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Production of Protein from Wood and Wood Wastes

Introduction

Wood is essentially a carbohydrate being comprised 
largely of cellulose and hernicellulose and these held together 
with a binder called lignin. All three major components 
contribute to the structural strength of wood. Chemically wood 
is a food and becomes such for some of the lower organisms like 
termites and marine borers which house themselves in it and 
also metabolize it. With some modification wood and straw, 
which is similar chemically, are digestible by ruminants and in 
times of crisis treated wood and straw have been used for fodder 
for both cattle and horses '1'. Alkali treatment effectively 
frees the carbohydrate and renders the wood or straw digestible. 
Chenical pulps are quite digestible requiring no further treat
ment except nitrogen addition because of the low levels. In 
recent years, mill, agricultural, and municipal residues have 
increasingly become an industry and public concern. These con
tain much carbohydrate largely in the form of 1ignoce1lulose.
It would seen that with a little help from man many of these 
materials could be utilized for the profit of mankind as food 
or energy sources and their nuisance value as pollutants reduced 
considerably . The following is a 1 itéra tore survey and biblio
graphy to indicate- what has been achieved regarding the
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microbiological modification of waste cellulosio materials with 
the aim of their gainful use for food or animal feed or as 
energy source materials.

The world human consumption of protein is estimated at 
60 million tons/a - and that for fodder 150 million tons (1975) 
These quantities are expected to double by the year 2000 (2 ). 
When comparing price for new proteins and their economy of prol 
ductaon, soybeans set the standard and the UN National Health 
Organization has set the quality standard for a full amino acid 
profile. Food production world wide is said to be increasing, 
faster than population, the problem apparently is not supply 
but uneven distribution. For example, China has increased food
production by irrigation and fertilization and other means 
such that 12 crops of vegetables per year have been obtained (3). 
It has been argued that land is used for wrong purposes, namely, 
to grow grain to feed animals. Thus livestock drain the grain 
supply and as indicated (4) "the west (including Japan and the 
USSR)gives more grain to pigs and poultry than the whole of the 
Third World consumes, people, livestock and all".

Interestingly, the same author argues against micro
biological .production of food since the costs are too high to 
obtain government sanction for use of this type of new product. 
However, others consider wood and cellulosio residues as pro_ 
nising mlcrobioioqicai substrates and worth investigating as 
pot sources for ne.: proteins for food and feed. Cereals
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are to become less available for animal feed and new feed sources 
are needed- The ruminant is well suited to convert cellulose to 
protein. The problem is accessibility. Lignin protects ligno- 
cellulosic materials except in very young plants where lignin 
content is low (5). Thus proper technology is required if such 
materials are to be converted to food or feed.

Most cellulose containing wastes are two thirds carbo
hydrate and therefore have great potential for food purposes in 
their native state but much more so when converted to protein via 
microbiological modification. The U .S . annually produces 1.23. 
billion ft of logging residues which accumulate before the logs

yever reach the processing plants and another 2 billion Ft are 
produced as residues at plant sites (6). In Canada, of the 50 
million tons of wood cut 5 million tons remains in the forest and 
7 million tons are produced as sawmill waste. Thus approximately 
12 million tons of wood waste are produced annually (7). Canada 
has about SO chemical pulp mills of which 29 produce sulfite 
pulp. The latter are the major polluters of waterways and have 
been ordered to clean up their effluents. The U.S. has about 
200 mills 6f which A2 are sulfite pulp producing and the same 
problem exists. Many of these mills will have to close if an 
outlet for their effluents is not found. Recovery costs are too 
high especially for small mills and possibly governments will 
have to provide financial aid (0). The effluents art? potential 
sources of substrate for microbiological conversion to food or 
feed. The 'leohnology is available and only the economics and



potential markets are in doubt. Waste paper is also an available 
raw material for protein and for feed. Probably 43% is the maxi
mum recovery projected for the paper product if such materials 
came to have a high starter value for protein. Presently the re
covery in Canada is only in the order of 6% (8). Agricultural 
residues must be considered also as potential materials for pro
tein production. Approximately 50 million tons of straw are pro
duced annually in Canada. The upgrading of straw for use as winter 
feed for beef cattle is presently being looked at. Some simple 
alkali or other pretreament hopefully will be devised ( 9 ) . In a 
recent survey covering 84 U.S. counties it was found that most 
agricultural residues are returned to the soil to prevent erosion 
but about 22% of production was available for other uses and 4?̂  
is already used as cattle feed. Anaerobic digestion of residues 
to produce methane gas is a proven technology and conversion of 
agricultural residues to methan=is considered to have economic 
possibilities '10). New low energy ways to obtain protein will 
be demanded and is to be expected in the light of the over 4 
billion persons on earth in 1975 and the expected doubling by the 
year 2000 (.7 ) . A PPRIC executive official has indicated that 
basic wood resources (not just wood residues) will in future be 
used to produce protein and chemicals (11). Another investigation 
considers that only fines, decayed wood and small charges will be 
available for energy, food and chemicals. foliage wi11 be used 
for feed, bark v;ill be burnt and accept chips used for pulp, but 
this v/ill o.nl> bo possible n't or the forest is first claimed tor
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plywood and solid lumber, all with a view to full forest 
harvesting (12). In the final analysis protein demand will 
probably shape the policy to be followed.

Microbial modification is an obvious area to investigate 
when looking for new proteins from the processing of waste 
materials. As has been pointed out, microbes grow 10,000 times 
faster than cattle, 2000 times faster than poultry, faster than 
food crops and with no dependence on climatic conditions and 
the cost per pound on a 100 ?<5 protein basis should be much lower 
than for beef (13, 14). However, when microorganisms have been 
applied to agricultural, municipal or industrial cellulosic 
wastes to produce feed or protein a number of problems arise.
Rapid biomass production on such materials normally requires a 
pretreatment step which may be costly. Organisms must be selected 
which are amenable and which have a full protein amino acid pro
file. preferrably with low nucleic acid content. The product must 
be non-toxic and its production compete cost-wise with similar 
agriculturally derived proteins. Generally, sugars are most 
suited to microbial utilization. Thus if residues are first 
hydrolysed either enzymatically or by acid the sugars produced 
can be fermented by yeasts to yield alcohol or yeast biomass. 
Alternatively any of a number of microorganisms can be applied 
to achieve a variety of products. It is significant that some 
woody materials can bo attacked directly, for example, mesquitc 
■..mod or rather the soluble sugar material produced in the pod
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structures of this wopd is utilized directly with BAZ\jZbac.tZAia sp 
(15) and P-bZudcmona* sp (16) to produce protein. Similarly sugar 
bagasse can be fermented to ethanol to provide a gasoline substi- 
stute by yeasts. Sugar is grown specifically in Brazil for this 
purpose and gasoline engines are run on up to 20?0 ethanol without 
major engine adjustments (17). The same work makes mention of a 
simple process for transforming wood into a goad source of wood 
sugars by a short-term, direct steam treatment at high temperature 
The sugars produced could then be fermented to alcohol or used 
for protein production. In 1975, the spent sulfite liquor (SSL) 
capacity for North America was 6,840,000 tonnes. The sugar con
tent of this SSL has a variety of prospective uses. An obvious 
outlet is yeast production for human or animal feed. Likely this 
material will be burned in futurs but higher value markets could 
probably be developed to help utilize the large volumes of con- 
cen^race which wall be available (18).On the other hand, discussion 
of the prospects of producing food from such sources at a recent 
cellulose conference seemed to raise a negative response because 
of the better protein productivity attained by agricultural 
methods (19). However, a more recent market survey suggests that 
a market opportunity exists for cellulosic high energy feeds de
rived from wood waste if costing can be kept minimal. At the same 
time SCP or production of full protein from wood waste is con
sidered unattractive because of the availability and price of 
alternate protein such as soybeans (20). Possibly products do

i v e . :  from wood waste which have high energy as well as a eon-t*
P l e : n ‘ on t •! i . . > ;• c ho beat Suture for î ho qainfw!
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disposal of wood residues. Thus wood waste could be processed 
with select microorganisms in a semi-wet state to the point where 
the lignocellulose becomes disrupted and the material made more 
digestible and at the same time the responsible microorganisms 
cellular material would go to form the protein content of the 
product. Thus by what has come to be called solid sta te.fermen
tation (SSF) high energy protein feeds could be produced from 
cellulose waste residues. Various commercial foods are made 
using this method (21) as is also silage (22).

In addition to feed and food, liquid and gaseous fuel 
products can be derived from wood wastes. Methane production 
from decaying organic matter has been known for a long time.
Thus bioconversion of cellulosic wastes and residues to methane 
by anaerobic fermentation is a real possibility and is con
sidered a more promising alternate to fuel production than the 
energy intensive process of first producing pyrolysis gas (23). 
Cellulosic materials can also be hydrolyzed to glucose and the 
glucose fermented to ethanol. For economic reasons such opera
tions should be carried out in central locations where the waste 
raw materials have accumulated. Here wood-derived sugars could 
be converted first to ethanol, a liquid fuel, or further pro
cessed by dehydration to ethylene which is a precursor for many 
chemicals. Lignin could be converted to phenol or other aromatics

by Îiy drogenol > s i s (2-0 -



Tree Foliage

Leaves of various sorts are a very suitable source 
material for animal feed. The Russians were the first to make 
extensive use of foliage as feed. They have been investigating 
foliage for many years and have given the name "Muka" to the 
product derived. Annual production is believed to be about 
100,000 tons/a. Muka is obtained by simply heating the leaves 
to 210°C to drive off moisture and essential oils. The latter 
are unpalatable to animals (24). Only the USSR has marketed 
foliage chemicals with any success and these include vitamins.and 
pharmaceuticals. In North America interest in foliage has grown 
along with the concept of complete-tree harvesting (25). The 
market in Canada is estimated to be in the hundreds of millions 
of dollars and all that is needed is to apply the existing techno
logies. It has been recommended that a prototype plant be set up 
to study the production of muka under Canadian conditions (5).
Much of the technology is at hand (26) and much gained from first
hand observance of the Russian operation (27). It is expected 
that complete-forest utilization practices, where both above and 
below ground biomass is harvested, in the future wi11 instigate 
the manufacture of "muka" in Canada (28). About 5,01 of the wood 
cut in Canada is foliage and probably about 6 million tons per 
year is available but all of it remains in the forest. The problletr 
then becomes one of collection (5, 24).Leaves and needles contain 
about 8-16?s- protein and one attempt at least has been matte to 
produce RCF using a foliage extract as substrate (2V). foliage
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can be incorporated into feed to about 5S5 for poultry, cattle 
and hogs (7). By sôlvent extraction a chiorophyl-carotene paste 
as produced which can be used as a vitamin A fraction.

The production of Muka from Canadian species is being 
studied under contract at Domtar. In spite of Russian successes 
with it as a poultry feed the experimental Canadian product has 
not worked out well so far (30). Trials with cattle are pre
sently being made. Price value in Canada is considered to be 
about $100.00/ton and the chemical composition similar to alfalfa 
(24). Muka will have to compete in price with agricultural a'nd 
fish meal proteins in Canada whereas in the USSR another addi
tional source of feed was sought. In a recent study the digesti
bility of pine and spruce foliage compared favourably with grass 
hay (25). .

Cellulose Residues and Pretreatment for Feed

In general, native cellulosic residues supply only an 
animal's roughage requirements when applied as a supplement to 
feed. These materials must be treated in some manner to expose 
the carbohydrate component and thus to facilitate its breakdown 
by the microbial population and enzymes of the paunch. The 
nitrogen or protein content of such materials is generally of a 
low order and remains so even after most treatments. The common 
treatment methods employed, especially for woody materials, have 
b£'f’" rE?viuw°d (3*. 32, 33, 34 ). Cellulose c , y s t a 11 j n i t y and the
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protective action of the complex lignin carbohydrate relationship 
are suspect as the preservatives of enzyme activity. Much co
operative work has been carried out aimed at the use of wood resi 
dues as feed, principally by the US FPL, Tennessee Valley Autho
rity, Univ. of Wisconsin, Penn State, and Auburn. Apparently, the 
wood residues, in the US would more than supply the roughage re
quirements (no pretreatment) for the country (32) and the pulp 
and paper residues which are partly delignified would be useful 
as supplements for feed grain use.

Grain consumption for feed is extremely high. Approximate
ly 4/5 the grain produced goes to livestock and 40X of the world's 
livestock are fed on vegtable sources that humans should be 
using. About % of the world fish catch goes to livestock and 
abouL £ of agricultural land grows feed crops for*animals. The 
western world is indeed a very meat oriented society (35) in which 
a substitute for grain will eventually be required. Harvested 
grain represents less than 50?o of the solar energy taken up and 
over 600 million tons/a of the remainder (grain straws) is either 
burned or ploughed under in the US. These materials could be 
converted to sugar, fermented to methane or treated chemically 
or upgraded by mixed culture fermentation and then used as animal
feed. Distribution<col1ection, composition and use 
has been reviewed (36). For feed eellulosie résidu 
some upgrading. Aspen bark is digostib 1e and pulp 
ore delignified have maintained animals in tests

of such wastes 
es mostly need 
mill fines which

but were much
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poorer than alfalfa and grain for obtaining growth of'animals 
because of their lack of nutritive value (37).

Pretreatment with alkali

To improve the digstibility of wood and straw alkali 
steeping with and without heat was one of the first treatments 
to oe tried. Animals were fed these treated materials as an 

emergency war measure with effect during World War I. ■ straw 
was found to be much more susceptible to alkali treatment than 
wood (1 ). Mercerizing concentrations of alkali (20% NaOH) cause 
extensive swelling and structural change as does also mono- * 
ethylamine. When combined with carbon disulfide as in the vis
cose process.for xanthate production, microbial protein for feed 
can be producted (38). To upgrade woody materials soaking in
5 - solutions alkali per 1 IQ r ...*o o') i « . •y used. Depending on
species, digestibilities range from 45-SCf, for hardwoods to only 
1-5=5 f°r Soft,,'°2d3 ' Softwoods were generally unresponsive to 
treatment. Millet et al. (33) have reviewed the subject. Sugar 
cane bagasse and rice straw digestibilities were much improved 
by alkali treatment but there is a limit to the effect (39). The 
US FPL group conclude that the maximum effect is attained with 
5-6 CJ Na0H .P-r 100 g wood. At this concentration level the 
alkali is equivalent to the combined acetyl and carboxyl content 
of tne wood and achieves saponification of the ester bonds. The 
arc--a tic ether bonds are considered little affected (40). Washinc- 
?‘f l-r alIîoli treatment removes useful carbohydrate and results 
'!! " iup0yal problems. Non-wash processes .have been looked at



12

as has the use of ammonia. Generally sodium hydroxide treatment 
is.more effective and a number of process patents have been let 
but overall alkali benefits are considered to be only modest (4 1 ).

Pretreatment by pulping
Ruminant digestibility of lingocellulosic materials in

creases v/ith delignification. Hardwoods become digestible quickly 
with progressive kraft pulping. Softwoods lag behind until 25% 
of the lignin is removed. To obtain 60?i digestibility in hard
woods lignin removal has to be 25 - 35% whereas in softwoods 
65 - 73?o lignin removal is required. Other delignification treat
ments, for example, using chlorite, effectively attack the lignin 
carbohydrate complex but treatment is expensive and the salt 
content remaining in the product unpalatable (33). A number of 
other oxidizing agents were 1 : :ed os treatment with sugar-cane 
bagasse but were of little effect (39). Sulfur dioxide treatment 
is apparently very effective in promoting digestibility. The lig
nin carbohydrate complex is disrupted and the lignin does not need 
to be removed. Treatment is 2 - 3 h at 120°C and 3S psi . There 
is no free lignin after treatment and digestibilities are in the 
order of 61%. Ammonia and urea can be used to add nitrogen and 
neutralize treated material. Red oak was made 55?0 digestible and 
equivalent to medium quality hay (33, 34). Costing for sulfur di
oxide treatment may reach one million dollars for an initial 
plant (35). • This area of pre!reatment is considered a rewarding 

’or future research (41).
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Pulped and partially pulped materials are available as 
mill and post consumer residues and are potential feed materials 
These would include groundwood fines, screen rejects, centri- 
cleaner fines, ray cell and vessel fines and paper cartons and 
containers (31). Apparently for every ton of pulp manufactured, 
8G lb of fibrous waste are produced v/hich results in 2 million 
tons of carbohydrate annually. Besides this 80% of the pulp pro
duced ends up as trash after use. Most of this would have di
gestibility (33). Because of the chemical treatment already re
ceived the opportunity for utilization of these materials is con
siderable. However, if recovery can be made for fiber use this 
is the most profitable utilization. Collection, dewatering, and 
transport costs are the main concerns with these materials (42).

Some more novel pulping treatments have been tried. For 
example. rye crass was Creates with acidified detergent followed 
by acidified dioxane. The detergent removed hemicelluloses but 
the dioxane function was not clearly elucidated. Digestibility 
was 38% over the non-treated material. Bice straw was similarly 
affected. Oxygen and ozone pulping have had some investigation. 
Using a patented treatment employing oxygen at 105 - 110°C with 
acid and metal catalysts (ferric chloride or manganese salts) 
corncobs bagasse and woody residues were found more digestible 
to ruminants. Partial 1ignocarbohydrate cleavage and cellulose 
fragmentation were claimed (43). L i cjnocel 1 u 1 osic: rna terials in
cluding sawdust and newsprint were converted to digestible carbo- ' 
hydrate wi th ozone at atmospheric pressure at 100°C. Ground straw 
treated was 52% digestible (44,. On the other hand, oxidative
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treatments were not considered effective in some other tests (40).
Microbiological pulping methods have also been tried as a 

means to increase digestibility. Nine white rots were found to 
remove carbohydrate as well as lignin but digestibility was in
versely related to lignin content (32). Beech digestibility went 
to 59%, oak 56% and straw 70% when treated with Forne-i ZividuA 
followed by alkali (45). In some Swedish work, white rots were 
used in conjunction with an inhibitor for cellulase and mutant 
white rots having no cellulase were tried as well (46). Fungi 
were also screened as to the best lignin decomposers (je.g. those 
with high levels of phenol oxidase (47 )j. Such organisms, may be 
ideal for applying to cellulosic materials to partially pulp them 
and at the same time increase the protein content of the whole 
biomass which can then be used for feed.

Prstreatment by physical methods
Lignoce11ulosic materials are often made more digestible 

when reduced to a finely divided state by some sort of mi1ling- 
This work is reviewed (33, 34, 42). Millet's group (33) carried 
out considerable work with ball milling. Dramatic effects were 
observed after two hours milling but the method was species se
lective. For example, digestibilities varied from 20% for red 
alder to 00% for aspen. Softwoods were less responsive, the 
maximum among five species being 10% digestible. The method is 
considered too energy consuming to he economical. Differential- 

’• t.. o •• ;• i .1 milling v. . ; • t Jo red Lo be much more effective 
ihun bal 1 mill ing (48). Processing tine was 10 min or less.
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Calendar rolling and pressure milling have also been investi
gated (33) and also in the USSR.

Steaming also improves digestibility. Acetyl groups are 
released from material treated and provide an acidic medium. Early 
work with straw and wood is described (33). This work was reviewed 
and applied to poplar by Bender et al. with good effect (49,50). 
Steaming was for 1% - 2 h at 100 - 115 psi. The product was 
acceptable to sheep to 60?,' of total feed ration. Softwoods were 
much less affected. The process has been taken over commercially 
by Stake Technology and a patent issued on a screw feed continuous 
treat system which employs higher temperatures (190 - 210°C) for 
shorter intervals up to 30 min. Thought is also being given to 
introducing grinding along with the screw feed. The process has 
similarities with thermo-mechanical pulping (TMP).

necenL-^;. c.ere has been somewhat of a swing to TMP by a 
nu-.ber of pulp mills because of the high yield pulps obtainable, 
the lesser polluting effluents resulting and the good paper making 
qualities effected. In this process critical temperatures are 
reached at 120 - 13C°C. Apparently lignin flows and subsequent 
cooling causes the fibres to become coated and stiffen which 
prevents fibre collapse (51). Two types of particle are claimed 
with TMP, viz. fibres of different length and ribbons of un- 
wounc lamellas (52). It is also claimed that with TMP at 
100 - 14 50 C lignin is plasticized along the primary and outside 
secondary walls (53). At 180 - 190«C (Asplund pulp temperatures) 
l0ri - ribrP ■5::,r,rJInn "rP °bt o : nee! and the lignin is plasticized in 
thr' c|r‘ 1 o "1 a me ! 1 a . I ho Masonite process is really a unique TMP
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process where steaming at 250 - 3G0°C solubilizes 5-10% of the 
wood carbohydrates which then can be concentrated to wood molasses
and used as feed. Masonite pulp was studied to determine what 
fibre changes might be expected for high temperature TMP pulps. 
Apparently degraded fibres having a lignin-rich surface are formed 
(54). It is of interest in TMP treatments that lignin is disrupted 
and therefore it is conceivable that wood so pulped may also become 
more digestible with respect to ruminants. The literature does not
record any studies in this area but it would seem investigations 
should be made to determine if TMP newsprint has a secondary use 
as cattle feed. Chemically modified TMP is also being investigated 
For example, the addition of 2-12% sodium sulfite to TMP as a lig
nin softening agent has been patented. Application is in the 
preheating stage (55). Some such combined treatment may make woody 
materials digestible. Inhibitor formation may be a critical factor 
in any or all heat treatments since a study monitoring the steaming 
of waste cellulose at 130 - 200 nC for short periods required a 
washing step to remove inhibitors. Only then would the treated 
material support growth of the mixed fungal culture used for 
testing (56) .

Irradiation improves the digestibility of starches and 
celluloses. Light rich in 355 mw wavelength was shown to depoly- 
merize celluloses in the presence of photosensitizers such as 
nitrous salts or hyponitric acid. Reduction in DP from 1000 to 
1 ? .> was obtained within 60 h 1 5 fl ) . Gamma and high-velocity 
electron irradiation improve digestibility but i he treatments 
■ rn species selective. Aspen greatly affected by an electron
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dosage of 10° rad but white spruce was not. Treatment costs are 
prohibitively high (33).

Microwave treatment hydrolyzes starches but was apparently 
ineffective with cellulose in preliminary tests. Laser irradiation 
of cellulose effects an increase in growth response of micro
organisms applied and also improves the biological availability - 
of lignosulfonates (38). •

Some sort of partial delignification or pulping probably- 
is the recommended route as pretreatment for producing feed from 
cellulose. The non-sulfur methods have recently been reviewed 
(57). ■

Protein-enriched feed and solid state fermentation

Cellulcsic waste residues are generally low in protein.
■ ■‘r.sn used to supplement feeds some external protein must be added. 
Thus any treatment which upgrades the protein of the residues

'ie will raise their potential as feed stuff. Levels of almost 
protein are considered ideal. To achieve this, treatment of 

residues by solid state or semi solid fermentation is believed to 
have merit. In this procedure growth of suitable microorganisms 
is encouraged throughout the waste cellulose which is held in a 
semi-wet state. The microorganismal cell material constitutes 
the protein of the final product. Treatment is for the shortest 
time nscsssarj to achieve a desirable product and under moisture 
ronditions of about 7 0 %.

Solid state fermentation is not a new concept. Silage or 
rn:[ has been used since ant igu tt> and is produced in the same

it her I >'1'' irop;, are harvested, cut to small size
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and packed into a silo. The moisture and conditions within the 
silo establish the growth of LxciobacZlZu* bulgatZcu* which 
produces acid while overgrowing the grain. The entire product 
which is nutritionally upgraded is used as feed. Similarly 
solid state processes have been used for the production of enzymes
and human food as for example in production of the soya products 
of Japan. *

Interest just recently has been centered in the use of 
solid state treatment for cellulosic wood residues in an endea- 
vor to increase their protein content to 8?;. These materials 
theoretically contain 1700 cal/g and should be obtainable in 
70S5 yield (29). In a review paper treatment of wood fibre and 
sawdust with specific fungi and bacteria is expected to greatly 
increase the digestibility and feed value (18). Similarly for 
agricultural wastes and their proposed treatment with thermophilic 
Oig^msas the requirement for more information on solid state 
fermentation application is indicated (40). Solid state usage 
might also be applicable for farm size units when using fungi or 
high temperature microbial species (58).

Solid state practice has recently been reviewed (59,60).
It has been used for high yield production of toxins (61). Heavy 
sporulating strains are generally required for start-up but sporu
lation often ceases under the conditions of fermentation. The 
equipment required is generally simple but may involve aerated re
volving drums, aerated fermentation rooms with trays or shake 
•las'-.a. A typic l labor Lor;, fermenter of the drum type is de- 
■ ( i i u e ■-! \ 2 ) . 11 o i s t u i e content generally ranges between 30 to
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7 0 o. Production of amylase and chitozanase enzymes and amylase 
and protease from wheat bran using solid state methods are dis
cussed respectively (63,64). The main advantages to the method 
are that the product is obtained more or less directly and 
equipment requirements can be simple.

Proposals for solid state treatment of cellulosic 
materials should have a twofold aim. Besides protein enhancement . 
the structure of the material should be opened up to impart digest 
bility to it. Ideally by a single microbiological treatment 
these two aims would be accomplished and solid state fermentation 
the prefer red met hod. Success depends very much on the choice of 
microorganisms) employed as the treating agent. Because white 
rot organisms attack lignin these types may be useful. Many white 
rot fungi remove lignin preferentially to carbohydrate and 
digestibility is inversely related to lion in content (65). .Saw
dust and straw were modified by white rot attack within 11 days 
incubation. A following alkali treatment enhanced digestibility 
of the fungally treated materials (45). Protein content was not 
reported. Treatment of pulp mill residues with a thermophilic 
filamentous actinomycète (a bacterium) at 55°C and 96 h resulted 
in a product having 25-307Ô protein and useful as a feed (66). 
Similarly bagasse attacked by C&llu£omona.4 iZavlqzna (a bacterium) 
at 33°C yielded a brownish flour with 55?i protein content and 
Teed potential (67). After growing lltjAoihzc-ium ve**uQ-clkIol on 
hall-milled newspaper for 14 days, a product with 103 protein 
■'<‘s obtained (68. . With iZZa 5 $ a mi3atui on cellulose
prêt routed with alkali a product having 13.3^ protein was obtained
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within 4 d (69). T-x-ic.hodcA.ma. vÂA-idc on alkal i-treated barley 
straw in four days yielded a product with 21-26?i protein (70). 
Working with thermophilic fungi the addition of organic carbon 
and nitrogen were found to markedly enhance cellulose. utilization- 
SpoAot-tZchum thZAmopkZZz gave the highest substrate. utilization 
(71). Powdered cellulose was upgraded to 6-i protein and waste 
fibres to 13.8?i protein by SpoAotA-Lchiim pu.ZvZAu.Zzntu.rn attack 
after 6 days (72). Thus protein upgrading of cellulosic materials 
is only accomplished in relevance to the organism used, the con
dition of substrate and the incubation time. For solid state* «
operation short incubation with high temperature microorganisms 
will probably give the best results. With these organisms 
moisture content is very important (73). The rapid growth of the 
thermophilic types favor their outgrowing contaminants in solidstate 
fermentation use and many have suitable protein profiles and some 
degrade lignin (74,75,76,77). Swedish investigators are just now 
studying microbiological pulping wherein a mutant strain of 
Phan.ZAOcha.Z-tZ chA<jZOApoA-ium (conidial state SpOAOtA-icklim puZvZAu.- 
Zzn-tum) is employed (78,79,00). Some such mutant may be of bene
fit for solid state fermentation of cellulosic wastes when the 
end product is to be a cattle feed (31). A study group at Oregon 
State U. have already employed solid state fermentation to up
grade ryegrass straw which is proposed for use as cattle feed. 
Fermentation was at 70% moisture content. The straw was pre- 
hydrolyzed with acid and then various organisms applied. With 
Candida utiZiJ. ■protein and crude fat content were increased after



rr 7

12-29 h as was the digestibility. A pilot plant level of operation 
has been reached (82,83). Similar Canadian work at the University 
of Waterloo using wood as substrate has noted that acid pretreat
ment is favored over alkali when the product is aimed at animal 
feed. Chaz-tomZum czZZuZoZi/ZZcum is the preferred organism over 
T. vZ-fiZdz because of its better amino acid profile (84,85,86).
Alkali pretreatment liquor containing sugars and sacchariniq acids 
may also be utilized for protein production. Alkali pretreatment 
also produced a toxic material (85).

Woo'd hydrolysis to produce sugars

The carbohydrate content of wood and other cellulosic materials 
can be hydrolyzed to set free the corresponding sugars. ’When dis
cussing energy and materials from biomass, Saeman (87) calls for 
a new concept fcr the conversion of biomass to glucose, claiming 
that success here would rank with the great scientific achievements 
of all time. An economic technology has not yet evolved for North 
America. The Russians on the other hand are well experienced in 
wood hydrolysis. In 1970, 200,000 t of fodder yeast was produced 
from hydrolyzate material. It is claimed that by that year 14 
plants were in operation (89). All wood hydrolysis procedures have 
one common problem, namely the reactions converting cellulose to 
glucose are closely followed by reactions converting glucose to 
degradation products. Research has been directed at increasing 
the rate of the former and decreasing the rate of the latter.

- 21 -
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Prehydrolysis

The simplest hydrolysis procedure makes use of water with 
boiling or steaming. Simple water hydrolysis has been practiced 
for some time. Water has a softening effect and among other 
things effects cleavage at the acetyl groups of hemicelluloses, 
at the glycosidic bonds of carbohydrates and the lignocarbohydrate 
bonds. With water hydrolysis organic acids are formed and the medium 
acidity increases. Hemicelluloses are much more readily hydrolyzed 
than cellulose and in pulping prehydrolysis of chips before pulping 
to remove hemicelluloses was a recognized practice 'in Germany during 
the war. The hydrolyzates produced were then utilized for yeast 
manufacture. Normal pretreatment was 120-130°C with 0.5-l,o?,'
,,2S04 ’ The ^raft cook followed. Hydrochloric acid was later found 
to oe a more effective acid when used at 0.7% concentration (90).
Pr?::> drolysis practice at. mills was largely abandoned after the 
war but a few plants producing pulp for rayon still make use of it. 
Steam hydrolysis of hardwoods at elevated temperatures (185°C for 
5 min) effects the complete removal of pentosans and is practiced 
by three US mills. Such sugars could be recovered and used to grow 
yeast using ToAuZa species (7). With prolonged prehydrolysis at 
higher temperatures and over three hours some hemicelluloses become 
degraded and there is some lignin loss. Better conditions are ob
tained with continuous withdrawal of hydrolyzate and low tempera
ture operation. Better yields result and a reduced furfural for
mation (91). Recently stearned hardwood chips were shown to yield 

feed grade wood mol ass e s h> c! r o 1 y za t e of equal value to 
m-. es for digestibility and pa 1 a t nb i .1 i t y (92).

cane mo-
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Complete hydrolysis * -
For complete hydrolysis of wood to sugars both concentrated 

and dilute acid methods have been developed. Concentrated acids 
at room temperature and normal time periods do not result in 
appreciable decomposition of the sugars formed. For wood hydro
lysis a short reaction period at a high temperature with the rapid 
removal of hydrolyzate are the ideal. Division into two processes, 
prehydrolysis and the main hydrolysis allows separate conditioning 
for each process. The recognized processes are well, discussed 
(89). In the "Hokkaido" process the main hydrolysis is carried out 
with 80% sulfuric acid at room temperature after an initial pre
hydrolysis at high temperature. In the 'Scholler-Tornesch" process 
dilute acid is added to percolators intermittent fashion. Sugars 
are moved along as each new acid charge is admitted. Steaming 
follows each charge to complete fee hydrolysis. The "Madison" 
process was developed from this and constitutes a continuous flow 
dilute acid process with continuous removal of sugars and short 
reaction time. The "Tennessee Valley" process is an adaption of 
the "Madison" process but employs a special valve to control acid 
flow and.yields a highly concentrated sugar molasses. Neither of the 
latter methods is presently used.

Wood hydrolysis is extensively carried on in the USSR.
Ilechanico-chenica1 processes are being developed. For example, in 
the "Riga" process concentrated sulfuric acid is mixed with finely 
ground wood meal. The whole is then subjected to continued vibratory 
milling. . Yields close to 90b can be obtained with acid concentra
tion at 60b. Mechanical action apparently is important to acid



reaction (89). Such developments need to be watched closely since 
a useful economic process rnay shortly be the outcome.

In Finland, wood hydrolysis has been reported as success
ful on a pilot plant scale and is achieved with dilute sulfur 
dioxide solutions on chips. Huch less destruction of sugars was 
claimed than with sulfuric acid. Successive treatments of new 
wood batches with the same sugar-acid solutions was possible (93).

Seemingly a new interest is being aroused in cellulose 
hydrolysis to obtain sugars. The current energy crisis and in- 
creasing problems with solid waste disposal (000 million tons of 
solid organic waste per year in the US) dictate this (94). The 
interest is glucose for fuels such as ethanol or methane and for
SCP. The point is made that if we assume the cellulose content
of waste at 3 2c~ and 16% conversion to ethylene (via ethanol), 
farm wastes alone would yield 28.million tons ethylene per .annum.
This is tv/ice the US ethylene consumption for 1975. Sugar from
cellulose kinetics predict 5 5 yield at 2 3 0 ° C with 0.4 acid.
In small laboratory tests 52% sugar with 1 ?ô acid and 230°C was 
attained. But 70% sugar yields based on available cellulose have 
been reported using irradiation treatment coupled with mild acicl 
hydrolysis , (95). The work has been done at the New York Univer
sity using newspaper as a feed-stock. The feed-stock was first 
hydropulped and then subjected to 5-10 megarads (treatment cost 
1.5-1.7 f5/.Lb feed-stock). Other cellulosic materials are being 
investigated and a continuous process is envisaged. Hydropulping 
is c1 aimed-superior to other milling methods.
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Oxidative hydrolysis of lignocellulose has been tried as 
an alternative to acid hydrolysis. In a new development material 
for treatment is hammermilled in aqueous slurry and then reacted 
at 150°C and higher with air or oxygen under pressure. Using a 
two-stage process, the first at 160°C, ligneous residue formation 
is effected from which organic acids are generated at 180°C during 
the second stage. The acid slurry resulting is used to treat new 
wood entering the system. No other chemicals are needed and 
yields of 40-50?o have been obtained thus far (96). The oxidative 
method proposed by Jelks which employs metallic catalysts has al
ready been mentioned (43).

High yields of yeast assimilable material is claimed for 
an alkaline hydrolysis method. The hydrolysis products Were 
mainly organic acids. The conditions were 200°C in a two-stage 
Process under an atmosphere of nitrogen treating with two alkali 
levels for four and five hours respectively for the two stages. 
Acids were separated from their salts by electrodialysis and the 
alkali recovered. Growth of yeast on the acids was in greater
yield than from sugars by acid hydrolysis of the same woods (97). 
One alkali hydrolysis process for use with bagasse, straw and 
cellulosic wastes has been patented (93). The materials are 
created with 2-30?o alkali, then the alkali is removed and a heat 
treatment at 25-10U°C follows. The product was metabolized by 
_ •? Z£u Z arrona-i sp. to produce 5 OF’.

Pyrolysis as a means to first depolymerize cellulose arid
then obtain sugar is perhaps tni unconventional approach to
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hydrolysis but is being, considered. Pyrolytic or thermal methods 
are restricted by their non-specificity but are rapid and efficient. 
Initial laboratory trials with pyrolysis followed by mild hydrolysis 
apparently look promising (99).

Saccharification with organic solvents has also been ex
plored. Cloaked in some secrecy is a method which employs 50X 
aqueous organic solvent (not specified) containing 0.02 M hydro
chloric acid. Douglas fir sawdust is almost completely dissolved 
after 20 min at 200-210°C. Evaporation to recover solvent pre
cipitates the lignin. Host of the mixed sugar product had a mole— 
cular size less than 1000 but only 30% of the sugar is presently 
recoverable (100, 101). Use of organic solvent media for hydro
lysis has some similarity with hydrotropic pulping where soluble 
hydrotropic salts such as xylenesulfonate function to dissolve 
lignin. The action is as a catalyst and solvent is recoverable 
for reuse but action during hydrotropic pulping is also considered 
to be hydrolytic (102). The hydrotropic pulping literature has 
been reviewed (57). Hydrolysis of cellulose materials for use in 
the fermentation industry is also reviewed (103) and comparative 
costing for methanol and ethanol production from wood studied 
(230).

L n x y rn e hydrolysis
Enzyme hydrolysis of cellulose in many respects would 

appear to be the ideal system for conversion of cellulosic materials 
‘..I sugars. for one, the system would be expected similar to that 
already used commercially for conversion of starch to glucose as



27

in the alcohol - yeast industry where considerable expertise is 
available- Enzymes are specific in activity and for cellulose 
conversion should yield sugars in high yield with very few side 
reactions. Only moderate temperatures are required and high 
pressure, non-corrosive equipment is not a necessity. Neverthe
less, commercial enzymic hydrolysis of cellulosic materials is 
still futuristic. : .

Commercial development of an enzymic cellulose hydrolysis 
has been frustrated by the limited enzyme activity normally ob
served with lignocellulosics like wood and agricultural residues 
which are most often the desired materials for feedstock. Some ' 
pretreatment of substrate materials has generally been found 
necessary. Possible prêtreatments have been discussed earlier.

The most enterprising and informative work on enzymic 
saccharification of cellulose has been done at Natick by U5 Army 
workers. In prepilot plant studies newspaper and municipal trash 
(cellulose), after milling and reacting with enzyme, resulted in 
suyar in 505a yield. One hundred percent conversion is possible 
(104). 5ubstrate charges 10-305a in consistency in 6-24 h gave 
syrups of 5-15% (105). A special cellulose preparation derived 
from a TA.ic.k6 de. A.ma. viAide mutant is the heart of the system. Many 
types of cellulose wastes have been tested. The prepilot plant 
is capable of processing 100 to 130 lb of waste per day (106). The 
cost of producing glucose by enzymatic hydrolysis was calculated 
at 11.3 c/lb.. Much more work is required to develop a cheaper 
prelrentment and find a more reactive enzyme to decrease the 
n v. s n r y reaction time. Ethanol has been the end product of most 
!• t e rest but SCP i a n  equal possibility.
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The process as yet cannot compete commercially. For 
ethanol production the price of fermentable sugars must be reduced 
to approximately one third the price of ethylene. For one gallon 
ethanol 12.88 lb of sugar (4 lb ethylene) are needed. It is esti
mated that from one ton of newspaper one half ton of glucose can 
be produced which by fermentation will yield 78 gal. of ethanol. 
Capital costs for an industrial fermentation plant producing 
24,000 gal/d ethanol and for Torula yeast production from enzyma
tically derived sugars have been set out (107,108). Competitive 
costing indicates sugar costs must be reduced to 2-3 cents/lb.

The whole field of enzymatic conversion of cellulose 
to sugar was assessed in some 21 contributions presented at a -
symposium sponsored at Natick in 1976. Enzymic conversion of 
v/ood to chemicals, production of cellulases, genetic engineering 
of celluloses, substrate preirc-atnents, enzyme conversion econo
mics and cellulase assay's are among the many aspects reviewed (109). 
In general, cellulose conversion has been successful in principle 
but the economics are not yet attractive (110). The work at 
Natick is reviewed in a very recent paper (111).

The mechanisms by which microorganisms degrade native 
celluloses even after much study is still not entirely resolved. 
Spano (106) claims that enzyme is the limiting factor, this 
being the system that prediposes native celluloses for enzyme de
gradation. The component has been purified but little capacity 
for hydrolyzing highly ordered substrates like cotton fibre was 
I mind (112). High.ley (1.13) was . unable to obtain an enzyme system 
’ ro.-s an octave brown’ rot which reacted on wood in the? same way ns
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the intact organisms, viz. with rapid loss of DP but low weight 
loss. This requiresan enzyme small enough to penetrate the secon
dary cell wall and no enzyme has been isolated that could accom
plish this. A small protein catalyst is suggested as being pro
duced. Reese (114) a lead figure in the field for many years 
believes that C1 has a dual action (1) hydrogen bond splitting 
and (2) covalent link splitting.. Protein is covalent split during 
breakdown. Cellulose is considered to be internally covalently 
linked with protein, pectin, hemicel1uloses and lignin (ester links 
and sugar hydroxyls) in a giant macrornolecule. C1 is considered 
to be a very special endo-glucanase.which produces non-soluble ' 
chains from crystalline cellulose. Exo-enzymes act on the non- 
reducing chain ends but C1 must completely liberate chains and pro
gressively through underlying material. Reese considérés that the 
substrate must be under some kind of restraint which is necessary 
for enzyme action to occur and this is the limiting factor in the 
degradation of crystalline polymers. An extracellular enzyme has 
been derived from two white rot organisms which catalyzes the oxi
dation of cellobiose with simultaneous reduction of quinone (115). 
Since the enzyme utilizes a carbohydrate derived from cellulose 
and a phenol obtainable from lignin, the system is considered im
portant to the breakdown of 1ignocel1ulose but not necessarily 
coupled to the initial attack on 1ignocel1ulose native material.
The oxidizing enzyme is postulated to insert uronic acid moieties 
to break bonds between cellulose chains thus to make crystalline 
areas accessible (116). Study in this area is continuing using
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mutant strains (117). Avlcel is a microcrystalline cellulose.
It is degraded much faster than the partially amphorous Solka 
floe by The.Ainoa.ct'Lnomijce.s species. Microscopic examination- 
shows action begins at the rough portion of the Avicel in pre
ference to the smooth. Surface roughness is considered the active 
sites (118). With commercial enzyme for tests and holocellulose 
for substrate it was discovered that cellulose was attacked only 
after xylan had at least been partly removed. This supports the 
idea that xylan encrusts the cellulose fibrils in a protective 
manner and must influence the initial attack on cellulose (119).

Brown rot fungi depolymerize wood rapidly yet the 
system is not found. Evidence has been offered that a small 
non-protein system (hydrogen peroxide/iron) may be the active 
agent. The function may be to lower the DP or render the wood 
more susceptible to eellulases (120). This constitutes an oxida
tive system and evidence is at hand that brown rot fungi do oxi
dize cellulose (113). A system such as the l^f^-Ee'1''*' system would 
be small enough to easily penetrate the secondary cell wall. It 
is pointed out that the H2Û9-Fe‘r+system does not supplant the 
system but does affect alkali solubility and may open up cellu
lose by oxidative action to allow better enzyme penetration (114). 
Apparently much is still to be learned about the C-j system.

New more active cellulase systems are continually being 
sought with commercial hydrolysis application in mind. Mutant 
strains of m.i c roorejnni sms are one area being investigated. For 
\<tmp j. e , under L'auditions of iijvjn cntaboliio repression a mutant
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of T'Xic.hcdZA.ma. Aee^et was formed which was found to have five times 
the filter paper-degrading activity of the best existing mutant 
(121). Termites, whose diet is mainly native wood, depend for 
cellulose digestion on cellulases produced by symbionts of the gut. 
"Fungus gardens" are produced in some of their nests. Ingested 
conidiophores of the fungi, namely TzA.fn-i.iomiJc.&A have been found 
to possess cellulases and are considered the source of C-j :and Cx 
for some species of termite (122). With other species the asso
ciated bacteria of the hind gut are the source and these have been 
screened for their capability in utilizing native cellulose with a 
view to • industrial application of their cellulases (123). Compost 
also is a source of highly active cellulolytic organisms and high 
temperature cellulases (124). Similarly, Standford Research 
Institute just recently has patented an enzyme which they obtained 
from T!iie.Za.v-ici tZK-ïQ-Atsii*, a soil fungus. This organism can be 
cultured between 63 and 9 0 0 C and produces a cellulase with peak 
activity between 63 and 70°C. Commercial production is envisaged 
and use made of it to break down cellulose to simple sugars (125). 
The addition of stimulants or inhibitors (e.g. carotenoids)to 
cellulase production culture preparations may' be a means to in
crease enzyme activity (126).

There has been some attempt to simplify the whole process 
of enzymatic conversion of cellulose by employing intact organisms 
dually or enzyme and an organism concurrently thus to achieve the 
final product. For example, ~T. v-cA-dcfc and S . CÇ.A. (Lv Z-s-Lciq. can be

plL-pi! together, the former t~ ..apply Liu- cellulase and the latter
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to convert the sugars produced to alcohol. Several patents 
have been let which employ such systems (127,120,129,130). 
Cellulose can also be fermented directly to alcohol and acetic 
acid by CZgAtA-id-turn the.Anwce.Zium (233).

As already indicated most native cellulosic materials 
are structured such that biological attack can occur only 
slowly or not at all and some pretreatment is essential to 
achieve rapid or complete utilization. for utilization by 
isolated enzymes pretreatment is a must C131). Thus in the 
Natick work their substrate material is ball-milied or hydro- 
pulped. Steam treatment also helps but inhibitory substances 
can be formed (36). Delignification also enhances enzyme 
activity and using the chlorite method 60?i for hardwoods and 
50?i for softwoods was required to attain rapid attack and al
most complete de 1ignificatior to attain maximum enzymic de
gradation (132). A novel new treatment makes use of cadoxen, 
a cellulose solvent. Lignin-containing materials, bagasse, 
cornstalks and grasses when treated with cadoxen were up to 
99?a converted to glucose based on the cellulose content. The 
enzyme was derived from TA-tc'i odeAnux. Aee-6eZ. The cadoxen can 
evidently, be recovered and reused and commercial application 
is envisaged as is the investigation of cadoxen analogs made 
from non-toxic components (133) Good glucose yield is also 
obtained using other solvent systems (232).

Some development work on the enzymatic saccharification
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of wood directly is being carried on in Canada at PPRIC. 
S'nZzophtjZZum commune strains have been screened for cellulase 
and a Delmar strain selected for detailed investigation be
cause of its high activity in wood saccharification. Partial 
saccarification has been attained with ball-milled wood (136).

Economic factors ultimately dictate the future for con
version of celluose materials but the world demand for sugar 
may eventually lead to the conversion of pulp to glucose and 
its enzymic isomerization to glucose-fructose sweet syrup (137). 
New progress awaits a more highly developed hydrolysis industry. 
Future industrial processes incorporating cellulase conversions 
may come to making use of systems where the enzyme is immobil
ized on carriers (138). The Natick group is already investi
gating this concept.

Single cell protein production

Single cell proteins (SCP’s) are high-grade nutritious 
products which have been produced by growing unicellular or 
simple multicellular organisms on a suitable substrate under 
conditions which result in rapid growth. The organism pe-t i>e 

constitutes the proteinaceous material and is usual!) from 
30-85fi protein, the remainder being carbohydrate fat and miner
als. Select bacteria, fungi and algae are chosen for the pur
pose to suit the substrate to be utilized. 5CF production 
is considered the answer to the growing world need for new 
sources of p r o t o i n • P e t r o l o u m , «uj i i r u 11 urn [ a n o p u 1 p m i 1 l

wastes have become some of the choice substratesm a teri a 1 s and



for investigation. When contemplating the future, many knowl
edgeable people have expressed the view that eventually the? 
world demand for protein will outstrip the present capacity 
to produce it unless new methods are found (14,139,140,141) .
Tied to world protein need is the pollution abatement problem 
caused by pulp mill effluents which has led to their investi
gation as substrates for SCP production (58,142,143). Exemplary 
is the Cellulose Attisholz A.G. mill in Switzerland where po
tential effluent pollutants are so controlled that raw material 
entering the plant is 98S utilized, a unique achievement not 
attained by any other plant in the world (144).

The foreseeable market for SCP is presently animal feed. 
This is because of the high nucleic acid content for which no 
economical removal process exists as yet. However, the only 
two plants existent and operating in the U.S., St. Regis and 
Boise Cascade, both produce SCP from spent sulfite liquor (SSL) 
and market their products for human consumption and have done so 
for many years. SCP as animal feed would replace cereal grains, 
soybean anc* fishmeal, the main additives to animal feed and it 
has been estimated that by 1935 the world market for SCP will be 
5 million^ t/a (14). However, the developing countries will not 
be able to afford these synthetic proteins and don't have the 
expertise to producetheir own. Thus there is a definite need for 
village level technology and simple equipment where wastes 
readily at hand in these countries can be converted to protein. 
There has been some success at this (.139). Similarly, in our

-  34 -
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own country there may be a place for investigating simplified 
farm fermentation equipment with the aim of processing agri
cultural via s tes by individual farmers for protein and feed 
production.(145).

Present SCP production having world significance requires 
use of highly sophisticated continuous culture type equipment. 
Parrifinsand alcohols are the major substrates. The production 
level in such plants is aimed at 100,000 t/a. Select yeasts 
and bacteria are employed which synthesize protein having a 
full essential amino acid profile and in high yield. Thus - 
"Toprina", the BP Ltd. product derived from - paraffins con
tains 65?a protein. The protein of soybeans is 45%. •*Toprina" 
and "Pruteen" (the ICI Ltd. product) have both been found non
toxic and have acquired full sanction for use by the UN Protein 
advisory Group (14). Yeasts in general have acceptable protein 
and may contain other essential nutrients as yet unknown. With 
yeasts consumer acceptance is already established (58).However, 
many bacteria grow with equal rapidity and their protein con
tent is generally higher and thus are less costly to produce 
(141). With cellulosic materials and substrates derived from 
them, fungi, yeasts or bacteria can be used successfully for 
SCP production.

The volumes of waste cellulosics available for SCP are 
increasing rapidly and in the U.S. presently amount to 
2-3 lb/person/day for cellulose biodégradables and 6-10 times 
lh!;; for agricultural was tes v 14 0 ) . To this must be added
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the effluents from pulp and paper plants which contain both 
particulate and soluble matter and which must be treated in 
some way to reduce their polluting potential to comply with 
pollution abatement legislation.

Typical 5CP processes
Already established are those processes based on paraffin 

and alcohol substrates. These plants are usually operated 
throughout the year on a continuous basis irrespective of 
climatic conditions with little fear of crop failure and at 
sites where the raw materials are available. The products ob
tained are uniform and of consistent high protein quality.
Major costs in production center on providing adequate agitation 
and aeration of growth media, product separation and drying 
and raw material substrate costs. The substrate may or may not 
be water soluble. The final product is usually dried by the 
spray dry method. Drying must be rapid to avoid long standing 
under non-sterile wet condition which risks contamination by 
Sa.Zmon2.ZZa organisms.

Spent sulfite liquor from the acid sulfite pulping pro
cess has been a main pollutant of lakes and rivers in many 
countries round the world. The pulp and paper industry world 
wide now has been ordered to clean up their effluents. Cellu
lose Attisholz A.G. of Switzerland has been a model plant in 
this respect. The mill produces 1U0,G00 tonnes/a sulfite pulp 
mostly frum softwoods. In-plant control is so well engineered 
that only two percent of the initial rev: material, i s discharged 
t <i receiving waters ■ 1 - A ) . 1 h » :: has h •- ;» brought about by
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gradually and in order installing an alcohol plant, a yeast 
plant for ToAuZa production, an evaporation and incinerating 
plant and lastly small recovery and incineration systems- The 
alcohol produced is considered potable and this ensures its 
marketability. In the process the hexose sugars of tne SSL are- 
converted to alcohol under anaerobic conditions by SacchaAoiiujce.* .. 
The xylose and acetic acid are removed by ToAula. yeast under 
highly aerobic conditions. The product (5,800 tonnes/a) is used 
as a feed grade protein but food quality protein can be produced- 
Much ingenuity has been expended in equipment design and much 
expertise obtained and both have been made available to other 
companies. Attisholz has also experimented with the production 
of butanol, butyric acid and acetone from SSL but competing 
markets centered in the petrochemical industry have necessitated 
discontinuing the work. Presently a variety of solvents, 
methanol, cymene, furfural and amyl alcohol in small amounts are
recovered. BCD from this plant is negligible.

A different process for SCP production from SSL has been 
developed in Finland. Alcohol is not normally produced- The 
process is called the "Pekilo" process and the product "Pekilo” 
protein, presumably named from the PazcZZovujce* organism which 
is central to the process. After an extensive screening program 
investigating over 300 microorganisms P- va.AA0 Z.t-LA was selected, 
because of its rapid growth on SSL and the high quality protein 
produced.' In addition to the sugars of the SSL, oligosaccharides 
and organic acids arc metabolized and converted to protein by 
this organism. The p r o d u c t  is 55-60S protein and 10-11S nucleic 
acids and in filamentous, which facilitates Mitering, washing
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and dewatering, normally the costly steps in 5CP production.
A 10,000 tons/a plant has been built at JëmsSnkoski by the 
Tampella Co. with license to use other raw materials besides 
SSL. Pekilo protein will partially substitute for Soybean 
meal, fish meal or skim milk powder in animal feeds- BCD of 
SSL is reduced by as much as 87% as a result of the treatment 
process (146,147,143).

Mill experience with SSL
The course to take when dealing with the pollution problems 

from SSL has been difficult of decision for many mills and some 
have simply shut down operation. SSL can be treated minimally 
just to meet the present requirements or exploited to produce 
valuable products like SCP. Whatever decisions are made in the 
long haul, zero discharge is expected.

SSL contains approximately 50% of the wood substrate making 
for a solids content of the liquor of 11—14% of which 50-65% 
is lignosulfonate, 15-25% sugars, 2-5% volatile acids and 5% 
other extractives (150). Mill effluents in addition contain

evaporatot condensates (volatile acids) and cnlorinated bleaca 
residues. Many mills have changed to soluble bases (magnesium, 
sodium or ammonia) in which case effluents can be evaporated 
and then burned. Base and sulfur are recovered but ammonia is 
lost (151). Alternatives are to apply activated sludge com
prising â mixed microbial population together with recycling
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and aeration, or liquor can be retained 3 to 10 days with 
aeration in stabilized basins to develop a suitable biological 
system. The latter requires considerable land area but is the 
more common method (150). Recently the Attisholz two-stage 
activated sludge treatment has been advocated which employs 
first a bacterial-fungal sludge and seondly a protozoan sludge 
(152). Canadian bench top tests with this system were quite 
successful and fish toxicity completely eliminated (153,154). 
Inplant trials were also successful (155) and in one trial a 
third stage was added (156). Ultrasonic treatment (157) and 
aeration with oxygen (158) both benefit the activated sludge 
treatment methods. The sludge materials are not generally 
recovered for feed but are disposed of as landfill but their *■ 
protein content has potential use as feed.

.law material for the protein industry must meet at least 
three main requirements (i) it must be available in quantity 
at low cost (ii) be in continuous supply and unchanging com
position and (iii) not introduce any health hazard. Both SSL 
and kraft black liquor fulfill these rquirements (159). SCP ■ 
production from SSL, agricultural wastes and other substrates 
has been discussed (160) as has the production of alcohol from 
SSL (161). Alcohol is produced from the hexose fraction of SSL 
by the action of SG.cchcLAomijce.A ce^teuciiae, a yeast. Tomato. 

yeasts metabolize both pentose and hexose of the SSL to yielo’ 
yeast protein. Alcohol is not produced from pentose by yeasts 
but F ub-lï-La sp. have this capability (162).



In North America SSL has had very little use. Pollution 
abatement legislation is the only reason for the apparent re
newed interest today. Just two American plants utilize their 
SSL for yeast production. As already indicated, St. Regis at 
Rinelander, Wisconsin and Boise Cascade at Salem, Oregon for 
many years have produced food yeast from SSL. The products have 
been used as protein extenders for human consumption. The 
main problems in production have been v/ith drying and flavor and 
the latter is still a problem at the Boise Cascade plant (30).
In Canada SSL is used for alcohol production at one plant only* 
(Ontario Paper Co., Thorold). The SSL remaining is used for 
vanillin production from which L-Dopa (1-dihydroxyphenylalanine) , 
a drug effective for treatment of Parkinson's disease can be 
made. The potential for \east production has been researched, 
funded by the company but market conditions have not favored the 
embarking on a program. Pulp and paper officials in Canada 
generally are in agreement. The largest development for sulfite 
produced yeast is in the USSR amounting to 150,000 tons/a (7). 
Alcohol production from SSL would probably gain much wider inter
est if the product were legislated potable alcohol. Coincident 
with this would be a renewed interest in producing ToscuZa. 
protein from the pentose fraction remaining.

Various .microorganisms and SSL
Looking ahead at SSL as a substrate material for SCP 

suggests that microorganisms other than yeasts be investigated.



Thermophilic types have good possibilities since reaction rates 
would be faster and substrate sterilization not critical (14U,
142). Anaerobic type organisms for fermentation should be in
vestigated to alleviate the high cost of oxygenation in aerobic 
processes (142). Select thermophilic organisms, for example, 
those obtained from compost or heating chip piles may be found 
to metabolize the lignin residue of SSL. This is the major 
component of these wastes and therefore gainful utilization of 
this lignin is an area of prime interest. Mushroom production 
of the morel edible type from SSL is considered to hold some 
promise and the protein useful for human consumption (163). 
Probably the simplest utilization of SSL is achieved by apply
ing activated sludge treatment with an eye to recovery of 
sludge protein for poultry and animal feed (164).

As a l r e a d y  pointed cut. over half of the solids content 
of SSL is lignin, rather lignosulfonate and this fraction has 
proven to be the most difficult to transform to useful products. 
The lower molecular weight fractions are the most readily attacked 
by microorganisms (165,166) and phenols, organic acids and alco
hols are..formed from reaction (167). The microbiological bio
degradation of lignin, lignosulfonates and kraft lignin was 
recently reviewed (168). It is pointed out that for lignin 
catabolism to occur a secondary carbon source like cellulose or 
hemicellulose nust also bo available as an energy substrate- 
Kraft lignins are more readily broken down than 1ignosulfonatoo. 
Studies vi.i t h r a d i o 1 a b e 11 ex! k r a f t. 1 i g n i n s a n d -t »! ci ii c o  c &itc t.C 
C*: -t ijAC 5,00 X i :i»'i showed that over 4 0 h of the carbon-of the aromatic
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rings and 30 ?ô of the side chain carbon was recovered as C 0 £
and the residual spent material was substantially altered as
well. Anaerobic decomposition of lignin to gaseous products
does not occur but several aerobic species degrade kraft lignin
and lignosulfonates. Streptomycetes were found to attack 
14C-labelled milled-wood lignin with 17.7% recovery of the label 
as CO2 (169). Lignosulfonate was also degraded by a &tJiZpto- 
niyc.e.4 strain as shown in some Japanese work and the degradation 
products were p-hydroxybenzoic acid, vanillic and ferulic 
acids (170). A Ve.Au£6 oV'ibA.i.A species was claimed active in 
removing loosely bound sulfur from lignosulfonate (171).

Kraft Pulping and 5CP
In the kraft process residues are normally burned to re

cover process chemicals for reuse. In so doing potentially 
valuable food materials are destroyed and recovered as heat. 
Considerable carbohydrate-like material, the saccharinic acids 
are lost. These materials conceivably could be used as sub
strate for SCP production. Saccharinic acids are produced by 
"alkali peeling" which results from the reaction of alkali and 
hernicelluoses during the cooks. Their formation can largely be 
avoided if cooking is preceded by a rnild prehydrolysis to remove 
hemicelluloses. As already noted this was practiced in German 
pulp mills during the Second World War. The hydrolyzates ob
tained were further processed to fodder yeast (89). For rayon 
pulps preh\drol\sis is stili practiced in some American and 
European mills to obtain purer celluloses. More extensive- use
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of prehydrolysis could supply sugar concentrates From softwoods 
and hardwoods which would serve well as animal feed supplement. 
Investigation in this area has been recommended (18) and the 
concentrates to be used as feed molasses just as is "Itasonex" 
which is derived from the Masonite process.

Investigation of saccharinic acids for gainful use has 
also been recommended (18,23,41). Large quantities of these carbo 
hydrate-like acids are potentially available and would approximate 
14-16 million tonnes/a in the U.S. and another 7 million tonnes 
if the Canadian industry is included (18). About one third cf 
the wood polysaccharides present in kraft cooks is converted to 
carboxylic acids. Xylan is more resistant than the gluco- 
mannan fraction. Apparently in addition to formic and ace tic 
acids enormous quantities of the hydroxy carbohydrate acids 
are produced (172). The acids are varied and it is not con
sidered practical to isolate them free of the mother liquor 
(234). Some do not think it practical to attempt utilization 
of the acids using microbiological processes, claiming that no 
organisms exist which metabolize the acids extensively (172). 
However, = unclassified bacteria which are present in activated 
sludge efficiently utilize saccharinic acids (18). Perhaps 
toxic materials preclude their use but preliminary experiments 
with C Mid-LO.... cells and salt liberated acids indicate good 
results under both aerobic and anaerobic conditions (173). 
Generally the microbiological utilization of saccharinic acids
has had little study but early information has been reviewed

** •-i74). Mew work in this area probably requires an extensive
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screening program to Find responsive microorganisms and a study 
of pretreatments to condition the acid products to cell enzyme 
activity.

SCP from cellulose and its residues ' .
Soluble substrates such as those available as pulping 

liquor eFfluents have been considered in the . Foregoing for SCP 
but insoluble substrates, cellulose residues for example, of 
which there are great quantities and considerable variety also 
have great potential as raw material for conversion to protein. 
Essentially these may be converted to protein in two ways.
Firstly, waste cellulose may be sacchariFied to monomeric sugars 
and the sugars utilized by appropriate organisms to yield SCP. 
Secondly, the cellulosic material may be used directly as a sub
strate For select cellulose decomposing microorganisms the growth 
oF which yields SCP. Investigations have followed both routes.

Russian industry is extensively involved with the hydrolysis 
route for SCP production from wood and ligno-cellulosic wastes. 
Acid hydrolysis is used and the protein produced used as feed 
but earlier interest was for alcohol production. Details are 
not readily obtainable but the state of the art for hydrolysis 
of woody materials in general has been reviewed (29,175). With 
acid hydrolysis 12% protein based on the dry wood input is what 
can be expected and the cost at about SlOOO/ton. Enzyme hydro
lysis would give higher yields of sugars and protein but the 
process is still experimental and quite costly. Acid hydrolysis
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yields about 50?i sugar based on wood dry weight. About one 
half of this ends up as yeast and one half again as protein 
to give the 12% (29). Possibilities for protein production 
via this route seem uncertain (143).

Many microorganisms have the capacity to convert the 
large cellulose polymer to a molecular size readily penetrable 
of the cell outer membranes and to thus utilize cellulose 
directly. Such organisms have been selected for SCP production 
based on growth rate and the nature of their protein content 
(amino acid profile). These organisms have been applied to 
various sorts of cellulosic wastes with the aim to attain high 
yields of protein. Thermophilic organisms have often been 
selected (140). These are favored because of their expected 
more rapid reactions and growth rates. Most of these are 
aerobic but some cellulolytic ruminant and compost —derived 
types are anaerobic. Lignin may or may not be metabolized. 
Generally bacteria offer better possibilities than fungi be
cause of their more rapid mass doubling time and generally 
high protein content both of which contribute to lower pro
duction costs (141).

Extensive study has been made at the Louisiana state 
university into the possibility of protein production from 
bagasse, a sugar cane cellulose residue. Because of the 
apparent success of the work, Betchel Corp. has taken over the 
findings to apply them for large scale world-wide use. The 
new information is not readily available but the process as 
developed earlier has been reviewed (173,179,229). Briefly, 

u !>'•*. t rat c* is treated • : • ‘ . alkali ■ ' rl the whole cooked fort h e
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30-60 min. Washing may or may not be carried out depending . 
on substrate and the pH level desired. Fermentation is by 
mixed culture with two bacteria (A CzZZu.Zomona.4 and an 
AZcaZZgznz4 sp. ) . The soluble carbohydrates formed are 
quickly utilized by the AZca.ZZge.nz4 but an unknown yeast 
(Yc ~13) has been found to be even more adept. Flocculating 
agents are used to agglomerate cells which are then spun out 
and spray dried. The product is useful for animal feed but 
if nucleic acids are removed it could be useful for human food. 
For substrate pretreatment catalytic amounts of cobalt were 
employed (180). In another variation the substrate was treated 
with alkali (2-50?ô), the alkali separated and then the substrate 
heated but in the presence of oxygen (98). Various other nrirco- 
organisms have been tried to increase protein production (181) 
and several methods ernpio>ed to remove nucleic acids, and 
texturizing the protein attempted (182). Increased cell pro
duction (protein) was obtained with insoluble cellulose sub
strates when an air-lift type fermentor was employed (183).

Somewhat similar studies have been made by a Canadian 
group at the University of 'Waterloo but sawdusts from hardwoods 
were the substrates and the principal microorganism used was 
CkaziOttZum czZZuZoZijtZcum.Both acid and alkali preteatments were 
investigated and the pretreatment liquor included in the fermen
tation media for more complete utilization. Acid treatment was 
the most beneficial to attain high yields of ruminant feed pro
duct ( 8 ,i . C. czZZutoZij iicu<n v; as claimed superior to T'lZckoJc jlïmx.
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v-i'l-tde, the well-tried cellulase producing organism For SCP 
production because of its Faster growth rates and the better 
amino acid composition of its protein (86). A three-fold in
crease in protein production was obtained when additional sub
strate was added immediately following complete utilization of 
first batch material (184). The same group is investigating 
fermentor equipment design especially with respect to small 
fermentors and their use in the field (185).

Investigators continue to favor experimentation with high 
temperature microorganisms where fast reaction can be expected 
for the conversion of cellulose to protein. Research at General 
Electric Corporation went this route when investigating 
ThZJunoa.c.ti.nonujcie.A sp. for recycling cellulosic wastes. Both 
pure and mixed cultures were employed (140,186). Digestion of 
up to 75Pi of the cellulose and 43Po of the lignin was claimed.
The amino acid profile of the product was good and was especially 
high in methionine (187). The University of Pennsylvania Ch emi- 
cal and Bioengineering Group also worked with a TliZAmoactinomyc.e-4 
sp. and it was obtained from General Electric Corp. The organism 
grew at 55°C and was highly filamentous making it easy to filter 
off for recovery of protein. Cell yields were found to be of 
the order of 25Pa. V/hen cell growth rate dropped, increased 
amounts of substrate were required for cell maintenance (118).
It has not been possible os yet to simultaneously obtain high 
yield and high cellulose.uti]i/stion without much substrate going 
to cell mainenance (188;. Continuous separation of the biomass
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from undigested cellulose or genetic manipulation of the organism 
toward lower maintenance requirement may achieve this end (109). 
Many design and engineering aspects of fermentation for food and 
feed production have been discussed by one of these investiga
tors, and a mathematical model for the production of SCP from 
cellulosic materials has been proposed (190). A thermophilic 
actinomycète has also been used to transform pulp mill sludges 
to SCP. The products obtained were 30-35% protein and were pro
duced at 55°C (66). Similarly cassava was converted into 
microbial protein using a thermo-tolerant mold, kApCAgiZZuA 
fiurnigatuA. An asporogenous mutant was employed to avoid any 
hazard from spore inhalation. The product which incorporated 
the bark was 27.1% protein (191). Among a number of thermophilic 
fungi studied for their capability of utilizing cellulose 
Spe-xet*. ick'.LtV. HiZAinopki Zz was best (56% in 72 h) but utilization 
was markedly increased if organics like urea or proteose peptone 
were added in small amounts (71).

Plural use of microorganisms in a given process continues 
to be suggested as a means to improve cellulose utilization and 
protein production. For example, a symbiotic process employing 
Pha.mA.ockae.tz diA.yAOApoAZ.um, Candida utiZiA and PaeciZomyccA 
vaAiotii with waste mill fibres looked promising in preliminary 
experiments (192). Similarly straw, which was alkali treated, 
was better utilized and protein production increased when a mixed 
culture of T. viAide. and S. ce.AZviAiae were employed (193). 
Consideration is also being given to the use of genetically 
manipulated microorganisms which have been tailored for specific 
u ' pose:: ( 1 ! 7 , .1 9 A ) . Further to the above, protein producion from

cellulose has been reviewed (38) and also in a recent German reference 
(133).
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■ Some Recommendations
Technological developments as yet do not appear sufficiently 

well advanced to indicate unequivocal best ways to utilize the 
lignocellulosic wastes which result from the continual develop
ment of the forest and agricultural industries. Equally 
important is the need for an economic evaluation of the potential 
use of these materials. Location, collection, transport, 
long term supply, and technology are critical to new use develop
ment work.

Some technical areas for further research and development 
are the following:
(a) to develop a minimal cost high energy feed from wood and 
wood wastes (20) by investigating pretreatment with steam, 
alkali and specially sulfur dioxide (33). With the trend to
TMP for pulp-manufacture it may be profitable to investigate the 
digestibility of these newsprint pulps or the needed modifications 
in processing to attain digestibility so that newsprint could 
have a secondary use as an animal feed supplement.
(b) to investigate the possibility of upgrading cellulosic 
wastes for use as feed by encouraging the growth of suitable micro 
organisms on these materials using simple equipment such as is 
employed for solid state fermentation. Thus protein content of 
the product could be increased to about 8?ô and the digestibility 
increased and the whole result in a complete feed substitute not 
requiring the addition of supplemental protein (29).
(c) to investigate SCP production from cellulosic wastes aimed 
at a product having about 50K protein and to study the Canadian 
Market potential for such products and this in the light
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of an expected world shortage of protein. SSL would make an 
excellent substrate if an economical method for concentrating 
the SSL could be developed* Alternatively hydrolysis of 
cellulosic wastes to sugars is an area which needs a high 
level of technical activity. Success here would allow the use 
of waste residues for SCP and the production of alcohol, 
ethylene and a host of chemicals (87,228). The saccharinic 
acids, produced during kraft pulping through "alkali peeling" 
of the hemicel1uloses, should also be investigated with a view 
to SCP production. Compatible microorganisms would have to 
be found and screened for those best utilizing the saccharinic 
acids. These are produced in enormous quantity and are 
presently disposed of by burning. In lieu of this, prehydrolysis 
products of the kraft process should also be studied as potential 
substrate for SCP and for direct use as feed concentrates.
Before all SCP development work, market economic study must 
be made first.
(d) to investigate marketing of ethanol produced from SSL 
especially with the aim of proposing legislative changes 
which v/ould allow use of this alcohol for potable purposes (161). 
Thus the market would be more secure and grains now used for 
potable alcohol would be released for food use.
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