 
hydrolyzates may be removed from either 
stage. If the latter design is used, acid and a 
stream of water from methanation must 
also be introduced to stage I. 

Liquid extraction number 2 may be re- 
quired to remove any organic product from 
the hydrolyzate that may decrease the rates 
or the yields obtained in the fermenta- 
tion reaction. Also, it is an optional step 
that can be taken to isolate extractable 
organic products, if such products are pro- 
duced in sufficient amounts to make the ad- 
ditional processing economically attractive. 

Fermentation is carried out using conven- 
tional equipment and techniques. This will 
include the modification that will be neces- 
sary to ferment pentoses (5-carbon sugars) 
when this technology is developed. Pen- 
toses comprise about 20 to 30 percent, and 
hexoses (6-carbon sugars like glucose) 
about 45 to 60 percent of the weight of lig- 
nocellulosic materials. 

Rectification of the beer from fermenta- 
tion to produce ethanol at the desired purity 
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and other volatile products (fuse1 oil) is per- 
formed using conventional equipment and 
processing. 

Methanation produces methane from 
products in the aqueous still bottoms dis- 
charged from rectification and in the 
aqueous system discharged from wet oxida- 
tion. Again, conventional procedures and 
equipment are used. 

Most of the water discharge from metha- 
nation is recycled to  wash the solids in C-2 
and C-1, and some is discharged as waste 
water from the process. The ratio of wash 
water to  waste water determines the buildup 
of soluble inorganic materials in the process 
water. Make-up water (not shown in the 
schematic) is added to  C-1 to  improve 
washing of soluble hydrolysis products 
from the ligneous residue. 

The amount of make-up water added is 
controlled to maintain the water balance in 
the system. Thus, make-up water is the dif- 
ference between water output and water in- 
put (excluding make-up water). The output 
comprises water in the waste water dis- 
charge and water vapor in the off-gases of 
wet oxidation and fermentation and in the 
produce gas from methanation. The input, 
excluding make-up water, is water charged 
to the system in the raw material, in the acid 
reagent, and in the solution of additives 
used in fermentation. 

The soluble solids content of the waste- 
water discharge is essentially inorganic, be- 
cause soluble organics are consumed in the 
methanation step. This inorganic material 
originates from the soluble inorganic com- 
pounds present in the feedstock and from 
small amounts of chemicals and nutrients 
added during processing. These materials in 
the waste water should function as soil 
amendments when that water is used for ir- 
rigation. 

Wet oxidation of the washed ligneous 
residue and organic solids from fermenta- 
tion and methanation produces a large 
amount of heat used to  produce steam. 
Either oxygen in air or gaseous oxygen is 
used as the oxidant in this step. Depending 
on conditions used, biomass is oxidized to  
variable amounts of products including 
water, carbon dioxide, a small amount of 
carbon monoxide, a mixture of organic 
acids, neutrals, and finely divided, partially 
oxidized, ligneous particles. Ultimate 
products of wet oxidation are carbon 
dioxide and water. 

Wet oxidation can be carried out to  maxi- 
mize production of methane or to  maximize 
production of thermal energy. It is highly 
pertinent that this thermal energy supplies 
all of the requirements of the process. 
Thus, the process is energy self-sufficient. 
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The off-gases from wet oxidation are ex- 
panded through turbines to  produce energy 
and are then processed to  remove the small 
amount of carbon monoxide and trace 
amounts of any volatile organics that may 
be present. The volume of the gas to  be pro- 
cessed will be greatly reduced if gaseous 
oxygen rather than air is used in wet oxida- 
tion. This would simplify any steps required 
for removing trace amounts of organic 
compounds that would be present in the 
off-gas from the process. 

Liquid extraction number 1 is an optional 
step that can be included to  isolate organic 
acids and some neutral products. Some of 
the compounds that can be produced are 
given in the schematic. 

Potential 01 Alcohol and Energy lrom Lignocellulose as 
an Alternative to Motor Fuel in the United States 

Fuel PrDduclion ~ q " i ~ ~ 1 ~ n l k C r e l y e a r '  
gal 11s BlU 

Ethanol 580 - 4.894 x 107 

Methanol 70 - o 444 107 

Import 
item equivalent Total 

54.5 115 
6 78 14 26 

Acreage lo replace motor fuel With 
ethanol 8 methanol (x 106, 1266 267 1 

% 01 forest and cropland t 10 7 22 6 

Methane produced. Blu x 6 76 14 27 

Total energy produced. Btu x 13 52 28 53 

'Produced by hydrolys81-wef oxidalion-lermenlsliOn. assuming 10 tons Oven drled hg 
"OCellUloSlC matsrlal per acre oer year 
?Foresf land and cropland 1,161 x 106 acres. Forerl Slalist~cs lor the Uniled Slales 
Forest Seruicer. U S  Department 01 A g r ~ c ~ I l u r e .  1972. P 2 

% Of IDIal energy COnsumpIlOn. 1977 17 6 37 1 

Conclusion 
The new process, designed to  fully utilize 

the raw material, to  be energy-efficient, and 
to  be environmentally benign, also accom- 
modates a wide variety of biomass materials 
and an extreme range of moisture contents. 
It produces only three products-ethanol, 
methane, and thermal energy-but has the 
flexibility to  produce additional materials- 
yeast that may be used in food or feed, 
organic acids, and several neutral com- 
pounds. 

The system can produce one hydrolyzate 
containing all monosaccharides or, when 
processing biomass from angiosperms, 
separate hydrolyzates, one with a high per- 
centage of glucose and the other with a high 
percentage of xylose (a pentose). The bio- 
logical agents used in fermentation can be 
varied to  provide a variety of metabolic 
products. 

The thermal energy that can be developed 
by wet oxidation can be used to supply heat 
to  other steps of the process so that it is 
energy-independent. The process has a low 
water requirement because of its high ratio 
of recycled water to  discharged water. The 
waste-water discharge contains the inorgan- 

ic matter of the biomass raw materials with 
small increments of inorganic agents added 
to  control hydrolysis and fermentation 
steps. Organic matter is essentially absent. 

Alcohol production from lignocellulose 
can provide a substantial percentage of the 
energy used in the United States, and this 
could be accomplished as rapidly as any 
program involving utilization of fossil or 
nuclear fuels. By processing of the type de- 
scribed, the amount of alcohols and meth- 
ane produced from a ton of representative 
feedstocks is given in the table of process 
steps and products. The yields obtained 
from white fir as well as energy contents of 
these fuels are given in the table for white fir. 
Using the latter as typical of lignocellulose, 
in general, the potential of alcohol produc- 
tion by processing of this kind is given in 
the table showing the import equivalent and 
total motor fuel consumed in the United 
States in 1977. 

For illustrative purposes, the basic as- 
sumption is made that 10 tons of lignocellu- 
losic residue is produced annually per acre. 
Then the amount of alcohols produced on 
126.6 million acres of land would be equiva- 
lent to the motor fuel produced from crude 
oil imported in 1977. This amounts to  6.76 
x 1015 = quadrillion) Btu or 6.76 
quads of energy. The total energy used in 
the United States during 1977 amounted to  
about 77 quads. An amount of energy 
almost equivalent t o  that in the alcohols is 
produced as methane. Thus, the total pro- 
duction of energy from the alcohols plus 
methane would have amounted to  about 
17.6 percent of the national energy con- 
sumption of that year. To replace the total 
motor fuel consumed that year, 267.1 mil- 
lion acres would be required. These land 
areas of 126.6 and 267.1 million acres 
amount to  approximately 10.7 and 22.6 per- 
cent of the total U.S. forest and croplands. 
It is to  be emphasized that residues, not the 
primary product, would be utilized. 

In addition t o  weaning the United States 
from petroleum-based fuel, a national pro- 
gram to utilize lignocellulose in production 
of this kind would avoid the potential haz- 
ards of nuclear energy and the environmen- 
tal impacts of coal utilization. Indeed, sub- 
stantial benefits would accrue due to in- 
creased productivity from our crop and 
forest lands, increased employment oppor- 
tunities, a new and stable all-year industry, 
and improvement in, rather than degrada- 
tion of, our environment. 
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