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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the Depart-
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express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness or usefulness of any information, appa-
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Abstract

Bioconversion of food processing wastes is receiving increased attention
with the realization that waste coﬁponents represent an available and utilizable
reséurce for conversion to useful products. L%q@id wastes are characterized
as dilute streams containing sugars, starches, proteins, and fats. Solid wastes
are generally cellulosic, but may contain other biopolymers. The greatest
potential for economic bioconversion is represented by processes to convert
cellulose to glucose, glucose to alcohol and protein, starch to invert sugar,
and dilute waste streams to methane by anaerobic digestion. Microbial or

enzymatic processes to accomplish these conversions are described.

Work supported in part by the U. S, Department of Energy.



Introduction

Waste treatment in the food processing i

easing importance.

This is not only a response to environmental ve based on

the possibility of converting solid and Tiguid wastes to useful products, A
survey by the U.S.D.A.'s Western Regional Research Center was recently under-
taken to help define food industry research and development needs as a guide for
the future (1). In the area of processing, the need for methods for converting

plant effluents into useful chemicals was rated very highly. The bioconversion

of food processing and agricultural was

gaining much
attention (2). This is due not only to the fact that certain carbohydrates
proteins, and biopolymers occur widely

because various microorganisms and puri almost any

organic waste and may produce useful products, such as fuel, animal feed, and
chemicals.

Chemical nature of waste material

is

designed for use by waste treatment engine i reporting exact

ol

analyses of sugars and starches, proteins, cellulose and other items of value

for recovery or utilizatic

terms of biochemical

suspended s01ids (S5} content. These 1

to characterize the Tiquid waste with for bioconversion

to useful products.

There is considerable variation in f typical food

2

processing VTiquid wastes. It is recognized, however, that such products as

apples, beets, corn, potatoes, pumpkins, squash, and tomatoes do yield effluents

terms may not be sufficiently specific



of high BOD (3).

The high BOD values are probably attributable to the starchy nature and
sugar contents of these products. The starch is leached out during processing,
particularly when cut kernels or exposed pulp is exposed to water.

In contrast to liquid waste data, there is much information available on
solid waste composition, owing to the fact that solid residues from food
processing are often marketed as animal feed supplements (4). Successful
animal feeding experiments have been conducted with wastes from tomatoes,
asparagus, sweet potatoes, potatoes, citrus products, apples, pineapples,
beans, and many other agricultural and processing residues (4). Generally,
the residues from processing operations which are de-watered can hardly be
classified as wastes, since most are sold or hauled away for use as animal
feeds (5). These materials should not be overlooked, however, as possible sources
of conversion to useful products such as fuels or chemicals which may have higher
value.

A major agricultural residue which has great potential for conversion to
useful products is the cellulose in plant stems, straw, leaves, grasses,
bagasse, and husks which are produced every year. It is estimated that 430
billion kilograms of crop wastes were produced in the United States in 1972 (6).
At an average content of 40 percent, 170 biltion kilograms of cellulose are
potentially available. Although much of this material is presently left in the
fields to rot, or burned as fuel, it would appear that suitable collection
procedures might be devised to recover a portion of this resource. Some wastes
such as bagasse, rice and wheat husks, and corn cobs are available at central
processing sites.

The cellulose contents of corncobs, bagasse, oat hulls, cottonseed hulls,

and flax shives, for example, all range between 34 and 41 percent (7). Cellulose
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is also contained in fruits and vegetab?eag‘ﬁnd hence in the residuals of
processed foods. Of the 14.6 billion kilograms of fruit harvested in 1974
in the United States, 5.0 billion kilograms could be classified as residual.
This residual material would have yielded approximately 356 miliion kilograms
of crude fiber on a dry weight basis, most of which is cellulose. Vegetables
would have yielded residual crude fiber of 203 million kilograms dry weight,
of a total 5.8 billion kilogram wet weight residual (5). This cellulose is
only a small fraction of the total residual of processed fruits and vegetables,
17.4 percent on a dry weight basis, but could be considered as a resource for
enzymatic conversion to useful products.

A biopolymer related to cellulose is chitin, which occurs in the solid
waste of the processing of shellfish such asshrimp, crab, and Tobster. Chitin
is a polymer of acetylglucosamine units, with 8-1.,4 Tinkages similar to those
in cellulose. Recent years' shrimp and crab annual landings have been approxi-
mately 0.454 billion kg (1 bitlion pounds} in the United States {8). Since
approximately 75 percent of landed shrimp is waste and approximately half of
the dry weight of the waste is chitin, shellfish processing waste represents
a significant resource for utilization {9, 10). An advantage of chitin for
bioconversion processes is that it is commonly available from shellfish processing

in local areas, either from one Targe processor ov in a community with several

e

small processors. Although process research into bioconversion of chitin Tags
considerably behind that of cellulose, it is expected that process concepts of
the same sort should be appticable {171).

In summary, food processing and agricultural Tiquid wastes are characterized
by large water flows of high biochemical oxygen demand. The Tiquid wastes are
a potential, but dilute, source of sugars and starches. The solid wastes are a

source of cellulose and protein. Much of the cellulosic waste, however, as
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agricultural waste is not harvested, but is Teft on the field.

Potential for enzyme useage

Given the nature of wastes as described, the potential for enzymatic
conversion to useful products can now be considered. The possibilities of
¢onverting the starches to invert sugar, other biologically degradable

1,

streams to methane via anaerobic digestion, and the cellulose, chitingand

fermentable sugars to alcohol or single-cell protein are excellent in the

Tong run.  Enzyme systems ave known which can accomplish all these conversions
and many more. Moreover, engineering process research and development are
progressing in many laboratories around the United States, so that at some time
these processes will be economically and technically feasible,

In the short rur, however, one may not see vapid implementation of
enzymatic processes. The p%GCQESG*S of commodities generating much of the
residual material may be unwilling to stop providing them to established feed
or by-product markets without assurance of a greater alternative return. Most

f the solid waste material today is given to farmers or disposed of otherwise.

s 20 percent, of the

D

The true waste constitutes only a small fraction, perha
residual material from fruit and vegetable processing {5). The other 80 percent
is utilized as animal feed or as by-products.

Characteristics of the industry make many large scale processes unlikely.
A 1975 National Canners Association study showed that in the United States,
1600 plants process 35.6 billion kilograms of raw products per 31.5 Ms (year)
{(12). There are targe plant to plant differences. About two-thirds of them

are neay cities, but one third arve located at least 48 kilometers from a

ok

similar plant. Thus, the wastes are somewhat dispers

3
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The plants average 20.5 Ms {7.8 wonths) per 31 {year) in operation,

and process 75 percent of their production in 11.0 Ms (4.2 months) (12). It



may not be feasible to establish a waste conversiocn facility to operate only
a few months per year,

Although processors range in size from those handling 203 thousand kilograms
to those with 711 million kﬁ?og%ams of raw product per 31.5 Ms {year), the
industry is characterized by a large number of small companies. It is competitive
and operates with a low profit margin, . National Canners Aggéciatécﬂ estimates
of average before tax profit on sales for 1972, 1973, and 1974 fiscal yeavs are
3 percent, 3 percent, and 4 percent {(12). For this reason, it is unlikely that
an individual processing firm will take the initiative in éeve?aping new
innovative processes for enzymatic waste utilization. Tt must be left to
cthers to research, and even subsidize, the process until it is of proven value.

The high variability in waste characteristics adds difficulty to enzymatic
conversion. Liquid wastes vary widely in composition, depending on product and
processing method used. The stream pH may vary from acid in the case of fruits
to alkaline when lTye peeling is used. BOD values also vary as previously discussed.
Cevtain wastes, such as dairy wastes, may be nitrogen deficient if contemplated

o

as a substrate for microbial growth. Other wastes, such as meat and poultry

5
H
H

wastes, may be difficult to treat due to grease. Finally, although treatment may
be possible, certain streams may be so dilute in the desired waste that recovery
or treatment is unfeasible due to the large volumes of water which must be
nandled.

Nevertheless, certain processes involving microorganisms or enzymes do exist
which have been shown to be practical or are almost at the demonstration stage.
These processes, which will now be described, are:

Ead

1. Conversion of cellulose to glucose.

2. Conversion of glucose to alcohol
3. Conversion of glucose to protein
4, Conversion of starch to invert sugar



5. Methane production by anaerobic digestion.

Although all the processes involve enzymatic conversions, some are effected
with purified enzymes or with enzyme extract solutions, whereas others require
the whole microbial cell to be present. Thus, cellulose is converted to glucose
and starch to invert sugar by the application Qf'specific enzymeskin solution.
But, the conversion of glucose to either alcohol or protein and of wastes to

methane involve complex metabolic cycles and the presence of whole cells.

Conversion of cellulose to glucose

The enzymatic conversion of cellulose to glucose represents a potential
for utilization of agricultural wastes, and possibly of food processing wastes.
Cellulosic materials have fuel value in divect burning, but can be converted
enzymatically to glucose instead. Glucose, which is itself a food, can be
chemically converted to chemical raw matewiaisg microbially converted to single-
cell protein, and fermented to produce fuel, solvents, chemicals, antibiotics,
and enzymes.

The cellulose hydrolysis reactions are catalyzed by a system of enzymes
which are produced by a variety of fungi and bacteria. Perhaps the most active
extracel lular cellulase complex is that produced by variants of Trichoderma
viride developed by the United States Army Laboratories at Natick, Massachusetts-
(13). At least four different types of enzymes have been postulated to act
together to break down the cellulose chains and to convert the resulting fragments
to g?@cose (14).

Process development studies for enzymatic hydrolysis are in progress in
several laboratories (15, 16, 17). The scheme proposed by the Lawrence Berkeley
Laboratory group will be outlined briefly. A cellulosic waste is shredded and

milled to allow it to form a slurry which can be pumped and agitated. Chemical



on in ovder

treatment to loosen the fiber structure or to achieve delignific
to make the cellulose more accessible to the cellulase system may alsc be

appropriate. Approximately seven percent of the waste is diverted from

hydrolysis to be used as substrate for the cellulase proc fungus., In

a controlled fermentor, the fungus secretes the cellulase enzyme system, using
the cellulosic waste and some recycled hydrolysate as carbon and energy source.
Application of recycle systems to the enzyme production step {tself may alleviate
the need to use final hydroiysate product to support fungal growth. The enzyme
system so produced is filtered free of fungus cells and unreacted waste and is
mixed in a five-stage hydrolyzer, with a vesidence time of 144 ks (40 hours).

£

Assuming a fifty percent conversion of cellulose and an appro recycle

5:.“3\
[52]

it
configuration to increase the hydrolysis sugar concentration in the hydrolysis
product stream, sugar ex%@%ﬁg the hydrolyzer at four percent concentration is

brought to a 14.3 percent concentration level in a seven effect evaporator.

2

This sugar can serve as a starting point for crystallization and recovery or

can be used as a feedstock for wmicrobial conversion to single-cell protein,
atcohol, or other chemicals. The undigested waste material can be used to fuel
the plant. Residual enzvme in the hydrolysate sugar stream may be vrecoverable

vesh cellulosic feed solids in a staged

=ty

by counter-current adsovption on
mixer-filter (16},

The described process is under continuing development, and aithough economic

projections vary the process appears economically favorabl fhe studies to

~

date have centered on facilities

£
i

kitograms (hundred

emdo

or treating several
thousand tons) of cellulose waste per 31.5 Ms {year), such as would be encountered
in municipal waste treatment facilities. This is not applicable to the waste for
an individual farmer or food processor, but would require a centralized disposal

site. The difficulties in maintaining the fungal cultures and in operating the

-
o+

process would make very small scale applications impractical. The potential
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for large scale application, however is considered promising (18).

Conversion of glucose to alcohol

One has the opportunity to convert microbially a glucose source, such
as would be provided by a process for enzymatic cellulose degradation, to any
number of useful products, such as ethanol, acetone, butanol, acetic acid,
lactic acid, and protein. Given the energy crisis and the possibility of pro-
tein shortages, two conversions which are particularly significant are the
conversions of sugar to alcohol and to protein.

The microbial conversion of sugar to ethanol has been used in winemaking
for thousands of years. During and following World War II, industrial alcohol
production from molasses and grain depended on microbial action to meet the
coégumer demands for alcohol. With the rise of the petrochemical industry,
however, microbial ethanol production was replaced by chemical conversion. Now,
with pending shortages of oil feed stocks, fermentation is receiving serious
reconsideration. Ethané} can be used as a motor fuel, and was in fact blended
- with gasoline for automobile use in the middlewest United States in the late
1930's (19). More recently, the use of ethyl alcohol in a 23 percent blend
with gasoline is being projected as an answer to the energy crisis in Brazil (20).
A 20 percent alcohol blend can be handled without retuning cars, and it is
possible to design an engine to run on 95 percent ethanol. Ethanol has a fuel
value of 24 kd per cm3 (8500 BTU per gallon). Gasoline, for comparison, yields
about 33 kdJ per o (11800 BTU per gallon).

“Ethanol 1s produced from glucose by yeasts, using the biochemical pathways
of glycolysis and conversion of pyruvate to ethyl a?coho}g The overall reaction
converts one mole of glucose (CGH 0.} to two moles of carbon dioxide (COZ) and

1276
wo moles of ethanol (CZHSOH)O Theoretically, 0.454 kg (1.0 pound) of glucose



can be converted into 0.232 kg (0.5171 pounds) of ethanol, but in fact the

[ue

practical Timit is about 0.218 kg (0.48 pounds) of ethanol since some microbial
cell mass is also produced.

Conversion of food processing wastes containing sugars to ethanol has been

§

recognized for years as a possibility. Pear, apple, chevry, and citrus wastes

have all been investigated as sources of fermentable sugars (21). Also whey

7

has been found to be a suitable substrate (-

)

2Y. Food processing wastes contain
many fermentable sugars such as glucose, mannose, maltose, fructose, and lactose,

- o

but the degradation of cellulosic wastes yield

(%]

some celliobiose, which has been

ohol,

fm

found not readily fermentable to alc

%,

Several drawbacks exist to the use of fruit juice wastes for alcoholic

fermentation. One is that the wastes are often deficient in a nitrogen source,
making 1t necessary to add nutrient salts at some expense. A second is that
the sugar concentrations in the wastes are commonly only 4 percent, which yield

°

an alcohol solution too dilute for economic recovery. Required is an evaporative

concentration step to bring the solutions into the economic range of 14 percent
sugar (21, 23).

Alcohol has been produced by batch and continuous fermentation. Fermentors
are customarily equipped with both pH and temperature control. The substrate
solution is steritized prior to incculation, but the acid condition of the broth
helps to make contamination less of a problem in this process than in many others,
A Timitation to the batch system is that accumulation of alcohol to the 15% level
would inhibit the organism. Continuous fermentation also suffers the same
disadvantage of alcohol inhibition, but can be run at twice the productivity of
a batch system, by avoiding frequent start-up and shut-down periods. Following
the alcohol fermentation, the ethanol is concentrated to 95 weight percent by

distillation.



12

The Lawrence Berkeley Lab@%aiohy process previously described has ethanol
as its main end product from cellulose bioconversion. Assuming no cost for the
cellulosic feed as waste, a municipally operated process could produce 95 percent
ethanol for 0.000161 United States doilars per e ($0.61 U.S. per U.S. gallon).
The cost increases for 3 percent taxes, 12 percent interest on invested capital,
and a charge of $0.0197 U.S. per kilogram for cellulosics ($20 U.S. per ton)
would be $0.0000237 U.S. per cm3 {$0.09 U.S. per U.5. gallon), $0.0000475 U.S.
per cm3 ($0.18 U.S. per U.S. gallon), and $0.0002097 U.S. per cmg ($0.794 U.S.

per U.S. gallon), respectively (16).

Conversion of glucose to protein

In almost any situation where one could produce alcohol from food processing
wastes, one could instead produce S%ﬂg?@acg?i protein. Hundreds of organisms have
been investigated for protein production (24), and of these yeast-based processes
are the farthest advanced toward commercialization (25). VYeasts and other
microorganisms double their mass quickly compared to mammals and so singie-cell
protein production can be rapid. Additional advantages are that since fermentors
are used, climatic conditions are of no effect and much Tess land is required
than for animal or vegetable farming (26).

The most important aspect of conversion of sugar wastes to protein is the
quality of the protein itself. Although somewhat deficient in methionine, dry
Torula yeast contains all the essential amino acids in a proportion not unlike
that of beef or milk. VYeast can be considered as a food ingredient for its
B-vitamin content and its value as an extender of other protein products, but
its use as a primary protein source has been limited by flavor and acceptability
problems. A major problem also, is the high nucleic acid content of yeast
single-cell protein. Ingestion of over 3 grams per day of yeast nucleic acid

over a prolonged period may cause elevation of serum uric acid levels, resulting



in significant risk of kidney stone

acid content can be removed in processing, and its red

much research (27).
avoids the problems of human accep
poultry feeding, the ly
general single-cell protein could
feeding and fish farming (25}
The production of single-cell

does differ in two important aspects

aerobic process requiring addition of oxygen.

solution is crucial, high power
Secondly, much heat
be removed to maintain
fact that yeast can grow faster than

contamination. Harvesting of cells

Alternatively, vea

ine/arginine ratio must be adjust

i

inpu
is generated due tc

temperature control.
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formation and nout (25). This th nucleic
eduction is the subject of
st can be used as an animal feed. This
tance and requives much

nd application in poultry, swine,

protein is similar to ethanol production, but

b

. Firs %épﬁ production of cell mass is an
Since transfer of oxvgen into
ts in the form of agitation are necessary.
to yeast metabolism. The excess heat must

Again, the acid conditions and the

most other organisms reduce the danger of

ig usually by centrifugation, followed by

e

spray drying for animal feed. For human con dditional steps such as
cell Tysis nucleic and hydrolysis, protein ext purification, and drying
are required (28). This additional processing for human consumption could add
$0.55 U.S. to $0.66 U.S. per kg (25 to 30 cents U.S. per pound) to the cost of
single~cell protein. As described for the ethancl system, single-cell protein
production suffers economically from dilute feed streams and so recycle

configurations to build up cell mass

Several processes have vecently

production with waste disposal. Thi

concentrations ave commorn.

y
=(et

appeared for combining single I protein

s includes cellulase and protein production

from mixed cultures of a cellulase producing organism and a yeast {29), from two
symbiotic bacteria of which one is cellulolytic with good protein characteristics

(30), and the production of protein

£

from starch by yeasts which can themselves
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convert starch to sugars (31). It may be menti@néd that recently the fungus
Sporotrichum pulverulentum has been shown to be able to convert a cellulosic
waste to a quality prcfe%n.by producing a cellulase and assimitating the
resulting sugar (32).

The market for single-cell protein would probably be the same as for soy
protein or fish meal. As an animal fe@dg single-cell protein would have to sell
for between $0.30 U.S. and $.49 U.S5. per kg {$300 U.S. and $500 U.S. per ton)
(25). Since much solid waste from food processing already finds value as an

animal feed, the market for protein produced from dissolved sugar in Tiquid

YI},

waste should be well-established and easily reachec

CQﬂV@fS?Cﬁ of gi&r@h to ﬁrve“t sugar

Perhaps the b@sa example of a practical enzyme process is the production

of invert sugar from starch. Invert sugar, a mixture of glucose (dextrose) and

2

fructose {levulose), can either be produced by hydrolysis of sucrose or by
saccharification of starch and isomerization of glucose. Since waste streams

olution, the latter alternative is of interest

i1

have been identified as a starch
he?@; Waste starch streams are fairly di’ ui@ which is a disadvantage. To
employ the following technology, some concentration step, such as evaporation,
would be fequx?eda

Conversion of starch to glucose was established in the 1930's as an acid
hydrolysis process. In the 1960's ; enzymatic conversion became important with
the application of gluccamyiase fto effect saccharification. The addition of the
enzyme glucose isomerase, in the 1970's, aliowed for the production of invert
sugar (33). Invert sugar is used commercially, with a composition of 42 percent
fructose, 50 percent glucose, and 8 percent other saccharides. The processing
advantages of using invert sugar in food formulations include more rapid

dissolution than glucose and more rapid crystallization than fructose. Invert
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sugar has higher osmotic pressure and greater protection against microbial growth
then equally sweet sucrose. From a taste perspective, invert sugar is sweeter
than glucose and as weet as sucrose at 15 percent solids solution levels, and
has a synergistic sweeiness eff@ﬁﬁ wha@ added to synthetic sweeteners (34).

Industrial production of amy?a%es which hydrolyze starch has mainly involved
bacteria, although fungi also supply an enzyme. An advantage of bacterial enzyme
is its abz?zty to operate at higher temperatures. The amy?@g?ucas%dageg of
fungi, ﬁ@wevewﬁ do permit greater direct conversion of starch to single glucose
units (19,35). There are also many micvobial sources of glucose isomerases,
to convert glucose to fructose (36).

Several patents and reviews have described the overall process from starch
to invert sugar. Initial breakdown of Siafgh is done by bacterial amylase (37,
38). As an example, starch is slurried, amylase enzyme is added, and the
solution heated to 105 - 110°C for 480 s to 600 s 5 (8 minutes to 10 miﬂuﬁeg} to
accomplish the liquefaction. The high temperature does not destroy the saccha-
rifying activity of the enzyme. The solution is cooled to 85 - Qéeg@ another
enzyme added, and held for 3.6 ks {one hour) to allow dextrinization to occur,
resulting in many polysaccharide units in g?%ui%aﬁc SacchariTication to glucose

2.

units proceeds with an amylogliucosidase at 60°¢

e

o
o
Cad
=
[ %3

e

0 346 ks (two days
to four days).
The conversion of starch to glucose is one of the systems being researched
for application of immobilized enzyme technology, as the largest single industrial
application of enzymes today (39). A plant to produce 454 kg {1000 pounds) of

2

dextrose daily from cornstarch, which is not ftself a waste however, has been
installed by Corning at Iowa State University. The several day reaction time
can be reduced to minutes in such a system.

The glucose solution which is so prepared by starch saccharification is then
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isomerized by contact with glucose isomerase enzyme. The enzyme is produced
intracei?u?ariyg usually by growth of a Streptomyces organism (40). Because
the enzyme is so expensive to produce and would be costly to recover if
allowed to mix in solution, the enzyme is fmmobilized on an inert carrier.
Clinton Corn Processing Company, which has done much work in this field, has
processes for immobilizing the enzyme on diethylamino-ethylcellulose and for
ehtrapping and stabilizing the enzyme within the cell by heating (41,42, 43).
Reactor configuration can be either a stirred tank or a packed column, although
Clinton uses a éha??@w bed reactor. The extent of reaction is controlled by
tempéfature and by the feed rate, or time of reaction. Typically, conversion
of glucose to a suitable invert sugar solution takes less than 11 ks (three

hours) in a column at 60 - 70°C (38).

Methane production by anaerobic digestion

An excellent opportunity for conversion of food processing wastes to
methane exists with the anaerobic digestion process. Viable microorganisms
play an important vole in waste treatment because of their ability to decompose
most organic materials and to assimilate them (31). The important reactions
can be represented as the biological conversion of complex soluble organic
material to volatile acids and the subsequent conversion of these acids to
methane.

More specifically, the Tirst step of acid formation involves the oxidation
of wastes, usually comprised of carbon, hydrogen, oxygen, nitrogen, and sulfur
as primary elements, to organic acids such as acetic acid., This is done by common
anaerobic facultative bacteria, and proceeds at a rapid rate. Typical times for
this first phase may be several hours to a day. Ammonia, carbon dioxide, and

hydrogen sulfide are also generated. The second step involves the reduction

of the carbon dioxide and cleavage of the acetic acid, forming methane (44, 45).
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Several methanobacteria have been identified in this second conversion to
methane all acting symbiotically (46). The wethane fermentation is Sigﬂéf%Cant?y
slower than the first phase and is considered the rate limiting step, since the
bacteria associated with it grow slowly and are guite sensitive to envivonmental
conditions. Even at optimized conditions, this second step may require residence
times of 430 ks to 1300 ks (5 to 15 days} for municipal waste treatment.

Because of their high BOD, food pr@@@%giﬂq wastes containing sugars, starch,
proteins and organic acids ave particularly well suited to anaerobic digestion.

These materials can be fermented by anaerobic digestion. A second advantage

il

of food processing wastes is the absence of materials such as metals, glass,

Pt

&

2,

stones, rags, and other substances which require expensive pretreatment steps

y

such as shredding and milling or sepavation (47). Such materials not only
increase capital costs for preparvation equipment, but consume much power in their
treatment. Experiments on a synthetic waste of bread, potatoes, apples, ground
beef, citrus fruit, carvots, cabbage, celery, coffee grounds and paper showed
it to be well suited to rapid anaerobic digestion (45).

The gas yields from anaerobic digestion vange from 0.75 m ;<g (12 cubic

5 7
{
H

feet/pound} of waste decomposcd for protein to about 1.25 m”/kg (20 cubic feet/

pound} for carbohydrate (46). Since the heat of combustion of methane s about

£

(’2 3 g 2, i ko 2 5.
39900 kJd/wm” (1070 BTU/cubic foot), the gas from the process which consists of

£
1

roughly 50 percent methane and 50 percent carbon dioxide has a fuel value of

about 19950 kJ!m {540 BTU per cubic food) (48). The carbon dioxide can be

absorbed out of the gas to increase the fuel value considerably. Total gas
2 .

. . R 2 . . .
production is in the range of 0.94 m"/kg to 1.12 m™/kg {15 to 18 cubic feet/
pound) of volatile solids consumed 0.31 to 0.44 m” of methane per kg of COD

[ad

consumed {5 to 7 cubic feet of me thane/pound of COD consumed),

In the treatment of dairy waste which removed 95 percent of the pollution
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load, the adding of an anaerobic‘dfgegtion step to a trickling filter scheme
could reduce costs by a factor of ten (46). Anaerobic digestion has been
applied to the full scale treatment of wastes from a meat packing operation (44).
BOD reduction was 91 percent, from an inlet value of 1400 mgm per liter. The
system was loaded to the extent of 0.029 kg BGD/kgwmg (156 pounds BOD/ day-1000
cubic feet) of reactor volume. Retention time for tweatméﬁt was only half a
day, due to the easily fermentable substrate.

Recent research has centered on the investigation of organisms which can
operate at higher temperatures, perhaps ESQCS rather than the 30°¢C to 40°C
range currently employed (49). At the expense of adding more heat to the process,
the advantages include increased rates of digestion, decreased fluid viscosity,
decreased biomass formation, increased conversion of waste to gas, and decreased
chance of bacterial and virus pathogen accumulation. This involves the utilization
of new organisms which also convert organic wastes to methane. OFf significance
is that the production of methane from volatile solids can be increased from
0.47 mgfkg to 0.69 mgfkg (7.5 cubic feet per pound to 11 cubic feet per pound),

a 58 percent conversion level.

Summary

3

The nature of food processing and agricultural wastes allows for conversion
to useful products. Microorganisms and %nd%viduaé enzymes can be employed to
carrvy out the conversions efficiently and under gentle conditions. Although
technically feasible, implementation is hindered by economic considerations.
Except in certain situations; such as grain mills, shellfish processing plants,
or vegetable and fruit processing operations which utilize water recycle and
achieve high concentrations of effluent wastes; the dilute and dispersed character-
istics of food industry wastes require either concentration and associated energy

costs or centralization and concomitant transportation costs.
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Nevertheless, considerable process developmenti 15 underway to reduce
bioconversion costs for the day when recycling and concentration of wastes
become common and when the values of the final products sufficiently offset
process costs., Major §F0§F§m§ concerning cellulose bioconversion have involved

both microorganism strain selection and engineering process analysis. It is

estimated that even under private @peratign ethanol could be produced from

cellulosic waste for $0.000442 U.S. per @m ($1.67 U.5.7/gallon). Although
this is somewhat above current market price, process improvements which reduce

£

costs and market Tactors which increase the price from competitive sources
should narrow the difference. Similarly as single-cell protein, invert sugar,
and methane become more valuable commodities, the bicconversion processes

which yield these products will become move economically competitive.

D

Widespread implementation of bioconversion processes thus depends upon’

P

£

the revision of agricultural and food processing practices to yield centralized
wastes in as concentrated a form as possible the engineering development of the
processes themselves, and the necessary increase in the demand for the conversion

¥
i

o—

products. While market factors and government policy will targely determine the

o < 3

first and third factors, continued research and development can increase the

chances for commercial success.
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