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ABSTRACT

COUPLED HIGH SQLIDS FERMENTATION
AND ANAEROBIC FILTRATON OF CELLULOSIC RESIDUES

By

Yow-Ming Lin

A coupled high solids fermentation and attached-growth anaerobic
filtration process to produce methane from cellulosic residues was
developed and successfully operated for 18 months using wheat straw as
the substrate. The process was conducted in eight 600 ml packed reac-
tors and two anaerobic filters <connected in series allowing
semi-continuous feeding of straw at a solids concentration of 34%. A
mobil liquid phase was circulated at a constant rate to carry COD fram
the packed reactors to the anaerobic filters where 85% of the total
methane was generated.

The major functions of the packed reactors were the hydrolysis of
the solid substrate and the production of organic acids. The volatile
fatty acid COD, composed mostly by acetic, propionic, and butyric
acids, was produced at a slower rate than soluble COD in the packed
reactors. The initial soluble COD, 65% of the COD produced, was con-
tributed by 1leaching while the subsequent slow substrate degradation
was attributed to microbial hydrolysis.

Specific methane production rates as high as 2.1 liter CH, per day
per liter reactor volume and a volatile fatty acid COD removal effi-
ciency of 98% were obtained fram the anaerobic filters at loadings of

297 to 594 1b soluble COD/day/103 ft3 with a hydraulic retention time
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of 34 hours. Methane contributed 73% to 79% of the total gas produc-
tion.

Total methane production per unit weight of substrate input was
104.3 ml CHy per gram of straw input with 40 days substrate solids
retention time and 76.3 ml CHy/g straw with 18 days solids retention
time. At a 40 days solids retention time overall degradation of the
un-pretreated straw was 30% with 43% and 41% degradation of cellulose
and hemi-cellulose respectively. At an 18 days soids retention time
degradations were 20% overall, 26% for cellulose and 31% for
hemi-cellulose.

During most of the study, a liquid reservoir served as an equali-
zation basin preventing shock 1loading to the anaerobic filters.
Results of a direct input study, without the liquid reservoir, suggest-
ed that the methanogenic bacteria in the anaerobic filters could
sustain methane production during transient loading, although the sud-
denly increased substrate could not be completely utilized on the first
pass. A mathematical model of solid substrate degradation in the
packed reactor was developed. The curves computed fram the model
agreed closely with the experimental data. Biological hydrolysis of
the un-pretreated wheat straw was found to be the rate limiting step in

the system.
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CHAPTER ONE

INTRODUCT ION

Anaerobic digestion (anaerobic methane fermentation) is a common
and successfully used process in wastewater treatment. Methane and
carbon dioxide are the final end products of this process resulting
from microbial decomposition of organic matter in the absence of molec-
ular oxygen. Although methane gas is a useful fuel that some treatment
plants recover and use for heating the digesters or driving pumps,
anaerobic digestion has been mainly used for sludge and wastewater sta-
bilization; the methane gas has usually been treated as a by-product.
However, in recent years, the increasing interest in alternative energy
sources has altered the traditional role of anaerobic digestion. 1In
addition to waste stabilization, anaerobic digestion has been consi-
dered as an energy production process and organic waste as the
alternative energy source.

Among organic wastes, cellulosic agricultural residues are most
abundant. It is estimated that, considering only food crop residues,
over 290 million tons are produced every year in the United State (Ben-
son, 1977). Table 1-1 shows the quantity of some agricultural residues
produced in the United States. Most of these cellulosic residues exist
in dry form or at very high solids concentration. In order to utilize
these natural products to produce methane by anaerobic fermentation, a
new process needs to be developed to overcome difficulties of mixing
and pumping slurries with high solids content in the reactor and asso-

ciated piping as well as the dificulties of substrate input to and



2
removal from the reactor. The current anaerobic fermentation processes
require relatively low solids concentration for operation. Sawyer
(1960) suggested that the optimum solids concentration in the conven-
tional digester should not exceed six to eight percent. If
conventional digesters were to be used for the fermentation of high
solids cellulosic material, a large quantity of water would have to be
added to reduce the solids concentration resulting in a greater reactor
volume and larger residual sludge volume. This would make the process

uneconomical.

Table 1-1. U. S. Food Crop Residue Generation

Crop 106 Tons/Year
Corn 156
Wheat 49

Soy Bean 40
Sorghum Grain 24

Oats 12
Barley 11

Rice Straw 4.4
Peanut 1.6

Rye 0.9

# After Jewell (1980).
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This research investigates a new process that consists of
fixed-film anaerobic filters and packed bed reactors which contain a
high solids concentration of stationary phase and a mobil liquid phase.
The special configuration of the packed bed reactors enable this pro-
cess to have semi-continuous input of high solids cellulosic substrate.
The anaerobic filters convert the fatty acids produced in the packed
reactors to methane and carbon dioxide after being transported by the
mobil 1liquid phase. Because the required reactor volume is inversely
proportion to solids concentration, increasing the substrate concentra-
tion would allow a reduction in the total system volume and system
cost, making this process economically competitive. Detailed presenta-
tion of this process and the experimental system used to conduct the |

process will be given in the following chapters.

The objectives of this research were to:

1. Design an anaerobic fermentation system which would allow
semi-continuous feeding of high solids substrate without caus-
ing retardation of methane production.

2. Evaluate the performance of the high solids packed reactor and
to investigate the behavior of cellulosic substrate degrada-
tion, total soluble COD production and volatile fatty acid
production.

3. Evaluate the performance of the anaerobic filters including
methane production and COD removal efficiency.

4, Evaluate the operational parameters, include liquid flow rate,
hydraulic retention time, substrate input interval, and the

percent of substrate solids concentration.



5.

6.

Determine the degradation rate of a cellulosic
without pretreatment.
Develop a mathematical model for the liquid soluble

duction by solid substrate in the packed reactor.

substrate

COD pro-



CHAPTER TWO

THEORETICAL BACKGROUND AND LITERATURE REVIEW

Methane fermentation is a complex biological process in which a
mixed culture of microorganisms decomposes organic matter to gaseous
end products, methane and carbon dioxide, in the absence of exogenous
electron acceptors other than carbon dioxide (McInerney et al., 1981a).
One distinct characteristic of this process is that only a small por-
tion of the chemical energy from the decomposition of organic substrate
is used for bacterial cell growth and about 90% of the energy is
retained in the methane produced. The advantages of low biological
growth and the production of an energy rich gas have made anaerobic
digestion a favorite treatment method for sludges and strong organic
wastes for a long time.

The mechanism of anaerobic fermentation was not clearly understood
until the 1950's, although it had been successfully operated for many
years. After Barker (1956) and Buswell et al. (1952), reported their
studies of methane fermentation, extensive research was conducted by
many investigators. Those studies have provided a better understanding
of the complicated anaerobic fermentation process. This chapter will
review the literature regarding important chemical, microbiological,
engineering process control prameters, and other related concepts of

methane fermentation as well as recent developments of this process.



2.1 Chemical and Microbiological Background

Anaerobic fermentation is carried out mainly by a diverse group of
bacteria. The microbial population in the anaerobic fermentation
ecosystem is composed of obligate and facultative anaerobic bacteria.
Obligate anaerobes (aerophobic anaerobes) can only survive in the
strict anaerobic condition, while the facultative anaerobes (aeroto-
lerent anaerobes) can also use molecular oxygen during metabolism.
According to current knowledge, the bacterial population involved in
anaerobic fermentation can be classified into four different groups,
namely, (1) fermentative bacteria, (2) obiligate hydrogen producing
acetogenic bacteria, (3) methanogenic bacteria, and (4) hamoacetogenic
bacteria. The following paragraphs will discuss the microbiological
functions of these bacteria and chemical reactions that exist in the

system during microbial decomposition of organic substances.

2.1.1 Metabolic Stages of Anaerobic Fermentation

Traditionally, methane fermentation has been considered to have
only two metabolic stages, an acid forming stage and a methane forming
stage. In the first stage, a complex of fermentative acid forming bac-
teria degrade high molecular weight organic compounds such as
polysaccharides and protein to volatile fatty acids, hydrogen, carbon
dioxide, ammonia and sulfide. The second, or methane forming stage,
involves a complex group of strict anaerobic methane bacteria. These
methane bacteria convert the products from the first stage to methane
and carbon dioxide.

Recently, a three stage scheme, first proposed by Bryant et al.



(1967), has become widely accepted (McCarty, 1981) and further expanded
by microbiologists (Bryant, 1976, 1979; Kasper and Wuhrmann, 1978;
Boone and Bryant, 1980; McInerney et al., 1981a, 1981b). The estab-
lishment of the three stage scheme (Figure 2-1) was based on the
finding that fatty acids other than formate and acetate are degraded by
syntrophic association of hydrogen-producing acetogenic bacteria and
hydrogen-utilizing methanogens, and not by methanogens alone.

The first stage of the three-stage scheme is the same as in the
two stage scheme model; the fermentative bacteria hydrolize polysac-
charides to smaller organic sugars and degrade these products to fatty
acids, alcohols, hydrogen, and carbon dioxide. The second stage
involves hydrogen-producing acetogenic bacteria which are involved in
(1) -oxidation of fatty acids of even numbered carbon to acetate and
hydrogen and odd-numbered fatty acids to acetate, propionate, hydrogen;
(2) oxidation of alcohols such as ethanol to acetate and hydrogen; and
(3) decarboxylation of propionate to acetate, hydrogen and carbon diox-
ide (McInerney et al., 1981b).

The chemical reactions for the conversion of longer-chain fatty
acids to acetic acid by acetogenic bacteria are shown in Equations 2-1
to 2-4 in the Table 2-1. Evidence of the second metabolic stage 1in
anaerobic methane fermentation was obtained by the successful isolation
of two fatty acid oxidizing acetogenic bacteria, Syntrophomonas wolfeii
and Syp;nﬁphghag&gz wolinii, via coculture with hydrogen-utilizing bac-
teria. The microbiological characteristics of these two bacteria have
also been studied (McInerney et al., 1981b; Boone and Bryant, 1980).
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Figure 2-1 Three stage scheme of anaerobic methane fermentation.
Involves four groups of microorganisms, (I) fermentative bacteria
(IT) obiligate H,-production acetogenic bacteria; (III) methane
production bacteFia; (IV) homoacetogenic bacteria.




Table 2-1 Metabolic Function Of Hy-producing Acetogenic Bacteria

A. B - oxidation of longer-chain fatty acids
a. Even-numbered carbon to acetate and hydrogen
CH3CHZCH2000' + 2 H0 = 2 CH3COO' +2 Hy + H* (2-1)
butyrate AG; = + 11.5 Kcal/reaction

b. Odd-numbered carbon to acetate, propionate, and hydrogen
valerate +2 Hy + H

AGé = + 11.5 Kcal/reaction

B. Decarboxylation of propionate to acetate, COZ’ Hy
CH3CHC00™ + 3 Ho0 == CH3COO' + H(I)g + 3 Hy + H* (2-3)

propionate AG‘; = + 18.2 Kcal/reaction

C. Oxidation of alcohols to acetate and hydrogen
CH3CH20H + H20 —— CH3COO- + H+ + 2 H2 (2-‘4)

ethonal AG; = + 2.3 Kcal/reaction

In the third, or terminal, stage of methane fermentation, methano-
genic Dbacteria split acetate to methane and carbon dioxide, and use
hydrogen to reduce carbon dioxide to methane.

An additional metabolic group, homoacetogenic bacteria, which is
capable of oxidizing hydrogen anaerobicly with the reduction of carbon
dioxide to acetate, was discovered in an anaerobic fermentation ecosys-
tem (Zeikus, 1979; Wolfe and Higgins, 1979). So far, Acetobacterium
woodii is the only physiologically well characterized
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hydrogen-consuming homoacetogenic bacterium (Balch et al., 1979).

Table 2-2 taken from Zeikus (1979) shows the physiological charac-
teristics of four groups of bacteria that are often isolated fram
anaerobic sludge digesters and have been discussed in the previous par-
agraphs.

In a mixed culture anaerobic fermentation ecosystem, the effective
metabolism of one group of bacteria is closely related to interaction
with other groups of bacteria. Therefore, their metabolism may not be
separated into distinct steps for metabolic optimization (McIncrney and
Byrant, 1981a; Zeikus, 1979).

2.1.2 Methanogenic Habitats

Several different types of methanogenic habitats can be found in
the ecosystem, and they may be classified into three types (Wolfe and
Higgins, 1979). Type A habitat shown in Figure 2-1, includes aquatic
sediments, anaerobic sludge digesters and marsh; it is a complete
anaerobic fermentation system which involves all four groups of bacter-
ia. Animal tracts such as rumen and caecun are Type B habitats
(Figure 2-2). In a Type B habitat, only fermentative bacteria (Group
I) and hydrogen-utilizing bacteria (Group III) are involved in the
ecosystem. Fatty acids are the major end products, and longer-chain
acids are not converted to acetic acid but are absorbed into the blood-
stream where they serve as the major energy source for the ruminant.
Another special methanogenic habitat, Type C (Figure 2-3), only
involves methanogens that utilize acetate, hydrogen and carbon dioxide

present in the system to produce methane. Some thermal springs in the
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Butyrate H2
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in propionate
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intestine.
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Figure 2-3 Type C Habitat.

Thermal Spring.
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Yellow Stone National Park and Lake Kivu (in Africa) (Wolfe and Hig-
gins, 1979) have been found belonging to this type of habitat. Thermal
springs contain hydrogen, carbon dioxide, sulfide, and mineral salts.
Some methanogens have been isolated from several thermal springs in
Yellow Stone Park. In Lake Kivu, methanogens reduce carbon dioxide by
using volcanic hydrogen to produce methane (Deuser et al., 1973).
Among all the methanogenic habitats mentioned above, the rumen is the
most studied anaerobic fermentation ecosystem (Hungate, 1975; Hobson,

1971, 1974, 1982; Prins and Clarke, 1979).

2.1.3 Production of Fatty Acids in Anaerobic Methane Fermentation

Organic substrates that are subject to anaerobic degradation are
mostly carbohydrate, protein, and lipids. Agricultural residues con-
tain mainly polysaccharides, such as cellulose, hemi-cellulose, and
pectin. As described in the Section 2.2.1, these materials are first
hydrolized by extracellular enzymes secreted by fermentative bacteria
into lower molecular weight compounds, such as monosaccharides (glu-
cose, fructose, xylose), and oligosaccharides (sucrose, cellobiose,
short-chain fructosans). These smaller organic compounds can be tran-
sported through the fermentative bacterial cell wall and further
degraded to fatty acids and other organic acids, alcohols, hydrogen,
and carbon dioxide.

Figure 2-4 shows the pathway of hydrolysis and fermentation of
cellulose, hemi-cellulose, and pectin to monosaccharides and to pyru-
vate via the Embden-Meyerhof-Parnas pathway. Pyruvate is the key
intermediate product in the first metabolic stage of anaerobic fermen-
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*%

Starch Cellulose Pectin Hemicellulose
Maltose Cellobiose Pectic Acid Xylobiose
Glucose Glucose Galacturonic ——=—Xylose

Acid
Glucose 1 P Xylose P
—=Glucose 6 P=— Pentose Phosphate
Pathway
Fructose 6 P Fructose 6 P

i

Embden Meyerhof Parnas Pathway

Pyruvate

Figure 2-4 Ppathways in the rumen fermentation of the major
insoluble carbohydrates present in plants.

** Pectic substances consist of D-galacturonic acid and its methyl
ester, D-galactose and L-arabionse. The details of its structure
are not completely known, but the major part consists of
(1-4)-1inked a-D-galacturonic acid residues (Wood, 1970).
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tation, because most of the important organic acids produced in this
stage are obtained from pyruvate. Figure 2-5 gives the identified
pathways of microbial fermentation of organic acids from pyruvic acid
in pure culture. From Figure 2-5, it can be seen that a wide variety
of acids and alcohols can be produced fram pyruvic acid depending on
the particular type of microorganism involved. In mixed cultures, such
as Type A ecosystem, the major fermentation products in the first meta-
bolic stage are acetic acid, propionic acid, butyric acid, hydrogen,
and carbon dioxide. Certain fermentation products of monosaccharides
may 1involve reaction of the Pentose Phosphate Pathway and
Entner-Doudoroff Pathway (Lehninger, 1975).

In a normal fermentation system, acetic acid is the predominant
acid while in a stressed system, propionic and butyric acids may have

higher concentrations (Hobson et al., 1981).

2.1.3.1 Physical and Chemical Properties of Fatty Acids

Saturated fatty acids are single lipids with the general formula,

v
o

CH3 - (CHp), - COOH n (2-5)
The terminal carboxyl group of the fatty acid is very hydrophilic and
the hydrogen carbon chain, constructed from two identical carbon
monomers, is almost insoluble in water. The hydrophilic-hydrophobic
character gives fatty acids a polar carboxyl head and a non-polar
hydrocarbon tail. Table 2-3 gives the physical and chemical charac-

teristics of some major fatty acids commonly found in the complete
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Polysaccharides

Sugars

|

+2H -CO +2H
Lactate Pyruvate -——-2*-Aceta]dehyde-———- Ethanol
“H20
Acrylate +C0, Hy + €O, o -Acetolactic Acid
| <o
Oxalacetate Formate Acety1-S-CoA Acetoin
1
+2H +4H l +2H
Malate H2 + CO2 2,3,-Butanediol
+2H -H,0 ATP
i
Fumarate Acetate Acetoacety]l-S-CoA Ethanol
+2H O2 H20 +4H
Succinate Acetone Butyry1-S-CoA
-0, +2H ATP/\Hj
| Propionate Iso-propanol Butyric Acid Butanol

Figure 2-5 Some major end products of the microbial fermentations of
sugars from pyruvic acid. 2H represents two hydrogen atoms being donated

in a reductive step. Reduced form products have more hydrogens an
electrons per carbon atom. (after Lynch, 1979)
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anaerobic methane fermentation system.

2.1.4 Methanogens and Methanogenesis

Methane bacteria are a unique group of microorganisms involved in
the terminal stage of anaerobic fermentation to produce methane. This
section will review some of the current knowledge of this special group

of bacteria and the mechanism of methane formation.

2.1.4.1 Physiology of Methane Bacteria

Although methanogens are a morphologically diverse group of bac-
teria, varying from short, lancet-shaped cocci to long, filamentous
rods, they share some common physiological properties that are not
found in any other group of bacteria. They require strict anaerobic
conditions and a very low redox potential (-330mv) for growth (Zehnder,
1978). Studies of methane bacterial cells, both gram-negative and
gram-positive types have failed to find muramic acid and peptidoglycan
which are present in all other bacterial cells. Fox et al. (1977)
found that both transfer RNA and ribosomal RNA oligonucleotide
sequences of methanogens are different from typical bacteria. They
also indicated that methanogens are one of the most ancient groups of
organisms (Fox et al., 1977; Balch et al., 1979). Woese (1978, 1981)
declared that methanogens are neither prokaryotes nor eukaryotes but
are the largest group of archebacteria. Balch et al. (1979) presented
a new taxonamic scheme for the methanogens based on the relationship of
oligonucleotide sequences of the 16 S ribobomal RNA. Table 2-4 gives

the new taxonomic scheme as well as some characteristics of methanogens
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that have been isolated in pure culture.

From Table 2-4, it can be seen that methane bacteria are diverse
in morphology. Same species are motile while others are not, and it is
interesting to note that nommotile species are gram-positive and motile
species are gram-negative. All species share the common metabolic
capacity to produce methane fram hydrogen and carbon dioxide. Several
species can utilize formate but only one is able to use acetate as a
substrate.

Most methanogens are most active in the temperature range fram
33°C to 45°C. Methanobacterium thermoautotrophicun is the only known
thermophilic methane bacterium with an optimum temperature of 65°C to
70°C (Zehnder, 1979). Methane bacteria are very sensitive to pH
changes, growing best in the pH range fram 6.5 to 7.7 (Smith and Hun-
gate, 1958), with the optimum being 7.05 to 7.20 (Harmeer and
Borchardt, 1969). It has also been found that important
hydrogen-producing and hydrogen consuming anaerobes do not grow at pH
values below 6.0 (Weimer and Zeikus, 1977). Although some
non-methanogenic anaerobes can grow at lower pH values (Cohen et al.,
1979; Eastman, 1981), even as low as 2.0 (Canale-Parola, 1970), no
methanogens can grow well at pH values less than 6.0 or above 8.0.
Zeikus (1979) indicated that the inhibition of hydrogen oxidizing
methanogens by high proton concentration may be related to thermodynam-
ic regulation; at lower pH conditions, proton reduction to hydrogen
become the thermodynamically favored process rather than the normal
oxidation of hydrogen to proton.

All methanogenic bacteria contain several types of special coen-
zymes (Bryant, 1979), such as coenzyme M, coenzyme 420, and coenzyme
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factor B. Coenzyme M is a methyl carrier and participates in methano-
genesis from methanol and acetate (Smith and Mah, 1978; Taylor and
Wolfe, 1974). Coenzyme 420 is involves in the electron transfer and
serves as an electron carrier similar to the function of ferredoxin
(Tzeng et al., 1975). Coenzyme factor 420 is a low molecular weight,
heat stable cofactor and is believed to be involved in the enzymatic
formation of methane from methyl coenzyme M (Gunsalus and Wolfe, 1976).
Two other cofactors; F430 and F342 were also discovered but their func-

tions are still not known (Gunsalus and Wolf, 1978).

2.1.4.2 Methane Formation From Hydrogen And Carbon Dioxide

As indicated in Table 2-4, the only known methanogenic substrates
are Hy/CO,, formate, methylamine, and acetate. In spite of different
morphologies, all known pure cultures of methane bacteria can use
hydrogen as the electron source to reduce carbon dioxide, to methane

according to Equation 2-6.

4 Hy + HCO3 + H" === CHy + 3 Hy0 (2-6)

AGC'> = =32.7 Kcal/reaction

Equation 2-6 shows that eight electrons, derived from four moles of
hydrogen, were used to reduce one mole of carbon dioxide. The carbon
dioxide utilized by methane bacteria is partly reduced to methane and
partly metabolized and fixed for cell material. This character is dif-
ferent from other autotrophs that just use carbon dioxide as the single
carbon source for growth. It is also noted that the standard free
energy change of Equation 2-6 is very negative, indicating that methane
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bacteria have a very strong affinity for hydrogen gas. The special
ability of methanogens to consume hydrogen is the major factor main-
taining very low hydrogen concentration in anaerobic environment.
Hungate (1970) reported that the K for the utilization of hydrogen in

-6
the rumen was only 10 M.

2.1.4.3 Methane Production From Acetate

It has been reported that about 70 - 73 % of methane produced is
from the decarboxylation of acetate (Jeris and McCarty, 1965; Smith and
Mah, 1966). A few species of bacteria have been reported to utilize
acetate as an energy source and to produce methane (Barker, 1936;
Bryant, 1974). However, up to the present time, only one species of
acetate utilizing methanogen, Methanosarcina barkeri, has been isolated
in pure culture (see Table 2-4).

Stadtman and Barker (1949) performed a series of experiments by
using 1“C—methy1 or 1“C-carboxyl labeled acetate and formate and
reported that methane was derived fram the methyl group of acetate and
carbon dioxide was derived from the carboxyl group of acetate as Equa-
tion 2-7 shows:

(o] - 0O =-
"3 000 + Hx0 == “CH, + H CO5 (2-7)
AG, = -T.4 Kcal/mole

The hydrogen atams on the methane were obtained fram the methyl group
of acetate plus the fourth hydrogen atom contributed by water (Pine and

Barker, 1956). These observations cleared up the earlier controversy



25

of methane formation from acetate, i.e., whether acetate is completely
oxidized to hydrogen and carbon dioxide and then the carbon dioxide is
reduced with hydrogen to methane versus the direct conversion of the
methyl group of acetate to methane (Smith and Mah, 1980).

In addition to acetate, Methanesarcina barkeri can also utilize
CH30H, CH3NH2 and Hy/CO, as the substrate to produce methane. The
chemical reactions as well as the standard free energy changes for
these reactions are shown in Table 2-5. Weimer and Zeikus (1979)
reported that M, barkeri grow about four times faster on H2/C02 or
methanol than on acetate.

Equation 2-7 shows that the standard free energy change is a small
negative value (-T7.4 Kcal/mole) that is insufficient to produce one
ATP, since values for the free energy change of ATP hydrolysis have
been estimated to range fram -8.5 Kcal/mole to -12.5 Kcal/mole (Decker
et al., 1970). Normal efficiency of energy transfer in bacteria are
30% to 70% (McCarty, 1975; Decker et al., 1970), and, therefore, mini-
mun energy required to produce one ATP would be 11.1 Kcal/mol. As
mentioned earlier, the growth rate of Methanosarcina on acetate is very
slow (doubling time greater than 24 hours), and its growth yield is
only 1.6 - 3.0 mg dry weight/m. mol CH, (Smith and Mah, 1978). This
slow growth rate may be related to the small energy yield. However the
actual mechanisms of methane production from acetate and its energy

production mechanisms are not fully understood today.
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Table 2-5 Transformations of Methanosarcina

Equations AG; Kcal/reaction
A. Methanol
1. 4 CH3OH == 3 CHy + HOO3 + H* + Hy0 - 75.2
2. 4 CHyOH + CH3C00™ == 4 CH, + 2 HO3 + H' - 82.6
3. CH3G-1 + H2 = CHu + Hzo - 26.9

B. Methylamine
1.‘4(}13NH§+3H20==3CH4+HQ);+4NHE+H" - 53.8
2. 2(CH3)oNHS + 3 Hp0 == 3 CHy + HCO3 + 2 NHj + H* - 52.5
3. 4(CH3)3NH* + 9 Hy0 == 9 CHy + 3 HODg + 4 NHj + 3 H* -159.8

C. Carbon Dioxide

1. 4 Hy + H* + HOO3 == CHy + 3 Hy0 - 32.4
D. Acetate
1. CHyC00™ + Hy0 == CHy + HOO3 - 7.4

* Source: Smith and Mah, 1980

2.1.4.4 Biochemical Pathway of Methane Formation

Barker (1956) first introduced a scheme to explain the possible
pathways of carbon in methane formation fram various sources as shown
in Figure 2-6. Barker's scheme suggests that an unidentified
one-carbon carrier, R, is bound to various substrates which are reduced
to methane with the regeneration of carrier. McBride and Wolfe (1971)

discovered coenzyme M (HS-CHZ-CHZ-SO3H, 2-mercaptoethan sulfonic acid,
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CO, + RH RCOOH

2 H

CH4 + RH

Figure 2-6 Barker's scheme of methane formation.
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abbreviated as HS-CoM) which was later shown to be one of the unknown
carriers in Barker's scheme. It is now widely accepted that HS-CoM is
a necessary methyl carrier for methyl transfer in methanogesesis.
Barker's scheme was modified by Wolfe (1979) to a cyclic pathway
(Figure 2-T) by the findings that the methyl-reductase reaction was
coupled to the activation and reduction of carbon dioxide, and that an
intermediate, involved in the primary step of C02 activation, is gen-

erated fram the terminal reaction in Barker's scheme,

Hy, Mg*2, ATP
methylreductase

CH3-S—COM CHu + H-S-CoM (2-8)

2.1.4.5 Unique Properties Of Methanogens

Reviewing the material given above, some of the unique properties

found in the methane bacteria can be summarized as follows:

1. Methane is the common metabolic product for all methanogens
and only for methanogens.

2. Methanogens can use only a narrow range of substrates;
hydrogen/carbon dioxide, formate, methanol, methylamine, and
Acetate.

3. Methanogens require strict anaerobic conditions and an extreme
low redox potential (-330 mV) for growth.

4. Methanogens contain unique coenzymes and cofactors: CoM,
F420, Fu30, F342.

5. The 16 S rRNA sequences are unique.

6. Cell walls contain no D-amino acids or muramic acid.

7. Cytochrames (electron transferring proteins containing an
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HS - CoM

CH4 [ ? ] 02
ATP

2H
Mg+2

CH -S-CoM XCOOH
(unknown)
2H
H20
HOCH -S-CoM XCHO
(unknown)
2H

Figure 2-7 Modification of Barker's scheme for CO
reduction to methane to emphasize a cycle where
the unknown activated-intermediate produced by the
methylreductase is involved in CO2 activation.
(after Wolfe, 1979)
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iron-porphyrin group) and quinones (electron carrying coen-
zymes) are absent.
8. Unique carbon dioxide fixation reactions are involved in cell

systhesis.

2.1.5 Role of Hydrogen in Anaerobic Fermentation

Hydrogen is an intermediate product in the anaerobic fermentation
of organic matter. However, it is rarely detectable in a normal diges-
ter, because it is consumed by the hydrogen utilizing methanogens as
rapidly as it is formed.

It has already been stated that hydrogen utilizing methane bacter-
ia have a great affinity for hydrogen (Equation 2-6). From Table 2-1,
the standard free energy change for the reactions in Equations 2-1 to
2-4 all show positive values which indicate that the degradation of
butyrate, valerate, propionate, and ethanol to acetate are thermodynam-
ically unfavorable, unless the partial pressure of hydrogen is
maintained at a very low level. One way to achieve low hydrogen con-
centrations is the consumption of hydrogen by hydrogen utilizing
methanogens. As has mentioned before, H2-producing acetogenic bacteria
are syntrophicly associated with hydrogen utilizing methane bacteria
and can not survive if separated from hydrogen utilizing bacteria. By
combining Equation 2-6 and Equations 2-1 to 2-4, as shown in Table 2-6,
the result of the syntrophic association is obvious, the free energy
changes for Equations 2-9 to 2-12 all having negative values.
Therefore the degradation of the above substrates becomes energetically

favorable.
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Table 2-6 Chemical Reactions For The Syntrophic Association of
Bacteria and Hy-utilizing Methanogen

(2-6) + (2-1)
2 CH3CHyOH + HOD3 == 2 CH3C00” + CHy + H0 + H* (2-9)

AGé = - 27.8 Kcal/reaction

(2-6) + (2-2)
2 CH3CH,CHoCHoCO0™ + HOD3 + H0 == 2 CH3CH,C00™ + 2 CH3C00™  (2-10)
+ CH,_' + H*

AG('J = = 9.4 Kcal/reaction

(2=6) + (2-3)

y CH3CH2COO' +3 H0==4 CH3COO' + 3 CHy + H* (2-11)
AG; = - 24,5 Kcal/reaction

(2-6) + (2-4)

2 CH3CHyCHaC00™ + HOO3 + HyO == 4 CH3000™ + CHy + H* (2-12)

AGO = - 9.4 Kcal/reaction

The effect of hydrogen partial pressure on the free energy change
for the degradation of fatty acids can best be described by Figure 2-8
(Zeikus, 1979, McInery and Bryant, 1980). This shows that hydrogen
partial pressure has to be lowered to 2x10~3 atm for the degradation of
butyric acid and 9x10‘5 atm for the degradation of propionate. Methane
formation from hydrogen and carbon dioxide is energetically favorable
at hydrogen partial pressures greater than 2x10‘6 atm. When a reactor

is stressed, such as shortened retention time or transient organic
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loading, hydrogen produced from fermentation of organic substrate can
not be effectively consumed by methanogens causing the hydrogen concen-
tration to increase which results in a supression of fatty acid
degradation. Figure 2-8 shows that a slight increase of hydrogen par-
tial pressure above 10~ will cause propionate degradation to become
unfavorable, while further increases of H2 partial pressure will cause

other acids to accumulate in the system.

2.1.5.1 Effects Of Hydrogen Concentration To The Fermentative
Products

Hydrogen concentration in the anaerobic fermentation system also
plays an important role in regulating the quantity and types of organic
products formed by the fermentative bacteria by interspecies hydrogen
transfer (Wolin, 1974).

Production of molecular hydrogen by fermentative bacteria is
through the reoxidizing of the reduced NAD* (NADH, diphosphopyridine

nucleotide) generated in the glycolysis pathway as Equation 2-13 shows:

+
NADH + H == NAD* + Ho (2-13)

AGC') = + 4.3 Kcal/reaction

The above equation is thermodynamically unfavorable at hydrogen partial
pressure above 10-3 to 10~ atm as indicated by Wolin (1974). The
effects of hydrogen partial pressure on the free energy change for
Equation 2-13 are shown in Table 2-7. Several investigators (Kaspar
and Wuhrmann, 1978; Wolin 1974) have reported that when hydrogen is

effectively consumed by methanogens, the oxidized fermentation products
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such as acetate and carbon dioxide will increase and the reduced (elec-
tron sink) products such as propionate, ethanol will decrease, and an
increase of hydrogen production which in turn is used by
hydrogen-utilizing methanogens. This phenomenon can be seen from the
experimental results performed by Wolin (1974) as shown in Figure 2-9
and Table 2-8.

Table 2-7 Effects of Hydrogen Partial Pressure on Free Energy Change

Hy (atm) AG,
10° + 4.33
10-1 + 2.97
10-2 + 1.61
10-3 +0.25
10-4 - 1.1
10™2 - 2.47
1075 - 3.83
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Figure 2-9 Fermentation Interactions Between Ruminococcus

flavefacius And H2-utilizing Methanogens.
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Table 2-8 Fermentation Of Cellulose By R. flavefacicus
And R. flavefacicus Plus M. ruminantium

moles/100 moles Cellulose

Products R. flavefacicus R. flavefacicus
+ M. ruminatium

Acetate T4 145
Formate 35 3
Succinate 9y 25
Hydrogen 33 0
Carbon Dioxide 37 79
Methane 0 63

# Source: Wolin (1974)

Ruminococcus flavefacicus is an important celluloytic species
found in the rumen. Figure 2-9 shows that when R. flavefacicus grows
alone on cellulose, the main products are succinate and acetate with
small amounts of carbon dioxide and hydrogen; but no methane is found.
When a coculture of R. flavefacicus and Methanobacterium ruminantium is
grown, the main products are acetate, carbon dioxide and methane. In
the coculture enviromment, hydrogen concentration is maintained at a
low level, shifting electron flow fram the production of succinate to
the regeneration of NAD* and hydrogen. Pyruvate metabolism is shifted
from succinate to more acetate formation. Therefore, if the hydrogen
concentration is high in the system the reduced fermention products and
hydrogen will accumulate and substrate utilization may be inhibited
(Mah et al., 1977).

The results of the interaction between hydrogen utilizing methano-
gens and nonmethanogens in anaerobic fermentation may be summarized as

follows: (1) increase substrate utilization; (2) different proportions
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of reduced end products; (3) more ATP systhesized by the

nommethanogens; (4) increased growth of both organisms (Wolin, 1974).

2.1.6 Role Of Njtrate And Sulfate In Anaerobjic Methane
Fermentation

If sulfate and nitrate are present in the system, methane fermen-
tation will be inhibited because nitrate and sulfate have higher
electron affinity than carbon dioxide and will compete seriously with
carbon dioxide for electrons. Table 2-9 gives the redox potential of
some redox pairs. Figure 2-10 illustrates the relationship of four
electron acceptors, O, Nog, SOE, and CO,, according to the order of
magnitude of their redox potential.

From Table 2-9, it can be seen that hydrogen has the greatest ten-
dency to donate electrons and oxygen has the greatest tendency of
accepting electrons. In natural ecosystem, nitrate is first reduced,
followed by the reduction of sulfate and finally the formation of
methane (Figure 2-10). Therefore, methane can only be formed in the
absence of nitrate and sulfate. If nitrate exists in the system,

methane is produced only after all the nitrate is reduced to nitrogen.
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Table 2-9 The Oxidation-reduction Potentials Of Some Redox

Pairs
Redox Pair Redox Potential , Eg (Volt)
2 H'/H, - 0.41
NAD*/NADH - 0.32
COo/Acetate - 0.29
€O,/ CHy, - 0.24
SO/HoS - 0.22
Fumarate/Succinate + 0.03
NO3/NO +0.36
NO3/NO3 + 0.43
Fe*3/Fe*2 + 0.77
1/2 05/H 0 + 0.82

# Source: Brock, 1979

Most of the nitrate reducing bacteria are facultative anaerobes,
they can transfer electrons to oxygen or to nitrate when oxygen is
absent. Since sulfate reducing bacteria are obligate anaerobes, they

can use hydrogen as the major electron donor;
4 Hy + SOy === HyS + 2 Hy0 + 2 OH (2-14)
AG', = -36.4 Kcal/reaction

4 Hy + HCO3 + HY === CHy + 3 Hy0 (2-15)
AG', = =32.4 Kcal/reaction

It appears that sulfate-reducing bacteria can successfully compete with
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hydrogen utilizing methanogens for hydrogen. If sulfate-reducing
anaerobes are present in the system, electron flow is diverted from

methane formation to HyS production.

2.2 Anaerohic Fermentation Process Stability

In view of the previous discussion, a well operated anaerobic fer-
mentor must be low in hydrogen concentration, have near neutral pH, and
balanced production and utilization of volatile fatty acids. In other
words, the stability of an anaerobic fermentation system may be dis-
torted by inproper pH, high hydrogen partial pressure, and high fatty
acid concentration. These three parameters are actually closely relat-
ed, variation of one factor causing other parameters to be affected.
For instance, when fatty acids begin to accumulate in the system, the
pH value will drop and inhibit the activity of hydrogen utilizing
methanogens. Therefore the hydrogen concentration will increase, which
in turn will supress the degradation of volatile fatty acids, resulting
in a further pH decrease. In addition to these three factors, process
instability may be also caused by sudden changes of envirommental and
operational conditions, such as a sudden change in temperature , organ-
ic loading, and hydraulic 1loading. Several organic and inorganic
compounds, such as ammonia and heavy metals, also play a significant
role in process instability. Further discussion of some of these fac-

tors will be given in the following sections.
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2.2.1 Ihe Effects of Volatile Fatty Acids And ph

Accumulation of fatty acids and reduction of pH in a reactor are
two common signs of a failing anaerobic fermentation system.
Inhibition resulting from high concentrations of fatty acids has been
studied by several investigators. Two major conclusions may be drawn
from their studies which conflict with each other. One group of
researchers (McCarty and McKinney, 1961a; Cassell and Sawyer, 1959;
Sawyer et al., 1954; Kaplonsky, 1951) believed that methane bacteria
were inhibited because of the drop of pH value caused by high fatty
acid concentration in the system, and that this inhibition may be
removed by the addition of buffering chemicals to raise the pH value.
Another group (Buswell, 1939; Schulze and Raju, 1958; Mueller et al.,
1959) argued that fatty acids themselves were directly toxic to methane
bacteria at concentrations above 2000 mg/l regardless of the pH main-
tained, and the toxic condition can be released only by diluting the
reactor substrate or reducing the substrate loading rate. Buswell and
Mogan (1962) further reported that propionic acid would inhibit the
methane bacteria. However, studies by McCarty et al. (1964) found
another controversial result that propionic acid had little effect on
methane bacteria but did inhibit the acid forming bacteria. Andrews
(1969) tried to solve the conflicting ideas about fatty acid toxicity
and reported that the toxicities were caused by the non-ionized portion
of volatile acids. Thus toxicity is directly related to both the pH
value and the acid concentration because the relative concentrations of
ionized and un-ionized fatty acids are affected by hydrogen ion concen-

tration, for instance,



42

CH;CO0H === CH3C00™ + B (2-16)

When pH decreases, equilibuium shifts to the left hand side and causes
the un-ionized acid concentration to increase. Krocker (1979) also
reported the same results that toxicity would increase when the pH
dropped and un-ionized volatile acid concentration increased.

Because non-methanogenic bacteria can grow in a low pH environ-
ment, an unbalanced reactor with a lower pH value would favor rapid
growth of non-methane bacteria and faster production of fatty acids.
This will result in a further pH drop, increasing inhibition of
methanogenic activity and causing the accumulation of hydrogen and
fatty acids. The result of this adverse cyclic interaction between pH,
acid concentration, and hydrogen concentration is the total failure of

fermentation system.

2.2.2 Ammonia Toxicity

Ammonia may be present in the anaerobic fermentation system in the
form of ammonium ion (NH}) or free ammonia (NH3). Concentration of
these two forms of ammonia are affected by the hydrogen ion concentra-
tion in the system; low pH favors the formation of ammonium ion (NHﬁ)
and high pH favors free ammonia (NH3) production (Equation 2-17).

NH, === NHg + H' (2-17)

o -5
The dissociation constant for ammonia at 35 C is 1.849 x 10 °, or

pKa = 4.733.
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Ammonia serves as the nitrogen source for the microbial growth in
fermentation systems. However, it can also be a toxic agent if excess
concentration is present in the system. McCarty (1964) reported that
ammonia nitrogen concentrations of 150 to 300 mg/l are inhibitory to
the system at pH values greater than 7.4 to 7.6, and, if the concentra-
tion exceeds 3000 mg/l, ammonium ion itself becomes very toxic
regardless of the pH. However, Krocker (1979) reported that process
inhibition by ammonia was the result of excessive concentration of free

ammonia rather than ammonium ion.

2.2.3 Salt Toxicity

A number of earth-metal salts such as sodium, potassium, calcium,
and magnesium may be associated with the substrate and may be intro-
duced into the system. The presence of these substances may inhibit
process opeeration if high concenetrations is present. McCarty and
McKinney (1961b) performed a series of experiments and found the pro-
cess instability due to metal salts was associated with the metal
cations rather than volatile acid anions. They also reported various
cation concentrations that would cause inhibition, as shown in the

Table 2-10.
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Table 2-10 Concentration For Salt Toxicity (mg/l)

Cation Moderately Inhibitory Strongly Inhibitory
Sodium 3500 - 5500 8000
Potassium 2500 - 4500 12000
Calcium 2500 - 4500 8000
Magnesium 1000 - 1500 3000

# Source: McCarty, 1964

In the laboratory, the existance of these salts is mostly contri-
buted by the agents used for pH control. Therefore, concentration of
these substances are usually fairly low and do not cause inhibition

effects unless large amounts of chemicals are added.

2.2.4 Heavy Metal Toxicity

Several heavy metals such as copper, nickel, 2zinc, and chramium
are frequently toxic to microbial activity in many biological
processes. The maximum allowable concentrations of these heavy metals
vary as shown in Table 2-11 which summarizes the results reported by

previous investigators.
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Table 2-11 Toxic Concentrations of Scme Heavy Metals in Anaerobic
Digesters

Metal Toxic Concen. (mg/1) Reference
Copper 150 - 250 Rudgel, 1941
500 Rudgel, 1946
1000 Barnes & Braidech, 1942
Nickel 200 Barnes & Braidech, 1942
1000 Wischmeyer & Chapman, 1947
Zinc 1000 Rudolphs & Zeller, 1932
350 McDermott et al., 1963
Chromiun® 2000 Barnes & Braidech, 1942
200 Pagano et al., 1950

Source: Kugelman and Chin, 1970
# At normal pH levels, chroamium normally reduces to the trivalent form
which is very insoluble and consequently is not as toxic as the hexa-

valent chromium.

Heavy metal toxicity may be released by precipitation of the
metals by adding sulfides such as sodium sulfide into the reactor. The
solubility product of heavy metal sulfides range fram 3.7 x 10-19 for
FeS to 8.5 x 10-'1'l5 for CuS (McCarty et al., 1964; Lawrence and McCarty,
1965). At pH values higher than 7.6, concentrations of zinc greater
than 1000 mg/l, can be precipitated out as zinc carbonate (Mosey et al,

1971, 1975).
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Heavy metals do not exist or are only present in trace amounts in
cellulosic agricultural residues. Therefore, they are not considered

as potential toxicants in this research.

2.3 Anaerobic Methane Fermentation Process Control

In order to maintain stable process operation and to obtain
optimum efficiency, it is important to understand the controlling
parameters. Some biological and chemical factors that directly and
indirectly influence process stability have been discussed in the pre-
vious sections. Application of these concepts and other factors
required for effective operation will be disscussed in this section.
Important operating variables include,

1. pH

2. Alkalinity

3. Volatile fatty acid concentration

4, Temperature

5. Absence of toxic material

6. Nutrient availability

7. Retention time

8. Degree of mixing
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2.3.1 Alkalinity, pH and Fatty Acid Concentration

A complete anaerobic fermentation system (type A habitat) termi-
nates with the formation of methane. Because methanogens are more
sensitive to pH changes than other groups of bacteria (see Section
2.1.4.1), the optimum pH range for methanogens (6.5 - 7.7) automatical-
ly becomes the optimum pH range for the entire system. The pH value of
a digester is a function of three parameters: alkalinity, volatile
fatty acid concentration, and the fraction of carbon dioxide in the
reactor's gas phase. Alkalinity is the measurement of carbonate and
bicarbonate concentration in the reactor and it acts to buffer against
pH fluctuation due to changing acid concentrations. Under normal con-
ditions, pH in the reactor is maintained in the proper range by the
destruction of fatty acids and formation of bicarbonate buffering.

The main buffering substance in most anaerobic digesters is
NHHHCO3. A suitable ammonia nitrogen concentration, 50 - 200 mg/l
(McCarty, 1964), can provide both the nutritional requirement for
microbial growth and the necessary bicarbonate buffering. Ammonium ion
(NH;) does not provide bicarbonate buffering directly but only through:

NHg + CO, + Hy0 ——> NHy + HOO3
In the anaerobic fermentation system, total alkalinity is composed of
both bicarbonate alkalinity and fatty acid alkalinity and has the rela-

tionship expressed in Equation 2-18,

TA = BA + (0.85 x 0.833)(TFA) (2-18)
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where TA = total alkalinity, mg/l as CaCO3
BA = bicarbonate alkalinity, mg/l as CaC03
TFA = total fatty acid concentration, mg/l as acetic acid

Acetic acid is converted to the equivalent alkalinity as CaCO3 by a
factor of 0.833. The factor of 0.85 in Equation 2-18 is an adjust fac-
tor because 85% of the volatile acid alkalinity is measured by
titration of total alkalinity to pH 4 (McCarty, 1964). To ensure a
sufficient buffering capacity, a bicarbonate alkalinity in the range of
1000 - 5000 mg/l at pH range of 6.6 to 7.6 must be maintained.
According to the relationship in Equation 2-18, bicarbonate alkalinity
will be decreased due to the increased concentration of total volatile
fatty acid. One control parameter often used by anaerobic digester
operators is the total volatile fatty acid concentration (mg/l as acet-
ic acid) to total alkalinity (mg/l as CaC03) ratio. If the value of
this ratio drops lower than 0.8 the reactor becomes unbalanced.

Low pH reactor may be restored by reducing the substrate feeding
rate or adjusting pH by the addition of chemical reagents such as
bicarbonate, phosphate, lime, sodash etc.. Among those buffering
reagents, lime is the most popular chemical being used by many wastewa-
ter treatment plants for pH control. However, lime is good only for
completely mixed reactors where the pH has dropped below 6.5. Also,
the amount of lime dosage must be carefully controlled; lime should be
added only to raise the pH to about 6.7 (McCarty, 1964). Over dose of
lime will cause excessive consuming of CO, and resulting in high pH

(about 8.0).
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Equation 2-19 shows that lime initially reacts with CO, to form calcium
bicarbonate. When the bicarbonate alkalinity reaches some point
between 500 and 1000 mg/l, and the pH is about 6.7, additional lime
will result in the formation of insoluble calcium carbonate (Equation
2-20) without increasing the pH or alkalinity until the CO, in the gas
phase is depleted. Sodium bicarbonate is also a good pH control agent
because it can provide 5000 - 6000 mg/1 of alkalinity without causing

toxic effects.

2.3.2 Effect of Temperature

The chemical composition of a microbial cell, the activities of
cellular enzymes, and bacterial nutrition are all influenced by the
temperature at which a bacterium is grown. Therefore, the growth rate
of microorganisms is a function of temperature. Conceptually, tempera-
ture ranges for the optimal growth of microorganisms can be divided
into three temperature regions: a thermophilic zone (above 45 °C) , a
mesophilic zone (20 - 45 ©C), and a psychrophilic zone (below 20 ©C).
The effect of temperature on anaerobic fermentation has been intensive-
ly studied by many investigators (Golueke, 1958; Malina, 1962; Farrel
et al., 1967; Speece et al., 1970; Maly and Fadrus, 1971; Pfeffer,
1974; van Velsen et al., 1979). The recommemded temperature range for
efficient anaerobic sludge digestion is between 30°C and 35°C for the
mesophilic digesters (Malina, 1964).
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It is a common understanding that a mesophilic organism operating
optimally at 30°C should not be expected to function well at an elevat-
ed temperature of 60°C. Therefore, a system normally operating at 30°C
could be upset if the temperature is raised to 45°C. Buswell (1952)
reported that in a sudden change of temperature of as little as one or
two degrees (centigrade), inhibited methane formation and volatile
fatty acids accumulate.

A temperature change also affects the C02 concentration in both
liquid and gas phases. The solubility of carbon dioxide decreases with
increasing temperature. Thus, the C02 concentration will decrease in
the aqueous phase and increase in the gas phase at higher temperatures.
The carbonate equilibrium constants are also affected by temperature
change; pK,q, for H2003 = HCOE + H+, decreases fram 6.52 at 5°C to
6.30 at 60°C, and pK_ >, for HOOE = COE + H+, decreases fram 10.56 at
5°C to 10.14 at 65°C (Snoeyink & Jenkins, 1980). Therefore bicarbonate

concentration will be decreasing with increasing of temperature.

2.3.3 Absence Of Toxic Materjal

If toxic materials are presence in the reactor, two signals of
inhibition may be exhibited: (1) a decrease in methane gas production;
(2) a decrease in volatile fatty acid concentration. In a mixed cul-
ture ecosystem with mixed substrates, it is difficult to obtain a
definite concentration at which a component becomes toxic. The magni-
tude of a toxic effect may be relieved or enhanced by complex
interactions, known as antagonism (a reduction of the toxic effect of

one substance by the presence of another) and synergism (an increase of
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the toxic effect of one substance by the present of another).
Microbial cultures may also become acclimated to the toxic substances.
For instance, McCarty (1964) indicated that an anaerobic digester is
inhibited by un-ionized ammonia nitrogen at a concentration greater
than 150 mg/1 as NH3-N. However, Krocker et al. (1975) performed a
successful anaerobic digestion experiment with swine manure at
un-ionized ammonia concentrations of 560 mg/l as NH3‘N. The degree of
acclimation may also explain the variability in toxic concentrations
reported by various invistigators (Table 2-11).

Parkin et al. (1983) studied the response of methane fermentation
to several toxicants (including ammonia-nitrogen, copper, nickel, chlo-
roform, formaldehyde, hydrazine) and reported that the system could
recover after extended periods of zero gas production, provided the
microbial solids retentation time is 1long enough. Therefore, those
processes with high solids retention time and short hydraulic retention
time, such as anaerobic filters and anaerobic biological rotating
disks, should have the highest potential for recovery fram toxic inhi-
bition.

2.3.4 Effect Of Retention Time

Hydraulic retention time and microbial solids retention time are
the two most important control parameters for process design and opera-
tion. Hydraulic retention time (HRT) is defined as the ratio of
effective reactor volume to the flow rate of substrate stream passing

through the reactor and can be expressed as:
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v
Q
= effective reactor volume, (L3)

HRT = (2-21)
where

\')
Q = 1liquid substrate flow rate, (L3/1)

Solid retention time (SRT) is defined as the total active microbial
mass in the system divided by the total quantity of active microbial
mass that is withdrawn from the system per unit of time and can be

expressed as:

X¢
O = —t
(8X /aT)
where @, = microbial solids retention time, (time)

(2-22)

or sludge age, or mean cell residence time
Xy = total active microbial mass in system, (mass)
(AX /ap) = total quantity of active biomass withdrawn

per time, (mass/time).

Biological solids retention time is numerically equal to the hydraulic
retention time for a steady state, completely mixed reactor without
recycle. Adequately long solids retention time is crucial for effec-
tive operation of anaerobic fermentation processes; low solids
retention time will cause washout of the microbial mass fram the reac-
tor resulting in system failure. A summary of minimum solids retention
times for anaerobic digestion of various substrates are shown in Table

2-120



53

Table 2-12 Minimun Solids Retention Time For Anaerobic Methane

Fermentation
o m
Temperature, C Substrate 0, (day) Reference
15 Municipal sludge 602 0'Rourke, 1968
20 Acetic acid 7.8 0'Rourke, 1968
Stearic & palimitic 7.2 O'Rourke, 1968
acid
Mixed acids 7.2 O'Rourke, 1968
Municipal sludge 108 0'Rourke, 1968
25 Acetic acid 4.2 Lawrence &
McCarty, 1969
Propionic acid 2.8 Lawrence &
McCarty, 1969
Stearic & palimitic 5.9 O'Rourke, 1968
acids
Mixed acids 5.9 O'Rourke, 1968
Municipal sludge 7.58 0'Rourke, 1968
30 Acetic acid 4.2 Lawrence &
McCarty, 1969
35 Acetic acid 3.1 Lawrence &
McCarty, 1969
Propionic acid 3.2 Lawrence &
McCarty, 1969
Butyric acid 2.7 Lawrence &
McCarty, 1969
Stearic & palimitic 4.0 O'Rourke, 1968
acid
Mixed acids 4.0 0'Rourke, 1968
Municipal sludge O'Rourke, 1968
Municipal sludge 2.62 Torpey, 1955

Source: Lawrence and McCarty, 1970

m
ﬂc = limiting minimum solids retention time, determined by calculation
fram experimental data except as noted.

m
a = @, determined by washout.
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The 1imiting minimum solids retention time is defined as the value
m
of ﬂc which occurs when influent substrate concentration is much

greater than the half velocity coefficient, K., (Lawrence & McCarty,

S

1970). If the following assumptions hold: (1) A constant proportion
of the organisms are viable; (2) The primary substrate serves as the
essential limiting nutrient; (3) Microbial growth can be expressed by
Monod's model, the solids retention time for a steady state, completely

mixed, single reactor without recycle can be expressed as:

Kg/S + 1
0, = (2-23)
YK - b( Kg/S + 1)

where Ks = half velocity coefficient, equal to the substrate concentra-
tion when dF/dt = 1/72 (K), in which dF/dt = rate of microbial substrate
utilization per unit volume, K = maximum rate of substrate utilization
per unit weight of microorganism; S = substrate concentration; b =
microorganism decay coefficient, time‘1; Y = growth yield coefficient,
mass of organism formed per mass of substrate utilized. When the
influent substrate concentration, S, is much greater than the half
velocity coefficient, Kg, then Equation 2-23 can be simplified as,

m 1

P, =— 2-24
C"YK-D ¢ )

The limiting minimum solids retention time listed in Table 2-12 were
calculated using Equation 2-24.

In general, solids retention times of 10 to 30 days at 35°C are
employed by many anaerobic sludge digesters: these retention times are

3 to 10 times greater than the limiting values. McCarty (1970) sug-
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gested that a safety factor of about 3 to 10 should be applied to the
minimun solids retention for operation and design of anaerobic diges-
ters.

Another control strategy occasionally used is the volumetric
organic loading rate. It 1is defined as the rate per unit volume at
which organic substrate is fed into the reactor, and can be expressed

as:

(organic concentration) x Q
\'

organic substrate concentration
= HRT (2-25)

Organic Loading Rate =

Therefore organic loading rate is related both to the hydraulic reten-
tion time (HRT) and the percentage of organic contents in the influent
substrate. The values of loading rate can be changed by changing sub-
strate BOD or HRT at a given substrate concentration. At lower organic
loading rate and when substrate concentration does not change, higher
percent of organic substrate will be degraded but less CHu will be pro-
duced per volume of reactor as compared to that at the higher organic

loading rate.

2.3.5 Effect Of Mixing

For many conventional anaerobic fermentation processes, mixing is
an important operational parameter to achieve satisfactory treatment
efficiency. Sufficient mixing of the reactor can provide the following
benefits: (1) uniform distribution of substrate, microorganisms, and

temperature; (2) substrate is kept in continuous contact with the
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microorganism; (3) biological intermediates and end-products are uni-
formly distributed; and (4) prevention of a scum blanket.

Finney and Evans (1975) hypothesized that methane production is
influenced by the phase transfer rate and suggested that vigorous agi-
tation, low pressure (vacuum), and high temperature would increase the
rate of phase transfer resulting in higher methane production rates.
However, Coppinger et al. (1979) reported no decrease in gas produc-
tion when mixing was discontinued. They indicated that the gas
bubbling and thermal convection currents provided sufficient mixing for
the reactor. Hashimoto (1982) reported that although a continuous
mixed fermentor produced significantly higher methane than the fermen-
tors mixed only two hours per day, the methane production rate fram the
continuously mixed fermentor was only slightly higher than the rate
produced fram another fermentor with intermittent mixing. Therefore,
he concluded that there is little potential for increasing fermentation
rates by excess increased mixing, and that phase transfer controling

mechanisms have minimal effect on the CHQ production rate.

2.3.6 Nutrient Requirements

Microorganisms require a variety of substances for synthesis of
cell material and for generation of energy. Since microorganisms are
extremely diverse in their physiological properties, nutrient require-
ments for each species of bacteria are not identical. The chemical
composition of cell material gives the basic idea of the major material
that are required for cell growth. The approximate elementary composi-
tion of a microbial cell is given in Table 2-13.
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Table 2-13 Approximate Elementary Composition of Microbial Cells

Element Percent of Dry Weight
Carbon 50
Oxygen 20
Nitrogen 14
Hydrogen 8
Phosphorus 3
Sul fur 1
Sodium 1
Calcium 0.5
Magnesium 0.5
Chlorine 0.5
Iron 0.2
All others 0.3

% Adapted fram Stanier et al., 1976

The major components of a microbial cell are hydrogen, oxygen,

nitrogen,

95% of the total cellular dry weight.

phosphorus,

carbon,
and sulfur, these elements accounting for about

The function of these material

as well as other nutrients are summarized in Table 2-14.
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Table 2-14 General Physiological Functions Of The Principal

Elements
Element Physiological Functions
Hydrogen Constituent of cellular water, organic cell materials.
Oxygen Constituent of cellular water, organic cell materials;
electron acceptor in aerobes.
Carbon Camponent of organic cell material.
Nitrogen Camponent of proteins, nucleic acids, coenzymes.
Sul fur Component of proteins and coenzymes.

Phosphorus Constituent of nucleic acids, phospholipids,
and coenzymes.

Potassium Principal inorganic cation in cells, cofactor for
some enzymes.

Magnesium Cofactor for enzymatic reactions; functions in
binding enzymes to substrate; component of

chlorophylls.
Calcium Cofactor of some enzymes.
Iron Constituent of cytochromes and heme or nonheme
proteins; cofactor for some enzymes.
Cobalt Camponent of Vitamin B12
ggpper, Inorganic constituents of special enzymes.
nc

Source: Stanier et al., 1976

Most of the wastewaters treated by anaerobic fermentation processes
contain sufficient nutrients for microbial growth although certain
types of substrates such as cellulosic residues may be deficient in
some nutrients such as nitrogen, phosphorous, sulfide, and iron. These

deficient materials may be supplied as inorganic salts. Ammonium car-
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bonate or hydroxide and anhydrous ammonia have been found as suitable
nitrogen sources for methane fermentation. Other inorganic salts such
as (NHu)ZHPOu, NaHCO3 may also be used to meet the nutrients require-
ments. Micronutrients such as manganese, cobalt, copper, molybdenum,
and zinc are required in very small quantities. They are usually
present in adequate amounts in tap water or as contaminants of the

major inorganic constituents in the growth media or influent substrate.

2.4. Anaerobic Fermentation Process Models

Anaerobic fermentation processes that have been developed so far
may be summarized into seven different configurations (Figure 2-11):
(1) conventional - completely mixed without solids recycle, (2) anaero-
bic contact - completely mixed with solids recycle, (3) batch-load, (4)
plug flow with solids recycle, (5) anaerobic expanded bed, (6) high
solids <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>