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INTRODUCTION

During the past thirty years, the anaerobic digestion
of sewage sludge has beeﬁ accepted as the most economical
way of disposing of the organic matter accumulated during
the various stages of sewage treatment. Although it was
recognized as early as 1860 that solids underwent reduction
when kept in a closed tank, 1t was not until the decade
1925 to 1935 that the basic principles of the process were
studied 1n detail. New and significant developments were
made in these 10 years primarily in the United States,
Germany and Holland. Many of the answers to better control
of sludge digestion, however, are still forthcoming.

In recent years, an ever increasing demand has been
exerted on sludge digesters due to increases in population,
with igs concomitant increase in the volume of sludge to be
treated. For this reason, the development of improved
monitoring and control procedures for the process is
essential. Although much progress has been made in this
direction, the gap between present operating procedures
and the latest technological advances must be narrowed.

Sludge digestion ig accomplished through various
bacterial agencies, whereby organic matter 1s biologically
degraded ylelding a product which is not unpleasant in odor

nor difficult to dewater, The microorganisms, in obtaining

the energy required for growth and reproduction, oxidize the
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organic matter in the sludge to simpler and more stable
compounds. Inasmuch as oxygen is absent from the angserobic
environment, some & the orgaenic compounds within the unit
must act as hydrogen acceptors, thus becoming reduced as
other compounds are oxidized. The process, 1in effect,
consists of a multitude of biochemical oxidatlon-reduction
reactions. This concept pPresents the fundamental theory of
the process, and dictates the type of monitoring and control
parameters which are essential to the successful operation
of an anaerobic sludge digester.

Some of the most frequently used parameters during the
practical operation of sludge digesters are: temperaturs,
pH, alkalinity, volatile matter reduction, volatile acid
concentration and gas production and composition. Tempera-
ture and pH are important, and must be sustained at near
optimum levels to maintain the activity of bacterial
enzyme systems. Alkalinity is useful from the point of
view that 1t indicates the buffering capacity of the unit.
The reduction of volatile matter is an important cpnsidera-
tion since the aim of sludge digestion is the degradation of
organic material; while volatile acid concentrations shows
the completeness of the process, for volatile acids are
intermediate products of degradation. The amount of gas
produced 1s critieal inasmuch as it is one of the primary
products, while gas composition reflects the conditions

under which gasification is taking place. The monitoring
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of all of these parameters has increased the efficiency
of the digestion process.

In recent years some consideration has been given to
the use of the electrode potential as a monitoring parameter,
The published data is meager, to say the least, ranging from
a serles of grab sample determinations to monitoring of
batch digestion and short, nonuniform studies of various
kinds. However, the results of these earlier studies show
promise that electrode potentials can be used to monitor the
continuous sludge digestion process. In order to demonstrate
the applicability of electrode potential measurements as a
monitoring device, studies must be carried out to simulate
&s near as possible the conditions normally encountered in
plant operation. It was for this reason, and because present
trends in high rate digestion require a more sensitive
indicator of the progression of the biochemical process,
that thils thesls was initiated.

The primary objective of this thesis 1s to study
electrode potentials in sludge digestion in such a way as
to enhance its acceptance as a monitoring and control
parameter, Furthermore, it 1s hoped that this improved
method of control will lead to a more efficient process,
thereby allowing a more efficient use of existing and

proposed installations.



BIOCHEMICAL ASPECTS OF SEWAGE SOLIDS DEGRADATION

The blologlcal degradation associated with a digester
has been occurring for ages on the bottoms of lakes and
ponds. There in an environment in whieh oxygen 1s absent,
organic sediment i1s used as a food source by natural
anaerobic bacteria and other organisms. In the process
"marsh gas" or methane 1is formed, and rises to the surface
of the water leaving on the bottoms mineralized residues
of organic matter (1). This statement implies that 1if we
are to galn a thorough understanding of sludge digestion,
we must study the various phases of the problem such as
food sources, methods of degradation of organic matter,
Intermediate products, and environmental conditions. In
this way, it has been possible to improve the digestion
process to the polnt where we are not only duplicating
natural processes but accelerating them by controlling
the various environmental factors at their respective
optimum levels. A basic understanding of the biochemical
aspects of the digestion process mey lead to further
improvements through the use of new monitoring and control
parameters.

A number of investigations of digestion have been
made where the food supply has been in the form of sewage
sludge. Two such analyses are presented in Tables 1

and II.
“le
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Table I (2)

Approximate Organic Analysis of Sewage Solids

Constituent“— Fresh Solids Digested Solids
%of dry solids %of dry solids
Protein (6.2% x N) 19.4 12.5
Grease (by petroleum ether) 25.2 6.9
Crude fiber 10.8 9.8
Humic Acid (pyridine soluble) 4.0 8.6
Total ;5?: 3;?5

Volatiie matter by analysis 60.9 39.4

Table II (&’

Approximale COrganic Analysis of Fresh Solids and Ripe 3ludge

Constituent Fresh Solids Digested Solids
% of dry solids % of dry solids

Ether-soluble b, 40 8,18

Soluble in cold or hot water 9.52 5.48

Alcohol-solnuble 2.49 1,59

Hemicellulcese 3,20 1.58

Celluliose 3.78 0,56

Lignin 5.78 8.57

Crude protein 27.12 19.68

Ash 24.13 56 .00

Total

110.4%2
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From Table II, the major constituent of raw solids
appears to be the ether-soluble fraction which is subject
to biological attack, as shown by the small amount remaining
in digested sludge. This residual consists of mineral oils
and other unsaponifiable material, although recent studies
(3) show that there is definite destruction of unsaponifi-
ables during high rate digestion.

The cold and hot water -éxtract contains sugars, amino
acids, organic acids, starches, tannins and pectins.
Alcohol-soluble fractions contain such materials as waxes,
resins, alkaloids and choline (&). Lignin is the only
organic constituent that shows a higher percentage in the
digested sludge than in the raw sludge.

More recently, additional information in regard to
the organic constituents of fresh solids was obtained by
Balmat as described by Heukelekian (4). He subjected the
settleable solids and other particulate fractions of
sewage to a complete analysis and obtained 19.13 percent
total ether-soluble matter, 25.08 percent total nitrogenous
matter and 23.56 percent carbohydrates on a dry weight
basis. These three components totaled nearly 68 percent
on a dry weight basis. The volatile solids in the
settleable fraction were 78 percent. Heukelekian and
Balmat (5) also showed the existence of fourteen amino
acids 1in sewage sludge. Alanine, aspartic acid, glutamic
acid, histidine, leucine, phenylalanine, serine, tyrosine,

methionine and valine were present in relatively large amounts.
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Further work on 1lipid components of fresh and digested
sludge was carried out by Heukelekian and Mueller (3) and

are shown in Table III.

Table III (3)

"ipid Components of Fresh and Digested_ﬁ}udge

Eresh Salids  Ripe Sjudge

Components of tctal grease (% of total grease)

Free fatcy acius Lo-6 1-20
Ester fatty acids 20-40 5-15
Unsaponifiable Matter 15-£0 50-80

components of free fatty acids (% of free fatty acids)

Palmitic acid 25-45 20-35
Stearic acid 14-23 10-20
Monoenoic acid 25-30 30-50
Dienoic acid 2-6 2-20

Components of ester fatty acids (% of ester fatty acids)

Palmitic acid 20-40 10-20
Stearic acid 10-20 5-10
Monoenoic acid 20-60 60-70
Dienoic acid 9-12 5-10

Fresh sewage solids may be said to consist essentially
of various portions of fats, carbohydrates and proteins,
each of which is broken down into simpler, more stabhle
compounds during the course of sludge digestion. The raw
solids contain 60 to 80 percent organic matter and 20-40

percent inorganic solids (8).
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Of the organic matter about two thirds is destroyed during
digestion.

The FSIWA Manual of Practice (7) indicates that the
concentration of raw sludge solids may vary from 8 to 12%
from dense primary sludge to 0.5% solids from dilute excess
actlvated sludge.

It is apparent from the foregoing that sewage sludge
is a relatively complete substrate for the growth of
microorganisms. All sewage sludge contains within it the
necessary constituents for good bacterial metabolism (8).
Organic material 1s present as a source of carbon and
energy, while the necessary nutrients and trace elements
are also present along with the necessary seed organisms
which act as consumers and transformers.

The biological process may be thought of as being
carried out by two separate groups of organisms. It is a
balanced process whereby the raw material is continuously
being broken down to organic acids by one group of
organisms (acld formers). These organic acids are then
converted to methane and carbon dioxide by a second group
of microorganisms, the methane bacteria (9). Chanin (10)
describes the process as & never ending game, where team
A's goal 1s to initiate digestion by converting the more
complex organic matter in the sludge into simpler organic
compounds. Team Bfs goal is to take these simpler organic
compounds and convert them into gas, liquid and ash. As

long as both teams are operating effectively and as long
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as the weather (environment) is favorable the game proceedys.
It is the proper understanding of the required environment
which enables us to maintain the proper conditions in the
digester which finally results in a stabilization of the
organic matter therein.

Organisms obtain the energy required for maintaining
their life processes and for reproducticn through the
oxidation of organic matter. The oxidation that takes
place in biological systems is usually a dehydrogenaticn
and consequently hydrcgen accepiors must be present. In
aerobic systems the ultimate hydrogen acceptor is molecular
cxygen while in anaerobic systems cryanic compounds must
act as hydrogen acceptors. AFigure 1 shews the hydrpgen
transfer system in both aercbic and anaerobic systems. In
becth systems diphosphopyridine nucleotide ‘DPN' and
triphosphopyridine nuc.ectide act mest often as the initial
hydrcgen acceptor Flavine Aderiine dinucleotide (FAD' will
then accept the hydrogen from DPN or TPN cxidizing these
molecules back tc their original state, in which ccendition
they are free tc carry on furtner oxidations. In the
aerobic pathway reduced rFAD will transfer bydrogen to the
cytochrome system which then transfers the hydrogen tc the
ultimate acceptor, mcliecular oxygen. In anaerobic systems,
such as sludge digestion, the hydrogen is accepted usually
by an organic molecule, the net result being an oxidation-
reduction reaction whereby one molecule is oxidized while
another 1is reduced. Through this type of coeupling cof

reactions, energy is gained by microorganisms thrcugh the
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formation of high energy bonds which act as a storehouse of
energy for further use.

Before solid organic matter can be metabolized by
microorganisms it must be rendered soluble so that it can
pass through the cell wall and so enter into the biochemical
relations of metabolism (11). The process of liquefaction
of organic matter is accompllished by the action of extra-
cellular enzymes which break down the complex carbohydrates
into simple sugars, proteins to peptides and fu::cher to
amino acids, and fats to glycerol and fatty acids, thus
breparing the organic matter for entrance into the cell.
This stage of liquefaction is then followed by gasification
through the action of methane forming organisms. Since
organisms capable of producing gas cannot bring about
liquefaction, they cannot carry out the sludge digestion
process alone (4). As previously stated, the liquify-
ing organisms and gasifying organisms must be operative
under balanced conditions. If the rate of liquefaction
exceeds greatly the rate of gasification, because of either
a depression of the activities of gasifying organisms or
an acceleration of the activities of liquifying organisms,
the whole process of digestion i1s upset (12).

Degradation of Carbohvdrates

Carbohydrates are carbon compounds belonging to the
aldehyde and ketone groups, and are composed of carbon,
hydrogen and oxygen., For every carbnn compound formed in
nature there exists some microbial agency for its eventual

decomposition (13). According to Lackey and Hendrickson (14)
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carbohydrates must be simplified to the form of mono-

saccharides or disaccharides before they can penetrate the
cell wall. The breakdown of starch to maltose residues 1is
accomplished by the engyme amylase which is produced by a

variety of anaerobic or facultative organisms including:

ClostridiumAgerfr;ngens, Baeillus macerans, Escherichis
coli, Staphlococcus aureus and Clgstridium acetobutylicum.

pu—

Cellulose is acted on by cellulase to produce
cellobiose which is converted to glucose by the action of
cellobiase. The preceding conversions are known to be
carried out by Cl. dissglvens and Cl. omelianski both of
which are found in human feces (14). Once carbohydrates
are broken down into simple sugars so that they may
pPenetrate the cell wall, a series of energy producing
reactions takes place. Since the breakdown of glucose to
various end products has been studied most thoroughly, 1t
is probably desirable to explore this ares, realizing that
other si;ple sugars will be degradated by somewhat similar
pathways.

The breakdown of glucose to various end products during
intermediary metabolism results first in the formation of
pyruvic acid which holds a central place in carbohydrate
degradation. Pyruvate i- then converted to a host of other
end products depending on the type of organism for which it
becomes a substrate. Figure 2 shows the degradation of
glucose to pyruvate and further to the various end products.

Figure 2 is a consolidation of the material presented by
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Oginsky and Umbreit (15) and Wood (16). As may be seen,
the breakdown of glucose to pyruvic aclid may follow one of
three pathways. The first fermentation pathway visualized
in detailed steps, and perhaps the most documented today,
1s the Embden-Meyerhof (Gylcolytic) scheme for the
fermentation of glucose (16). The pathway results in the
splitting of a hexose diphosphate to give, ultimately, 2
molecules of pyruvate. The second pathway 1s the hexose
monophosphate pathway, commonly referred to as the
monophosphate shunt. In this pathway, glucose-6-phosphate
is oxidized to phosphogluconic acid, then decarboxylated to
form ribulose-5-phosphate. Through a serles of reactions,
two molecules of glyceraldehyde-3-phosphate are formed and
by means of the Glycolytic Pathway are converted into two
molecules of pyruvate. The third and most recent pathway
found, is the 2-keto, 3-deoxy, 6-phosphogluconic acid
route (Entner-Doudoroff Pathway). This pathway 1s similar
to the Hexose Monophosphate Shunt and also results in the
formation of two molecules of pyruwlie acid. The organisms
involved in the above transformations and the pathways
followed are varied and detailed, and a complete description
is not warranted here. For further information the reader
1s referred to the work of Wood (16)., More details of the
three pathways mentioned above may be found in any recent
biochemistry textbook.,

The primary intermediate thus formed, pyruvie acid, is

then fermented to the various end products as shown in Fig. 2.
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The boxed compounds are the possible end products that may
result from microbial agencies. It can be seen that almost
all the products are simple alcohols and acids, the gases
evolved consisting of hydrogen and carbon dioxide. These
products, being ideal substrates for methane forming
bacteria are then converted into gases as will be described
later. Again it must be stated that the fermentations
resulting from various organisms are too numerous to warrant
further explanation here. One such fermentation, the mixed

acld fermentation of Escherichia coli is worthy of mention

from the point of view of the numbers of E. coli in sewage.
This fermentation yields essentially volatile acids with
negligible amounts of 2,3-butanediol. The products formed
in order of quantity in a slightly alkaline fermentation
are: formic acid, lactic acid, ethanol, acetic acid,
succinic acid, carbon dioxide, hydrogen and a small amount
of glycerol {16). Thus, carbohydrates are broken down tc
the acid stage by one group of organisms, the acid formers,
the resulting acids becoming a substrate feor methane
producing bacteria.

Degradation of Fats

The general classification of "fats" includes all
ether-soluble material such as oils, greases, soaps etc. (17 .
Basically the degradation of fat begins with the hydrolysis
of the fat by hydrolytic enzymes into glycerol and the

various fatty acids that make up the fat. Gylcerol may
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then be converted to glyceraldehyde-3-phosphate and enter
into the Glycolytic Pathway to give pyruvic acid. The
manner of the degradation of the remalning fatty acids has
received a considerable amount of study. Tarvin and
Buswell (18) were under the impression that fatty acid
degradation occurred by alpha-oxidation and gave reactions
which supposedly verified this statement. However, it is
generally agreed, presently, that fatty acid degradation
follows Knoop's beta oxidation scheme (3)(1%)(19). The
beta oxidation cycle involves four steps resulting in the
splitting off of an acetic acid fragment per cycle as is
shown in Fig. 3. The four steps which occur during beta
oxidation are shown in the reactions below:
l. Unsaturation reaction
CH3CHRCHoCHpCOOH  —=2H o CHoCH,CH = CHCOOH
2. Hydration reaction
CH3CHoCH = QHageR _HOH _ CH4CH,CHOHCH,COOH
3. Oxidation

CH3CHpCHOHCHpCOOH  —=2F _  CH,CHCCH,CO0H
"

0
L. Splitting
CH3CH,CCH,COOH — 508 . cHy CH,COOH+CH3 COQH
"
0]

The eycle 1is repeated until the fatty acid is broken
down into 1, 2 or 3 carbon fragments depending on whether
the original fatty acid had an odd or even number of carbons.

With regard to digestion 1t can be said that 1ipids
digest well (20). Rudolfs (21) found that the rate and
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degree of grease decomposition are greater than the
destruction of other volatile matters present in the
sludges he investigated. As 1n the case of carbohydrate
degradation the intermediates formed are ideal substrate
for methane producing bacteria.

Degradation of Proteins

The protelns originate chiefly from animals. Proteins
contain 16 percent nitrogen, 1 percent sulphur and a small
amount of phosphorous (17). Since the protein molecule
cannot enter the bacterial cell directly, it must first be
broken down into simpler compounds. This i1s accomplished
by hydrolysis of the peptide bonds eventually resulting in
the production of amino acids.

Amino acld metabolism will result in a number of
different compounds depending on the method of degradation
and environmental conditions. At a neutral to alkaline
PH most amino acids will be deaminated early in the reaction
resulting in an abundant production of ammoniaj whereas, in
more acld media, decarboxylation will'proceed rapldly with
the production of amines (22). The following methods of
protein decomposition, as given by Waksman (23), are:

l. Hydrolytic deamination - amino aeid hydrolysis

resulting iIn the formation of a hydroxy acid

and ammonia, an alcohol, carbon dioxide and
hydrogens or an aldehyde, lower acid and ammonis
as shown below:

RCHNH,COOH + H,0 —= RCHOHCOOH + NH3
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RCHNH,COOH + Hy0 —e- RCH,0H + CO, + NHy
RCHNH,COOH + H,0—==RCHO + HCOOH + N53
2. Decarboxylation with amine and subsequent
alcohol formation:
RCHNH,COOH ~ —— RCHoNH, + CO,
RCHpNHp + Hy0 ——= RCHpOH + NH,
3. Reductive deamination with the production of
saturated acids:
RCHNH2COOH + 2H-———'RCHQCOOH + NH3
“. Ammonla formation without reduction to form
unsaturated fatty acids:
RCHNH,COOH —— RCH = CHCOOH + NH3
E. colil i1s known to carry out such unsaturation

reactions as thet shown in Y% above. E. c0ll and Psewdomenas

fluorescens are agents in the hydrolytic deamination of

amino acids (22). It is apparent that reductive deamination
wlll take place in an anaerobic environment. Delwiche (22)
cites the work of Strickland who studied mutual oxldation-
reduction reactions of amino acids. The organism used in
this work was Clostridium sporogenese. Wi1ith respect to this
prenomenon, lackey and Hendrickson (14) 1ist the amino acids
that act as hydrogen donors and those which act as hydrogen

acceptors as shown below:



H - donors H - scceptors
alanine glycine

valine proline
cysteine hydroxyproline
histidine arginine
leucine tryptophane

glutamie acid

phenylalanine

serine

aspartic acid

Amino acid metabolism is a large and varied subject on

which many volumes have been written. What has been
presented here is but a word or two attempting to give only
a general concept of protein degradation. The end products
in protein degradation are saturated and unsaturated aclds,
aldohols and ammonia plus a series of malodorous iIntermediates,
prineipally mercaptans and indols.

Methane Fermentation

The degradation of carbohydrates, fats and proteins by
the so-called acid formers results in a number of organic
aclds and alcohols. These Intermediates are further broken
down to yileld gases, principally carbon dioxide and methane.
This stage of decomposition 1s usually referredlto as
gasification or methane fermentation, and is carried out
by & group of methane producing bacteris.

Investigations on methane fermentation and methane

produeing bacteria are numerous (19) (2%) (25) (26).
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Heukeleklan and Hinemann (27)(28)(29)(30) carried on a
serles of investigations with regard to methane producing
bacteria in sewage sludge. The general characteristies of
methane bacteria as expressed by Barker (26) are:

1. All the organisms are strict anaerobes.,

2. All ferment specifically some of the simpler
organic aclds and aleohols provided the proper
nutrients are present.

3. DNutrients required are the usual salts, COs, a
reducing agent, a simple oxidizable compound,
and ammonia as a source of nitrogen.

4. Optimum pH range is 6.4 to 7«2 although the 1imits
are from pH 6 to 8.

The methane produecing bacteria, eight known species in
all, belonging to three genera, are listed in Table IV along
wlith theilr preferred substrates.

The methane producing bacteria are an important link
in the completion of sewage sludge stabilization. Mylroie
and Hungate (31) concluded that the occurrence of Mb.
formicicum in large numbers in sewage sludge indicates that
it must be of importance in sewage fermentations. The rate
of growth of these organisms is slow, causing Heukelekian
and Hinemann (27) to say that this slow rate of development
makes it almost pecessary to seed the sludge tanks.
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Table IV (26)

Classification of Methane Producing Organisms

Methanobacterium~-~(rod-shaped cells)

l. Mb, fofmieicium formate, CO, H,

2. Mb. omelianski primary and sec. alcohols,
Hoproprionate

3« Mb. propionicum proprionate

4. Mb. sohngenii acetate, butyrate

Methanococcus--(spherical cells not in sarcina
arrangement )

1. Mc. mazei acetate, butyrate
2, Mc. vannielil formate, Hp
Methanosarina---(spherical cells in sarcina
arrangement)
l. Ms. methanica acetate, butyrate (%)
2. Ms. barkerii gethggol, acetate,
29

attention.

The mechanism of methane formation has received much

Buswell and Sollo (32) considered three possible

mechanisms:

l. Preliminary decomposition of acetic acid to
hydrogen and carbon dioxide with subsequent
reduction of carbon dioxide to methane by
hydrogen,

2. Carbon dioxide is directly reduced to methane
and acetic acid thereby oxidized to COs.

3. Simple decarboxylation.

Buswell et al (33) in later experiments showed that carbon

dioxide was definitely a precursor of methane. Kluyver
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and Schnellen (34) believed that the fermentation of CO
to COp and CH, could be carried out by Ms. barkerii and
Mb. proplonicum gceording to the oxidation reduction
reaction:

4CO + 4Hy0 ——= L4COp + 4H, oxid.

COp + WH, ——-o  CH, + 2H0 red.

-

Lco + 2Hp0 ——— 3C0p + CHy Net

Recent work on methane fermentation shows agreement
with the so called carbon dioxide reduction theory presented
by van Neil in 1934. According to this theory, the organic
compound 1s oxidized completely to carbon dioxide which is
then reduced to methane by hydrogen. A representative
oxidation-reduction reaction may be given as:

oxid. U4CH3CHoCOOH + 8HpO -+ U4CH3COOH + 4CO, + 24H

red. 3C0p + 24H --«= 3CHY + 6H50

Net HCH3CHQCOOH + 2H20~~-4CH3COOH + 3CHy + COp

The carbon dioxide reduction theory has been shown to
be true for most of the organic acids., However, there are
exceptions to the rule as, for example, in the breakdown
of acetic acid the methane was found to come from the
methyl group while the carbon dioxide came from the
carboxyl group. Studies by Stadtman and Barker (24)
showed the following reaction to take place when the
methyl group of acetie acid was radiocactively labeled:

*CH3COOH —-a=*CH,, + COp

It was also shown in the same manner that methanol
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fermentation did not follow the carbon dioxide reduetion
theory,

In this chapter an attempt has been made to present,
although briefly, the fundamental blochemical facts relating
to the anaerobie digestion of sewage sludge:. It has been
shown that the large molecules are hydrolized by extra-
cellular enzymes in order that they mey enter the bacterial
cell and participate in energy gaining reactions. It has
been further indicated that the products of the first
group of organisms, the acid formers, were various organic
aclds and alcohols along with hydrogen and carbon dioxide.
These products serve as substrate for the methane producing
bacteria and result in the formation of methane and carbon

dioxide as the principal products.



PRACTICAL ASPECTS OF SEWAGE SLUDGE DIGESTION

Since sludge digestion is directly related to the life
processes of bacteria, the practical appiication of these
processes revolves around the creation of nutritional and
environmental conditions, as ideal as possible for active
growth. The creatlon of such conditions should be the
primary aim in the design and operation of sludge digestion
units. Only then will the most efficient process result.
For this reason, it seems both desirable and necessary to
enumerate the more i1mportant environmental factors, with
particular reference to the actual problem of sludge
digestion.

Temperature

All biological systems are dependent on temperature.
The rate of growth 1s slow at low temperatures but increases
as the temperature increases until the optimum temperature
1s reached, after which the rate falls off sharply. The
optimum in most instances has been shown to be very cliose
to the minimum temperature necessary for the inactivation
of protein. Organisms have been characterized by their

cardinal temperatures. One such classification 1s shown in

Table V.

-25-



-26-

Table V (35)

Card;nal Temperatures of Bacteria

+-

Minimum Optimum Maximam
Class o o¢ o
Psychrophillic 0 15 30
Mesophilic 5-25 18-45 30-50
Thermophilic 25-45 55 60-90

Fair and Moore (36) showed that the effect of temperature
on batch digestion of sewage solids Indicated three or
possibly four distinet zones of activity, as follows:

1. Thermophilic Zone - above 42° ¢

2. Intermediate Zone - 28° - 420 ¢
3. Temperate Zone - 10° - 280 ¢
L. Cryophilic Zone - below 10° ¢

However, in practical, controlled sludge digestion cnly
mesophilic and thermophilic temperatures are of importance.
" These authors in later studies (37) concluded that the
optimum temperature for mesophilic digestion was 98° F, and
that for thermophilic digestion was 128° F. The time
required to obtain 90 percent of the apparent ultimate

gas production was 22 days and 8 days respectively., Such
data have shown that digestion time 1s reduced considerably
under thermophilic conditions, but practical considerations
have prevented wide adoption of digestion at thermophilic
temperatures. Golueke (38) found that solids reduction

inecreased from 41 percent at 300 C to 52 percent at 37° ¢
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and then leveled off. A decrease began at 45° C showing
about 48 percent reduction at 60° C; 1t then fell off
rapidly to practically no reduction at 65°¢, Sprague (39)
recommends & digestion temperature of 80° to 959F, This
recommendation is in agreement with many other investigators
(20) (+0) (41) (42). The temperature most often adopted seems
to be 1n the range of 32° - 359C (90° - 95°F)., Temperature
levels are maintained either by heating coils within the
digestion unit or through the use of external heat
exchangers.

pH

Another component of the environment that exerts a
decisive Influence on the growth of bacterial cells is pH.
The pH limits for the growth of any particular organism are
a reflection of the pH limits for the enzyme system which
1s most critically effected and which 1s vital to that
organisms metabolism.

The most critical range of pH in sludge digestion is
defined by the limits for the methans produecing bacteria,
since they require a narrower pH range than the other
microorganisms involved. It has already been stated that
methane producing bacteria favor a pH range from 6.8 to
7«2, although growth is possible from pH 6 to 8. Cassell
and Sawyer (43) recommend pH control within the range of
6.8 - 7.2, while Orford et al (44) say that the pH should
be maintained between 7.0 and 7.2 for good digestion.
According to Wooten (9) the pH should never be allowed
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to drop below 6.4,

It has been stated (45) that PH 1s a poor monitoring
parameter, for by the time a measurable change in pH can
be detected the interference with digestion has already
started. However, Cassell and Sawyer (43) are of the
opinion that the maintenance of optimum PH conditions
remains the factor of primary practical importance during
the initiation of sludge digestion.,

Volatile Acids

Volatile acids are defined by Standard Methods (46) as the
first six lower molecular welght fatty acids classified as
soluble fatty acids, and the only ones that can be distilled
at atmospheric pressure. It was observed in the preceding
chapter that the acid intermediates produced in the
degradation of organic matter fall into this classification.
It is thus apparent that if the methane producing bacteris
are temporarily unable to carry out their function completely,
an accumilation of volatile acids will occur. For this
Teason, the concentration of volatile acids within the
digester has been ranked as probably the most accurate and
rapid indication of any irregularities in the process. The
volatile acids produced in anerobic digestion include
valerie, butyric, propioniec, acetic and formie acids (L5),

Although Lohmeyer (1) states that normal digestion
takes place at volatile acld concentrations between 500 and
700 mg/1, the literature indicates that digestion under

conventional practice will usually produce less than 500 mg/1.
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It 1s possible that during high rate digestion, the
volatile acids concentration may be as much as 800 mg/l.
The level of volatile acids during normal operation is not
as critical as the change in this established level. A
continued increase in the volatile aclds concentration 1is
a danger signal. Volatile acids in excess of 1500 mg/l.
begin to become inhibiting to the methane producing
bacteria. Buswell (47)(48) states that the volatile acids
must not exceed 2000-3000 mg/l, while Backmeyer (49) sets
the 1imit at 1800 mg/l. Morgan and Neuspill (50) found
that an increase of 1000 mg/l in the volatile acids
concentration was always accompanied by a decréase in

gas volume.

Many investigations have been carried cut to determine
what action could be initiated to recover a digester that
has become "stuck'" because of a high level of volatile
aclds. To neutralize these aclds lime was used. There
are two opposing views on the use of lime for this purpose.
One group of lnvestigators believes that high acid concen-
trations are a result of too low an activity on the part
of the methane producing organisms. They believe that
volatile acids are toxic to these organisms through the
reduction of pH, which can be relieved by adding lime.

The other group of investligators feels that a veclatile
aclds concentration above about 2000 mg, 1 causes &
retardation of the methane producers regardless of the pH
maintained. This infers that materials used to maintain

the pH are ineffective (51).
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Schlenz (52) states that lime in any form or amount
has no place in a digester, and Buswell (48) 1s of the
opinion that the only way to lower volatile acids is by
reducing substrate concentration. On the other hand, much
success has been achieved through the judicious application
of lime to a sour digester. Sawyer et al (53) indicate
that lime additions were found to have desirable effects in
proportion to the amount added. According to Heukelekian
(5%) the addition of lime hastened the digestion by
neutralizing the aclds, which then decomposed much faster
than 1f they had been allowed to take their natural course
of decomposition and neutralization. Others (49) (55) (56)
have successfully used lime to aid in the start up and
control of digesters.

More recently McCarty and McKinney (57)(58) presented
the idea of sait toxicity, stating that the decreased
activity of methane bacteria, often observed following a
rapid increase in volatile acid concentration and subsequent
neutralization, is not due to "volatile acid" toxicity, but
is associated in a more general way to "salt" toxicity. It
was found that the least toxic salt contained calecium as
the cation and concluded that volatile acids could be
reduced using calcium and magnesium salts but not sodium,
potassium or ammonium salts.

Alkalinity
Alkalinity is due to non-volatile salts which remain

in solution over wide pH ranges (17). It comprises the
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buffering action within the digester and consists essentially
of ammonium bicarbonate along with other salts. The buffering
capaclty of fresh solids 1s due almost entirely to the alkalin-
1ty of the carriage water, and if low, it may not be able to
supply the necessary buffering during the acid stage of
dilgestion. Fortunately, normal digestion produces carbon
dioxide and ammonia which then combine to produce alkalinity.

During normal digestion enough alkalinlty 1s present to
insure good buffering. Haseltine (17) found that thoroughly
digested sludge has an alkalinity of 3000-3500 mg/1. He
claims that alkalinity determinations are of more value than
any measurable criteria and that from his experience the
alkalinity should not be allowed to drop below 2000 mg/1.
Thls 1s in agreement with some other investigators (41)(57)
while Sawyer and Grumbling (59) found that high rate digestion
gave higher values of alkalinity. On the other hand, Kozma (6)
suggests that alkalinity should not be allowed to drop below
1000 mg/1.

Mueller et al (40) proposed the theory that it is not
the actual value of alkalinity that produces ecritical condi-
tions but rather the volatile acid-alkalinity equilibrium,
They are of the opinion that variations in pH can ocecur only
after the volatile acld-alkalinity equilibrium is upset.

0 Re on

One of the primary objectives in sludge digestion 1s the

reduction of the volatile solids which comprise between 60 and

80% of the total solids. As such, the percent reduction of
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volatile solids becomes an indicator of the digestion process.
All carbon compounds cannot be broken down in the normal
digestion time. As much as 50 percent of them may remain as
humus (60).

Sawyer and Roy (61) in recent studies on high rate diges-
tion showed that 52.2 percent of the volatile matter was des-
troyed in a digester operating at a six day detention time,
while a twenty day detention time reduced the volatile matter
by 58.2 percent. On the other hand, Torpey (62) found the
volatile sclids remaining after 30 days and 15 days were
62.5 percent and 67.5 percent respectively.

It 1s generally agreed that a 50 percent reduction in
volatiie matter (63) wilil give a weli-digested sludge that
is reliatively easy to dewater and has no appreciabie odor.

Gas Production and Composition

Since the primary end precducts of digestion are the gases
carbon dioxide and methane, the quantity as well as the quality
of the gas collected 1is an indication ~f the digestion process.

During nermal digestion the quantity of gas collected
varies but slightly and 1is usually expressed either in terms
of cu. ft. per pound éf volatile matter added or cu. ft. per
pound of volatile matter destroyed, and more Infrequently as
cu. ft. per capita. According to Bloedgood (20), the usual
amount of gas produced 1s 6 to 8 cu, ft, per pound of volatile
matter added, while Rankin (64) cites 14,5 cu. ft. of gas per

pound of volatile solids destroyed. Rudolfs (65) concludes

that 1t 1s unlikely that gas production from settled sludge
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will be greater than from 0.9 to 1.9 cu. ft. per capita

even under conditions of prolonged digestion. Recent work in
high rate digestion (50)(61)(62)(66) has produced somewhat
similar results.

The gas produced from sludge dlgestinn is prineipally
carbon dioxide and methane. The sum of these two gases
amounts to about 95 percent of the total with smaller
amounts of hydrogen and hydrogen sulphide (67)(68). The
ratio of carbon dioxide to methane varies depending on
the type of substrate. The percentage of carbon dioxide
in the gas during the destructidn of carbohydrates is 50
percent, 25 to 38 percent during the degradation of fats
and 25 to 35 percent for the destruction of protein (17).
Bloodgood (69) states that sludge gases are composed of
about 68 percent methane and 32 percent carbon dioxide,
having a heating value of about 650 B.T.U. per cu. ft.

He further indicates that hydrogen sulphide is present
and may be detected at concentrations as low as 0,001
percent, while the presence of oxygen or nitrogen
indicates a leak or poor testing procedures.

Malie (70), in desceribing sulphur in sewage, reveals
that the average amount of hydrogen sulphide in sludge
gases 1s about 300 ppm and that concentrations as low as
0.000001 ppm can be detected by smell; whereas, concentra-
tions as high as 2.99 percent may cause death. He further
indicates that the higher the dlgestion temperature, the
higher the concentration of hydrogen sulphide. Aulenbach

and Heukelekian (71) made further studies on the affect of
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sulphides on the digestion process. The presence of
hydrogen sulphide 1is a common biologic feature of all
anaeroblc treatment processes (72).

The percentage of carbon dioxide 1in sludge gases has
been recognized as an indicator of the process. Miller and
Barron (73) have proposed that the trend of rising carbon
dioxide in digester siudge gas 1s the best early warning
indication of impending digester trouble of any control
measure now available, no matter what the cause, They
further point out that the normal range of carbon dioxide
1s 31 to 35 percent, and when the percentage builds up to
36 or 37 percent trouble is impending.

Carbon dioxide 1is essentia. from a biological point of
view for it is necessary in a medium to support cell growth;
in fact, it is suggested that the «ag in the growth of cells
may be due largely, if ncot entirely, to the time it takes
the culture to build up the carbon dioxide content of the
medium (74) .

Redox Potentiais

Inasmuch as there are a very large number of oxidation-
reduction reactions taking place in a digester, it would nct
seem 1lncorrect to propose that oxldation-reduction potentials
may be indicative of the digestion process. A limited
amount of work has folilowed this direction, principally by
Molof (75} and Grune and Chueh (76). Since electrode

potentials will be the primary ccensideration throughout the
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remainder of this paper, further discussion under this
heading 1is unnecessary.
Lhoading and Detention Time

A close look at the blochemical reactions taking place
in a sludge digester will reveal the importance of controlling
the loading of digestion tanks. The first stage in the
digestion of sewage sludge is that of intensive acid
production, resulting in the formation of extremely large
amounts of volatile acids as intermediates (77) along with
a reduction in pH. Under these conditions the methane
bacteria, which are important in the second stage of
digestion (acid digestion), cannot grow and multiply. The
third stage of digestion 1s that of the breakdown of the
more resistant materlals. While the digester is in the
third stage, gasification 1s high, while intermediate acids
are low and the pH 1s slightly above neutrality. The
loading to the digester should be small enough so that
the detrimental effects of the first stage are overcome
by the beneficial effects of the second and third stages.

Digester loadings are usually stated in terms of
pounds of volatile matter added per cu. ft. of digester
capacity per day. Recommended loadings by various
Investigators vary considerably. Buswell (67) discloses
that loadings of 0.1% 1b. per cu. ft. per day of organic
wastes have been found feasible in many pilot-plant studies.
Mueller et all (40), on the other hand, observed that gas

production began to fall off after the loading was increased
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to 0.11 1b., and volatile acids increased to 2000 mg/1 at a
loading of 0.125 1b. When the loading was increased to
0.135 1b. a change in the PH occurred and the carbon dioxide
content of the gas had increased to about 40 percent., As a
result, this authority states that the critical loading level
should be 0.100 1b. of v m. per cu. ft. per day.

Kozma (6) states that 2 to 3 lbs of dry solids per
cu. ft. of tank capacity per month should be the normal
loading rate. When the percentage of volatile soiids 1s
considered, this lcading is even .ess than the 0.1 1b., per
cu. ft. recommended above.

According to the FSIWA Manual of Practice ¥o. 8 (7)
the required digester capacity varies from 2 to 6 cu., ft.
per capita depending con the type of sludge tc be digested.
The normail unit-capacity reguirements may be reduced
provided the operations are controiled and carried out
under the following conditions:

1. The tank contents are agitated so as to maintain

an intimate mixture of raw and digesting solids.
2. The raw siudge 1s added mere or less continuously
to the digestion unit
3. The raw sludge is czoncentrated or prethickened
before being added to the digester.

The above conditions when foilowed usually result in
high rate digestion, although the line of demarcation
between conventional and high rate digestion is far from

being well defined.
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Sawyer (78) maintains that thermal homogeniety ang
food contact must be maintained through complete mixing of
the digester contents. The concentration of inhibitory
bilological intermediates should also be kept at low levels
if the digesting mass ig mixed (59),

A study by Estrada (79) showed that agitation in sludge
digesters increased to the extent of 130 installations 1in
the United States as of 1960. He deseribed the three
prineipal types 1in use as:

l. Gas reeireculation through more than one point of

discharge into the digestion tank, with the
bottom of the discharge pipe set about one third
up from the bottom of the tank (Pearth Process).

2. Gas recirculation through a central point of

discharge into the dlgestion tank with the bottom
of the discharge pipe set just above the bottom
of the tank (Catalytic Reduction Process).

3. Mechanical agltation through propelier blades

and draft tube suspended 1n the digestion tank
(Dorr-0Oliver).

Studies by Morgan (66)(80) ang Morgan and Neuspiel
(50) led them to signify gas Trecirculation ag gilving better
results than mechanical mixing. 1In laboratory studies they

found that a volatile solids loading of 0.262 1b, per cu. ft,

sludge. In studying the Process during this time, 1t was

found that the most important controls were gas production
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and volatile acids concentration. In conclusion, they reveal
that although a pilot P.ant was operated with monthly average
loadings of 0.345 1b. per cu. ft., until more data 1s obtained
the maximum loading should be taken as 0.200 1b. per cu. ft.

Puhrman (81) found that the Pearth Process would not
only prevent scum formation, but would also cause exlsting
scum to disappear. A scum blanket of 9 1/2 ft. depth was
reduced to 4 ft. in 13 days and once the scum was gone it
never reformed. He found that the process also allowed
Increased solids loadings up to 0,15 1b. eof volatile matter
per cu. ft. per day. Langford (82) describes the creation
of uniform conditions throughout the tank when the Pearth
Process is used whije Schreiber (83) explains that some
plants using the precess nave saccessfully used suspended
solids loadings of 530 .bs. per _000 cu. ft. per day.

Blodgett .84) showed that a ~oading of 0.3 1b. per cu.
ft. per dav was feas:hie ising the Catalytic Reduction
Process.

Laboratory studies pr S:inulz 85) alsc showed the
feasibility of 1ncreasea s .:4s .cadings and Schienz (86)
has set forth a presentati n ‘f rrocedures whieh would
provide '"controlled digesticn"

Although organic Loading 1s the usual method cof
expressing solids charged to the digester another important
factor must be considered, that of detention time. Accord-
ing to Sawyer and Grumbiing (59)a combination of organic

loading and detentiocn time must be considered together
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during high rate digestion. If inereased amounts of low
sollds sludge is added to a digester, the detention time
becomes so short that critical contact time is lost.
Torpey (87) has shown that the digestion process fails
rapidly at detention times of less than six days while
Sawyer and Grumbling (59) would like to see seven days as
a minimum detention time; and, 1in conjunction, report that
six pereent solids in the digester 1is the highest level
that will permit proper mixing. Chemielowski et al (51)
propose a minimum detention time of 8 to 10 days and
Keefer (88) discloses that satisfactory digestion may be
obtained in about 9 days. Torpey (62) thickened sludge to
an average of about 11.2 percent over a period of a year
and found that recirculation of the digester contents from
bottom to top provided adequate mixing. 1In conclusion, he
declared that the stability of the high rate digester, with
high pH and alkalinity and low volatile acids, points toward
the likelihood of significant increases in digester loading.
From the preceding two chapters, the relationship
between the biochemical theory and the practical aspects of
adequate control of the digestion process may be seen. The
practical aspect of sludge digestion 1is concerned essentially
with creating i1deal conditions for biochemical activity and
finding the proper parameters for following the process. In
the following chapter emphasis will be placed on oxidation-
reduction potentials so that the data presented in the
remainder of this paper can be analyzed in its proper

perspective.
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OXIDATION REDUCTION POTENTIAL

Biological treatment of sewage and industrial wastes
consists essentially of the biological oxidation of complex
heéerogeneous material intc more simple, stable compounds .
Microbial populations accompiish this oxidation while
obtaining the energy necessary for reproduction and growth.
Bacterial oxidation of organic matter is usually carried
out by dehydrogenation. This involves a transfer of
electrons, and is in agreement with the modern definition
of oxidation which states that oxidation involves a loss of
electrons and conversely, reduction is characterized by a
gain of electrons. When a compound l1oses an electron it
becomes positively charged. This charge 1s passed on to
a hydrogen atom and the loss of bcth the atom and the
electron results in the remova. of a hydrogen ion. Stanier
et al (89) state that this type of cxldation is referred to
as a dehydrogenation. 3imiiarly, a hydrogenation could be
stated as a reduction. Most biclogical activities then
involve oxidation-reduction reactions in which different
compounds act as the final hydrogen acceptors In aerobic
systems, molecular oxygen is the uitimate hydrogen acceptor,
while under anaerobic conditions various compounds act as
hydrogen acceptors resulting in a multitude of oxidation-
reduction reactions. The importance of oxidation-reduction

potentiais in biociogical systems thus becomes evident. This

~L4o-
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importance was recognized rather early by Hewltt (90) who
states, "oxidation-reduction systems are so essential that
life might be defined as continuous oxldation-reduction
reaction".

The derivation of the oxldation-reduction potential
equation has been in the literature many years and may be
found in any elementary physical chemistry textbook. For
this reason, it 1s felt that such a review is not necessary
here. A number of excellent texts on the subject are
available (90)(91)(92), and there are several which stress
oxidation-reduction potentials in biological systems (90)
(91) . Nevertheless, it 1s necessary that certain statements
be made regarding oxidation-reduction potentials and their
application to blological systems.

The general equation for the oxidation-reduction

potential is given by:

Eh = BEs + RT log (oxidants)

NF (reductants)

where: = gas constant

temperature CK

il

R
T
N = number of electrons
F

H

Faradays constant

() = Molar concentration of substances involved

Eo

the potential when (oxidants) = (reductants)

-~

at 25°C and N equal to unity the above equation becomes:

By = Eo + <0591 log (oxldants)

(reductants)
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For systems involving the coupling of electron transfer
with hydrogen ion transfer as for the process:

Ox + 2¢ zimm R

The ganeral equation becomes (93):

By = E, * .03 log (oxidants) - .03 pH
(reductants)

Since biological metabolism involves the transfer of
electrons and hydrogen ions, 1t 1s apparent that in
biological systems, Ej is related to pH.

The above oxidation-reduction potentlal equations are
derived on the assumption that thermodynamic equilibrium
existsj; that 1s, constant pressure, temperature and
reversibility. It is well known that biological systems
are not in thermodynamic equilibrium but are, 1n fact,
steady state systems whereby a material is continucusly
being broken down into various preducts through bacterial
enzyme systems,

Although biclogical Systems cannot be expected to
follow quantitatively the oxldation-reduction potential
equatiosns shown above, such equations may be used in a
qualitative manner, inasmuch as electrons are being
transferred in these systems. Since the result of a
transfer of electrons from one compound to another creates
a potential difference, we can measure this difference by
use of a potentiometer. The direction in which a reaction
proceeds is dependent on the free €lectrons in the system.
If the number of electrons is Increased, more of the

reductant is produced and if the number of electrons 1s
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decreased, more of the oxidant 1s produced (76). Rohlich
(94) states "oxidation-reduction reactions maintain a
dominant place in any consideration which is given to the
biological process'. However, since biological systems do
not follow the thermodynamic equations the potential
developed 1s referred to as the electrode potential instead
of an oxidation-reduction potential. This terminology will
be used when the work carried out during this dissertation
is discussed.

Oxidation-reduction potentials have been measured in
biological systems for many years, and a very complete
listing of potential values of organic systems is given by
Clark (91).

The potential developed in a biologiqal system may be
determined by substituting the glass electrode used in pH
measurements by a noble metal usually gold or platinum.

The results are read on a standard vacuum tube potentiometer
calibrated to read directly in millivolts. Although
platinum and gold electrodes are most often used, other
electrodes used consisted of iridium, tungsten, graphite,
mercury, rhodium and palladium (2). Electrodes of various
sizes and shapes have also been reported. To complete the
cell any standard half cell may be used as the reference
electrode. Probably the half cell most often used is the
calomel half cell, although Grune et al (95) have used a
silver-silver chloride half cell along with a platinum
flow-through cell.
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The potential developed, using a standard reference
electrode, is then converted to the standard hydrogen
electrode. Potentials thus converted show the relationship
of the potential to the normal hydrogen electrode which is
taken as zero. The above correction may be made by using
the following equation:

By, = Eg * Ep
where Eh = potential with respect to the standard

hydrogen electrode

By potential of the system

E. = potential of the reference electrode
For the calomel (KC1l saturated, 25°C) reference electrode

E. = * .24+ v. while for the silver-silver chloride (4M KC1,
25°C) reference electrode E, =+ 199 v. These values,
however, vary with temperature and since the saturated
calomel elsctrode is most often used, Tobin (96) has
presented the foilowing table:

Table VI

Potential of Caiomel Electrode at Various Temperatures

Temperature °©C EMF
20 250 v
25 246 v
30 : L2h2 v
38 236 v
40 234 v

Thus, it 1s possible to measure oxidation-reduction potentilals
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with a standard reference half cell, a noble metal electrode
and a potentiometer that is graduated to read millivolts
directly.

The measurement of oxidation-reduction potentials has
been criticized from the point of view of the difficulties
experienced in various investigations. A brief summary of
a portion of the literature on this subject may prove
advantageous.

Techniques 1n Potential Measurements

The noble metal electrcdes most often used in making
potential measurements are gold and platinum. Diverse
opinions have been expressed on the desirability of using
one rather than the other. Ward (97) would prefer the use
of platinum electrcdes over gold, since he found that there
was no apparent sluggishness of platinum types as with
gold forms during the study of oxlidation-reduction
potentials in bacteriological systems. It has been
expressed that wires of 24K gold from any source are
likely to be erratic in their behavior and that in systems
where its presence does not cause difficulty, platinum is
tc be preferred (98). On the- other hand, Longsworth and
Macinnes [99) ccompared gold and platinum electrcdes in a

breth containing Lactcbacillus acidophilus under anserchbic

conditions and found that platinum was more sluggish than
gold. Molof (75) states that the greater sensitivity of
gold tc quinhydrone, a well poised system ylelding rapid
potential equilibrium cculd be significant fer the measure-

ment ¢f biclecgical systems which are low capacity and often
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behave in a sluggish manner. If platinum was less sensitive
in guinhydrone perhaps, but not necessarily, it would be the
same in biological solutions. Molof (75) presents a very
complete discussion of the advantages and disadvantages of
gold and platinum electrodes and has reviewed the literature
on the subject thoroughly.

Electrodes used have been constructed mainly by each
investigator for his own use although commercial electrodes
have been used. Henry (100) found that thimble-type
commerclal electrodes gave trouble in that the metal broke
away from the glass creating pockets of constant potential.
The o called "home-made" electrodes are usually made of
gold and platinum tips joined to copper leads either by
fusing (101), silver soldering (102) or by means of
mercury contact (103). Potter (102)thought there would
be an electrical effect at the Junetion of the platinum
and copper which was silver soldered. This fear, however,
was not borne out by tests (this author has experienced
similar results). The electrodes were then sealed in glass
tublng. Molof (75) found that he could not get a glass-
metal seal with gold electrodes until he used a special
glass tubing having the same coefficient of expansion as
gold,

Once the electrode has been constructed, periodically
throughout its use, it should be standardized. Grune and
Chueh (76) standardized electrodes using a pinch of

quinhydrone in a 0.05M potassium acid pthalate solution
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(pH = %.008 at 25°C). The potential of this solution with
respect to the calomel electrode is + 218 mv. and is
generally accepted as a primary standard. Molof (75),
however, found that in using platinum electrodes, the
readings changed with the concentration of quinhydrone
until the sclution had become saturated. It has been
suggested {104) that electrodes be calibrated in two
"standard" soclutions making sure that a nen-drifting final
measurement is attained. It should be menticned, however,
that standardization in such a well pocised system will nct
guarantee a sensitive electrcde in a pcorly poised mediur.
The measurement cf electrcde potentials in biclcgical
s’stems 1s not as rapid ncr as stable as in the well roised
svstems familiar to the chemist, The lengtn of ~ire
rejuired for arn electrode ¢ come ints esuilibriurm
crnsiderably longser in a porrly poised medium.  lwekenfelder
and Hocod 107, used 0 rinutes as tne usual testing peri-d.

5

indicating that thne electrode after this pericd of ‘ime wa:

2ssenciali ir ejquilibrium, St owas fcund in sime Lnztance:s
that s%table readings were cttained in arwhere trer o, e O
min. by Lenry 100,. Grune and Zhueh 4 5fnca ciige

reading 1s reached, preliminar. ohservati - ns s wea £
O D otie tiral Blolilre PR TVL A R : ta o
R B \ "~ v . . S .
Sludge, vever . L .
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Later studies by Molof (75) revealed that 30 to 40 hours
were required to give stabilized readings in a sample of
non-agitated sewage sludge. However, he further indicated
that stabilized readings could be obtailned in as little as
four hours if the sample was continuously mixed. This would
seem to stress the difficulty in obtaining stabilized
readings in poorly poised media.

Erratic results often occur due to "poisonrning" of the
electrodes. In biological media 1t is found that a film
will develop on the electrode that must be removed Hefore
it ecan be reused (94). Different cleaning techniques have
been suggested by various investigators. Tobin (96) in
working with a platinum button electrode revealed that the
only method which gave him reproducible results was immersion
in a hot potassium dichromate-sulphuric acld cleaning mixture,
followed by repeated washings with distilled water. Another
method suggested called for cleaning electrodes by immersing
them alternately in hot dilute nitric acid and sodium
bisulphite followed by washing in distilled water (72).
Rohlich (106) cleaned electrodes by rubbing with levigated
alumina, followed by soaking in hot nitric acid and washing
in distilled water. He also recommended removing the surface
film by polishling with clean filter paper or a mild abrasive
such as Bon Ami or levigated alumina. Cleaning platinum
electrodes by electrolysis, with a dilute paste of
hydrochloric acid and alconox, or by heating the electrode

to redness has also been investigated (100). Comparisons
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of hot chrpmic acid, nitric acid and aqua regia as cleaning
solutions showed that no one method was superior (97). On
the other hand, rinsing and wiping also assured a clean
surface (75) (104).

The fact that electrodes are covered with a film after
being immersed in a medium for a period of time results in
erratic readings. Since it is not possible tc note an erratic
electrode if it is in the medium alone, many investigators
have expressed the desirability of using anywhere from two
to four electrodes in the same sample.

For further details on the type, shape and construction
of electrodes as well as metheds of cleaning the reader is
referred to the work of Mclof (75) whc has excellently

resented the results of many investirators in this area.
D (s}

bl

In spite of the difficulties in making pctzntial

a

measurements, such measurements when proparly applied aid
ccnsiderably in the analiysis of incompletel: understeocd
systems, as will be shown later. When the art of takinsg

potential readings has be n mastered. it is found that the

results are nct erratic and are reprcducible., As a

3

indicaticn cf what is considered reproducible, Henry 100,
when using 4 electrodes in the same vessel termed the
results excellent wh=n they read within 5 mv., and an
agreement within 20 mv. was considered gocd. Rohlich 106
asserts that electrcdes should be cleaned when *th<» fail :o
give results within 10 mv.

The fact that there is a pH change with a change in

potential and that the potential is an intensityr factor
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only, are other considerations which must be realized. The
"poising" capacity, which 1s similar to buffering capacity
in pH work, is not measured by a noble metal electrode.
The change in pH with potential will be discussed further.
Apart from the above considerations which deal mainly
with the theory and art of potential measurement some
consideration must be given to the investigations that have
been carried out in the area of biological explorations.

Studies in Bacteriologv and Biochemistry

Potter (102) was the first to notice in 1911 that
certain electrical effects accompanied the decomposition of
organic matter. He found that the electrode potential
developed in an inoculated culture was more negative than
that of a sterile medium. He showed the electrode potential
of yeast fermentation to be in the range of -0,2 to -0.5
volts. Since that time a great many investigations have
been made with regard to electrode potentials developed
during bacterial growth.

Reed am Orr (107) concluded that a favorable O-R
potentlal is essential for the proliferation of an organism.

The optimum Ep for 15 species of the genus Clostridium is in

the vieinity of -0.2 v. They further found that in a poorly
poised medium, organisms will tend to produce a local area
of reducing potential favorable to growth. It was further
found that actively reducing substances such as sodium
thiloglycollate, cysteine, ascorbic acid, sodium formalde-

hyde, and sulfoxylate not only reduced the potential but
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hed effective poising characteristics.

Vennesland and Hanke (108) studied the ORP of mixed
cultures of Bacteroldes yulgatus and Alcaligenes fecalis
in order to determine the upper limit at which growth would
oecur, but no upper limit of potential could be established.
However, by controlling the potential with a mixed stream
of oxygen and nitrogen it was found that the positive
potential just limiting growth in a culture of Bacteroides
yulgatus was + .150 volts at a pH of 6.6.

By electrolytically controlling the potential Hanke
and Katz (109) were able to determine the limiting positive
value of another organism, Clostridium sporogenese. This
limiting value was found to be Ey = *+ .139 volts at pH = 7,0
and 6.2. They state that when the potentlial 1is kept
sufficiently negative electrolytically, thesr w.naerobes
will grow in a continuous current of air. They explain
that this method of control has an advantage in that there
is no addition of foreign agents to the medium. This
advantage plus the simplicity with which it controls the
potential is what determined the use of this method of
control in the laboratory experiments presented in this
paper. A more complete discussion of this method of
control follows in the next chapter.

Langlyke et al (110), in the study of the butyl aleohol
fermentation, realized the value of obtaining reducing
conditions early in the fermentation. Since butyl aleohol

bacteria are strict anaerobes, these authors felt that it
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was likely that many of the unsatisfactory results of the
past occurred because toxic levels of oxygen had penetrated
the medium before active fermentation had set in. The
establishment and maintenance of low potentials decreased
considerably the time required to ferment the sugar.

Squires and Hosler (111) carried on studies in a pilot
plant fermenter with continuous electrode potential
measurements. They found, as would be expected, that with
inereased aeration there was a rise in the electrode
potential, but when the air supply was shut off the electrode
potentials began to fall. These studies showed
that the electrode potentials were proportional to the
logarithm of the oxygen concentration.

Similar results were obtained by Tengerdy (112)(116)
during the study of the 2-keto-L-gluconic acid fermentation.
The data show that the redox curve qualitatively characterizes
the existing oxygen demand of the culture., The highest
oxygen demand coincided approximately with the redox
minimum and the highest growth rate. He states that the
linear logarithmic relationship between dissolved oxygen
and redox potential offers a simple new method for dissolved
oxygen measurement. The results obtained showed a
significant correlation between redox potential and product
formation, in fact the curves show product formation begins
after the redox potential reaches its minimum level.

The importance of maintaining optimum potential levels

for the active proliferation of organisms has been established.
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Hall (114%) presents an excellent compilation of the
physical and chemical agents and their effect on establishing
reducing potentials for the cultivation of anaerobes. However,
he concludes by saying that no matter how great the reducing
powers of any one of these chemical reducing agents may be,
they are not able to make harmless the atmospheric oxygen
which re-enters the medium when the latter is poured into
petri dishes. Knight (115) discusses the possibility of
maintaining a constant potential by the addition of dyes. A
dye will control the potential until it is used up and more
must be added. The potential can be held for a longer time
by continuously adding more dye but there may be a chemical
effect on the miecroorganism. He further found that very
good control of the potential could be obtained by passing
a mixture of oxygen and nitrogen through the medium. Knight
concluded by stating that while this method of poising has
at present only been used with bacteriological culture
media, it could obviously be applied to any other system
which exhibited a negative potential drift with time. More
recently, Scheff et al (116) have described a method of
controlling the potential by use of dropping mercury
electrodes.

This discussion of some studies of electrode potentials
in bacteriological systems has necessarily been brief. For
a more detailed coverage of this area, two excellent texts

are recommended, namely that by Clark (91) and Hewitt (121).



—5h -

Studtes in Waste Treatment

One of the earlier potential studies In waste treatment
process was carried out by Hood (101). He plotted the
electrode potential profile through a sewage treatment
plant and found the potential of the influent to be + 278
mv., while in the aeration tank the value was found to be
+ 553 mv. After a small drop in potential during secondary
clarification, the potential rose to + 698 my. after chlorina-
tion. He further proposed that the potential in anaerobic
units should be from -100 to -200 mv. At that time many areas
of possible investigation were presented and some of these
have been and are now receiving a great deal of attention.
In contrast to the above values, Kehoe and Jones (104%) found
the value of incoming raw sewage to be anywhere from -300 to
+ 100 mv. They also suggested the possibility of using
potential values for odor control, asserting that cdors were
apparent at potential values of less than -100 mv.

In studies conducted at the Miami Sewage Plant (117),
it was found that raw sewage had potentials between Eo =
-420 mv. and -170 mv. with an average value of -303 mv.
Apparently, prechlorination did not increase the potential
appreciably, and after grit removal the potential values
had changed but slightly. However, the effluent from the
aeration tank showed values of potential as high as Eqo =
* 160 mv. which is equivalent tc about + 305 mv. with
respect to the hydrogen electrode. These studies indicate

that diskolved oxygen is present at a pctential higher
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than E, = -160 mv.

Potential values . found.at the Hyparion Plant (118)
were essentlally the same as those at Miami.  Truely
aerobic conditions did not exist throughout the plant
except in the aeratlion process and secondary effluent.
Results of thls study showed that aerobiec processes opsrate
at over + 200 mv. E, while anaerobic processes operate
below *+ 50 mv. Ep. It was further revealed that the
potentlial of sewage was depressed greatly during travel in
a Sewer. -Ah average decrease of 200 mv. was noted during a
nine mile travel.

Rohlich (106) found the potential of sewage and activated
sludge systems increased with aeration. Aerated sewage
developed a potential of + .3 volts while the unaerated
sewage had a potential of -.27 volts. Similarly, the
potential of activated sludge increased from -.13 volts to
+ .37 volts after aeration. 1In contrast to investigations
cited previously, Rohlich found that By, values remained
rather constant until the dissolved oxygen dropped to less
than 1 ppm, then it decreased sharply.

Moore and Ruchhoft (119) state that the metabolic
activities of various bacterial specles in sewage does effect
a lowering of the potential even in the presence of dissolved
oxygen. Under anaerobic conditions the potential of sewage
dropped to -.22 volts in 24 hours. It was further shown
that the presence of other hydrogen acceptors such as

nitrates and sulphates retarded the development of strongly
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reducing conditions.

Nussberger (120) attempted to determine the condition of
activated sludge by plotting potential values against time.
He deseribed three types of curves. In what is termed
underaerated or overloaded activated sludge, the potential
decreased sharply and quickly while for a normal activated
sludge the potential decreased slowly. In an overaerated or
underloaded sludge the potential held steady for a period of
time and then decreased. In this study 1t was also found that
the potentlal decreased 200 mv. from the influent to the
effluent of the secondary settling basin. Goodman (121) 1n
attempting to obtain similar results in activated sludge
systems was unable to obtain a correlation. He pointed up
the fact that industrial wastes may have a considerable
effect on the potential. It is to be noted, however, that
only one metallic electrode was used and this in itself may
have caused erratic results.

Shapiro (122) in discussing electrode potentials in
activated sludge states that at low potentials unfavorable
anaerobes take over. At a very high potential the forma-
tion of hydrogen peroxide may be lethal to some organisms
and the enzyme system of others will not function. This
condition would represent s so called overoxidized,
underloaded activated sludge and would be evidenced by a
dissolution or breakdown of the sludge floe with turbidity
formation,

Hoot (123) explains the use of electrode potentials
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during the chlorination of sewage. An automatic control
actuated by electrode potentials was used. When the
reading went up, chlorine was shut off, when the reading
went down, chlorine was increased. Although wide variations
in potential were obtained the primary purpose of odor
control was achleved. In somewhat similar studies, Keefer
and Meisel (124) found that in chlorinating both raw sewage
and humus tank gffluent the Ep potential curves approached
an asymptote with a value slightly less than 1400 mv.
Eckenfelder and Hood (105) studied electrode potentials
in various wastes and studied the relationship between En
and pH. In a sewage sludge 1t was found that there was a
change of about 50 mv. for each pH unit. The addition of
sulphate to a digesting mixture resulted in the depression
of the reductive intensity level from a range of 0 to -100
mv. Bp to -125 to -170 mv. Ep. These low values of
potentlal attained during anaerobic digestion were faund to
be desirable for the growth of Salmonella typhosa (125).
Grune and Lotze (126) state that ORP and pH measure-
ments will offer a convenient and valuable means of
improving the economical operation of sludge digestion.
They conclude that trends in redox potentials are
reproducible and that redox potentials can be correlated
with the cumulative gas production. The redox potential
during normal digestion as observed by them was about
=250 mv. Ep. Grune and Peek (95) in advocating the use of

electrode potentials during sludge digestion assert, that
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previously it had not been possible to measure the
precursors of gas production, acidification, and other
digestion Phenomena, and that the only data collected

from a digester have been after the fact. They state that
actdifieation and gas production may be expected after
certain changes in redox potential are noted. Furthermore,
redox potentials can spot strongly oxidizing or reducing
forms of waste.

Molof (75) has done a considerable amount of work with
electrode potentials during sludge digestion, inecluding
observations on the time required for stabilized readings,
standardization of electrodes and observations on potential
values developed under various conditions. It would be
appropriate at this point to restate some of his conclusions.
Oxidation-reduction potentials are of considerable value in
detecting abnormal digestion cgpditions. He states further
that under normal digestion conditions the potential will
remain constant. A continued positive trend of the
potential can be indigcative of overloading. The optimum
range for sludge digestion in his work was -460 to -530 mv.
or an Ep of -220 to -290 mv. The most representative
potential of a ripe sludge was -500 mv. or an Ep of -260 mv.
With respect to gas production, his results indicated that
the potential changes and gas rate changes were related
for batch experiments. For continuous operation where
conditions were relatively steady, there was no relationship

exhibited. Molof (75) also stressed the necessity of using
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a minimam of three eleetrodes for any sludge potential
measurement, and observed that gold and platinum electrodes
@td not differ significantly in the readings obtained in
his digestion studies.

It may be seen from the preceding discussion that
electrode potentials when properly determined and interpreted
can be of significant value in the study of blologiecal
gsystems. It is thought that with further study the use of
electrode potentials in waste treatment can be an invaluable

aid in the operation of waste treatment facilities.



EXPERIMENTAL APPARATUS

The design of the model digesters used in the
experimental work was based on the expectation that con-
tinuous operation would be practiced. The units were
especlally adapted for making electrode potential measure-
ments. Further considerations took into account the
anticipated method of controlling the electrode potentials,
and the method of collecting the gas produced. Accordingly,
the description of the experimental apparatus will be
covered in the following four sections:

l. The Digestion Unit and Its Appurtenances

24 Electrode'Potential Measurlng Apparatus

3« Electrode Potential Control Mechanism

4. Gas Measurement, Collection and Analysis
Apparatus.

The Digestion Unit and Its Appurtenances:

The model digesters used for the experimental work
were constructed from plexiglas. The eylindrical portion,
or body, of each digester consisted of an 8 in. section of
plexiglas tubing with an 8.25 in. inside diameter and 0.25
in. wall thickness. The bottom of each digester was made
from one inch thick plexiglas and had a diameter of 9
inches. The bottom was sloped at an angle of approximately

10 degrees. The cylindrical body was glued into a slot

-60-
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machined into the bottom plate.  The top of each digester

was also 9 in. in dlameter and was made from «0312 in. thick
plexiglas. It was so constructed that it could be fastened
to 6 lugs equally spaced around the inside of the body of the
digestér. In order to insure air tightness, a soft rubber
gasket 0.25 in. thick was placed between the walls and the
top of the digester. The digester contained a drain in the
bottom and & sampling tube located in the body about one and
a half inches below the liquid level. A schematic drawing

of the model digester is shown in Fig. 4,

An attempt was made to construct the digesters with a
shape similar to normal plant units. GCrune (127) found the
average ratlo of sidewall depth and diameter for separate
sludge digesters in seven U. S. Cities to be 0.32. Due to
practical aspects these digesters were made a little deeper
and had a sidewall depth to diameter ratio of about 0.795.

It was felt, however, that this difference in ratio would
have little if any effect on the process.

The 1liquid capacity of the digesters was 7 1/2 liters
and the volume of sludge studied was maintained at 6 liters
throughout the experimental work. Sizing of the digesters
was based on the amount of sample required for daily
chemical analyses,

Three digesters were placed in a constant temperature
water bath heated by two 300 watt resistance heaters, the
temperature being maintained within one half degree, plus

or minus, by use of a thermoregulator. The digesters and
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their placement in the water bath are shown in Fig. 5. A
fourth digester which was used as a control throughout the
experimental work was heated in a separate constant
temperature water bath.

The mixing equipment consisted of a stainless steel
shaft to which was attached a specially constructed impeller.
Again, the material used for making these impellers was
plexiglas. The design was essentially cylindrical with
four vanes cut along the side to provide for circular
mixing. In addition, slots were cut in the top of the mixer
to give a certain amount of pumping action. In order to allow
mixing while maintaining anaerobiec conditions, a mercury well
was utilized. The well consisted of a 2 1/2 in. diameter
piece of plexiglas as the outer shell, a 1/2 in. dilameter
piece of plexiglas for the inner shell through which the mixer
shaft pasged. A piece of 1 1/2 in. plexiglas tubing was
attached to the mixer shaft and rested in the mercury in
the well to form the seal,

In some of the initial work, the mercury in the well
was covered with about 1/4 in. of oil to suppress toxie
vapors. However, 1t was soon discovered, that if the
mixing speed was 1lncreased the oil and mercury seemed to
form a paste which was not only a poor seal but kept
spattering out of the well. As a result, all future
experiments contained a layer of water over the mercury.

This water served the same purpose as the oil but without

its detrimental effect. A sketch of the mixer and mercury
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well ean be seen in Fig. 4,

The three digesters set in a common water bath were
mixed with spindle mixers which were driven by an ailr drill.
The pressure to the drill was controlled by means of a
pressure regulator. The fourth digester mixer was driven
with a small induction motor the speed of which was regulated
by a rheostat.

Blectrode Potential Measuring Apparatus

The electrode potential measurements were made by means
of a Beckman Zeromatic pH meter, model 9600. Inasmuch as there
were many electrodes in the set-up, a salt bridge inter-
connected between the digesters was used so that one reference
electrode would suffice for all potential measurements.,

The inert electrodes used in the experimental work
were gold and platinum. Molof (75) found that the electrode
potential was not significantly affected by the surface area
of the electrode itself. The electrode tips were therefore
constructed of 20 ga. noble metal with an exposed length
of about 3/8 of an inch. The platinum and gold were then
silver soldered to electrode leads of 16 gauge copper wire
and sealed in glass. The gold electrodes were sealed in
a speclally made glass tubing having the same coefficient
of expansion as gold. This speclally manufactured glass
tubing was the same as that used by Molof (75).

At first it was thought that the silver solder joint
might have some effect on the electrode potentials obtained,
but in a standard potassium acid pthalate solution the
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electrodes gave very preclse readings. This, however, is
a well poised solution and to further verify that this

was a proper construction technique, the electrodes were
checked against two specially prepared electrodes. The
two so-called standard electrodes were constructed with a
mercury juncfion between the platinum metal and the copper
lead. These electrodes were found to give similar results
not only in a standard solution, 5ut also 1In a digesting
sludge.

Two gold and two platinum electrodes were placed in
each digester. The necessity of using at least three
electrodes for a potential measurement has been established
by other investigators (75)(100). Quite often, one or the
other of these electrodes appeared to acquire within seconds,
a potential of more than 100 mv. less than the potential of
the other electrodes. It has been found, in every case
where this.phenomenon was lnvestigated, that a plece of
stringy matérial had accumulated on the surface of the
electrode. Thils along with the other inherent difficulties
in taking potential readings makes it necessary to use, as =
mininrum, three electrodes and preferably more.

‘ The electfodes, then, consisting of gold and platinum
were placed in the digesters. The salt bridge was
constructed in the following manner: A strand of asbestos
fiber was sealed Into a piece of glass tubing which was used
as the salt bridge tip for each digester. Thls procedure was
actually one of trial and error to get the right thickness of
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asbestos fiber. The flow through the fiber was not measurable
by ordinary means under a head of about six inches. The only
indication that there would be contact came from the fact
that there was a slight ccating of salt on the outside of
the tip. This indicated that the flow was so small that the
water evaporated leaving only the salt. In actual
installation, the head on the tip was not six inches but
closer to two or three inches. The salt bridges were
interconnected and the lead went into a small pPlexiglas unit
containing a saturated solution of KCl and the calomel
reference electrode. The lead from this reference electrode
was connected to the pH meter. The complete bridge was so
constructed that the tip leading to each digester could
be clamped off. Furthermore, each section leading to a
digester had a high point in the form of a tee which served
to collect any bubbles that might accumulate in the bridge.
The inert electrodes, four in each digester, were
brought into a sixteen point switch through shielded cable,
A common lead from the switchbox then completed the circuit
at the pH meter. 1In this manner it was possible to take
poténtial readings simply by switching to the proper
electrode. 1In order to prevent interfering stray currents
the switchbox was shielded, as recommended by White (128).
Electrode Potential Control Mechanism

Inasmuch as potential control was to be practiced in
the experimental work, it was necessary to determine how

this control mechanism could be worked out. Reference has
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been made previously to the techniques usually employed in
control of electrode potentlals.

It was thought that control, at least in the positive
direction, could be accomplished through the use of hydrogen
peroxide. Such a control was attempted on a digester
operating under stable conditions. It was soon found that
extremely small additions of peraxide resulted in quite
radical changes in the potential. For example, only 25’ml.
per day of peroxide was required to increase the potentlal
60 mv. In order to maintain this low flow & specially
conétructed tip similar to that used in the salt bridge
construction was made. A 4 in. diameter plastic tubing
was used as a constant head tank for feeding the peroxide
at a constant rate. This method of increasing the potential
was fairly satisfactory but the fluctuation in potentilals
was disappointing. After two days of operation the feeding
mechanism broke down and the digester was fed an extremely
heavy dose of peroxide, the net result being an increase in
potential of atout 200 mv., resulting in irrepairable damage
to the digester. This unsuccessful effort pointed out the
desirability of a new method for the control of potentials.

This new method of control, which was used throughout
the remainder of the experimental work, was an electrolytic
control similar to the one used by Hanke and Katz (109) to
study anaeroblosis. 1In essence, the control mechanism
consists of a source of D.C. voltage, a salt bridge and two

large surface platinum electrodes. When the positive pole
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of the suppiy 1s placed in the digester and the negative
pole is connected to the digester by means of a salt bridge,
the potential of the digester 1s inecreased. When the leads
were reversed the potential decreased.

The adaptation of this method for use in this thesis
was not without difficulties. It was first attempted
using most of the materials that were being used for
potential measurements. The two electrodes used were
identical to those used in measuring the potential, which
it will be recalled were of 20 gauge platinum with an exposed
length of 3/8 inch. This, of course, proved too small a
surface area and a much larger surface had to be provided.
For economical reasons the large surface electrodes used
were made of a 6 inch strip of 20 guage platinum. The
electrodes were colled so that space requirements would be
small. However, it was soon discovered that the coiled
electrode trapped sludge particles when placed in the
digester. It wasn't very long before it was partially
insulated by a sludge blanket, causing the resistance of
the system to increase. As a result of this observation,
the platinum electrode which was to be placed in the
digester was unwound and allowed to string out within the
unit.

Difficulties were alsc encountered with the salt
bridge. At first a tip with a sealed-in asbestos filber
was used. This construction, however, resulted in an

exceedingly large amount of resistance in the circuit and
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current could not be passed through it. It was decided
that a glass tube with the end well plugged with cotton
would materially reduce this resistance. This type con-
struction was attempted and found to be satisfactory.

With the electrode and salt bridge problems corrected
current could now be passed through the eircuit. In the
preliminary work, dry cell batteries were used as the
source of D.C. voltage.

For the experimental work, three D. C. supply units
were constructed. These unlts were capable of delivering
a variable voltage anywhere from O to 300 volts D. C. at a
rating of about 200 milliamps. Each of these units was
used to supply current to one of the digesters. It was
found that with this type of construction the resistance
in the total circuit was 1000 ohms. However, the resistance
was not always constant, for at times portions of the cotton
plug would become partially blocked by sludge, increasing
the resistance.

A clarification of the above discussion can be obtained
by noting the circuitry involved as shown in Fig. 6.

Gag Collection, Measurement and Analvsis

The collection and measurement of the gas produced by
the digestion process was of great importance during the
experimental work. Basically, the gas collection was of
the inverted can type with an acidified salt solution as
the confining liquid.
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The biggest problem in the collection of gas 1s in the
use of the confining liquid, which is extremely corrosive.
At first, painted cans were used to collect the gas, but
in no time at all the confining liquid had eaten holes in
the cans. The next consideration was that of using poly-
ethylene gallons for this purpose; but finding two
containers sized so that one could be inverted into the
other proved difficult. Therefore, a wooden box, large
enough to hold two inverted polyethylene gallons, was
constructed. This also proved unsuccessful. The final
construction showed the inside of the box painted with
three coats of a plastic paint. Two polyethylene gallons
were inverted into the box, which was filled with the
confining liquid. The inverted Jugs were connected with
a piece of wood and rode up and down on two drill rods
placed at either end of the wooden box. A graduated
scale was mounted on the box so that the amount of gas
collected could be read off directly in liters and
portions thereof. The colleected gas was connected to a
U tube manometer, one leg of which was open to the atmos-
phere to give the pressure at which the gas was collected.
The weight of the inverted polyehtylene gallons was So
small that the system was operating under a practically
constant head of about one half inch of water.,

It seemed desirable to have some means of taking
instantaneous rates of gas flow. To accomplish this,

another U tube manometer was placed in the gas line
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Fip. 9 View of Apparatus from Above
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Fig. 10 Dicestion Unit

Fig. 11 View Showing Control Digester
Pctentiometer and Switchbox
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between the digester and the gas coldection unit in such

a way that the gas flow couid be diverted into the U tube
manometer, one end of whiech was open to the atmosphere.

By maintaining the ilquid levels in both legs of the man-
ometer at the same elevation, a measurabie quantity of gas
could be collected in a glven time interval and at atmos-
pheric pressure. Each digester was equipped with such g
rate measuring device. igure 7 shows the gas collection
apparatus including the woocden box and inverted Polyethyliene
containers.

Gas ana.yses throughout the experimental work were
carried cut using a Burre.i Apparatus with mercury as the
confining _iquid. With tre unit avaliabie, it was possiblie
to test for oxygen, -arcon dioxide, methane and hydrogen,
The majority o7 trne determinations consisted of a determina-
tion of tne carborn dinxide content of the evoived gases,

Figure 8 shows a view ~f the assembied apparatus from
the front, while Fig. 9 views the apparatus from above
T'he D. C, suppiy uniis may be seen to the 1eft of the con-
stant temperature water bath, and the inverted can gas
collection units are directiy below the digesters . In
front of the water bath may be seen the Plexiglas units
filled with saturated KCi for the electrolytic control
circuit. The switchbox and polentiometer located at the

back of the apparatus may be seen in Fig. 11, which also
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shows the digester used as the control.

Figure 10 is a photograph of the digestion unit show-

ing inlet and outlet line, bottom drain and the mercury

well.



EXPERIMENTAL PROCEDURE

One of the primary considerations throughout this
thesls was to attempt to maintain conditions similar to
those normally experienced in plant operations. For this
reason procedures used throughout were similar. A
discussion of the general procedure will be given and any
variations from this normal procedure will be cited.

At the end of each experiment and before the beginning
of a new one, the digesters were completely emptied, washed
and refilled with fresh digested sludge, obtained from the
Ann Arbor Sewage Treatment Piant. In one study, however,
different sludges were used in order to determine if all
sludges digest at approximate.y the same potential

The digesters were fed twice daily on what might be
considered a seml-continucus basis. The feedings were
twelve hours apart, for the most part, although there were
instances when the schedule could not be kept exactly. It
was found that as iong as the time between feedings was
not less than ten hours the data was not affected. The
only times that the digesters were not fed as described
above occurred when the loading was suspended, according
to a predetermined plan.

Before belng charged to the digester, all sludges
obtained from the treatment plant were passed through a

1/% inch screen, in order to remove most of the larger

-78-
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solids which might conceivably have plugged the inlet and
sampling lines. After being screened the sludge was kept
in a refrigerator at 4°C until 1t was used. Sludges which
were refrigerated longer than twelve days were not used,
since it was felt that after this time the sludge would
have begun to deteriorate,

The sludge was introduced into the digester only after
it had been warmed to approximately room temperature in a
water bath. It had previously been discovered that if the
sludge was fed to the digester directly after removal from
the refrigerator, it caﬁsed a drop of about one degree in
the digestion unit. On the other hand, if the sludge was
raised to room temperature there was no effect on the
digester. |

In all results given, herein, gas rate has been ex-
pressed in terms of cc. per hour. This rate is based on
the quantity of gas collected over a twelve hour periocd
between feeds, or frequently on a twenty four hour period.
The rate must then be considered as an average when
consideration is given to variation in gas rate. It has
been reported (80), and substantiated by these studies, that
gas production increases after feed and reaches a maximum
from about three to five hours later, then declining to the
prefeed rate. However, in some instances, instantaneous
gas rates were desired. At these times, the gas rate was

found by using the manometer placed in the line for this purpose.
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Chemical analyses throughout the experimental work
consisted of pH, alkalinity, volatile acids, and total and
volatile solids. These determinations were made daily from
samples taken immediately before feeding the digesters.
Volatile acids determinations were carried out using the
direct titration methed described by Dilallo and Albertson
(129). This methed gave a : =sistent results and could be
carried out in ¢ much snort_. time than either direct or
steam distillation The procedures used in all other
chemical analyses were those presented in Standard Methods
(46). The percentages of carbon dioxide in the sludge gases
were determined once every other day using the Burrell
Laboratory Apparatus. The percentages of methane and
hydrogen were ascertained on.y occasionalily .

Electrode potentia. measurements were made every two
hours during the day, between the morning and evening feed.
It was felt that :hanges in the potential during the day
would be the same as those occurring during the period
between the evening feed ard the morning feed. The two
hour schedule was not fo.i.owed biindiy but was altered to
suit any given condition Wren 1t became apparent that
important changes were taking place readings were taken
more often, and, similarly, when nothing could be gained
by such frequent readings they were not taken as often.
With this type of flexibility, many otherwise unnoticeable

changes were recorded.
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The values of electrode potentials plotted in the
diagrams that follow are those which were recorded immedi-
ately before feeding, the time when samples were taken for
the daily chemical analyses. The reason for this procedure
1s that electrode changes follow a pattern identical to
gas rates and volatile acids; that 1s, the potential in-
creases after feeding and then gradually returns to its
prefeed level. Since four electrodes were Installed in
each digester, the plotted value 1is the arithmatic average.
However, there were times when one eleetrode reading was
conslderably different from the others and the average of
only three electrodes was determined. In rare instances,
only two electrodes were in agreement and the average of
tllese two was plotted, the others being disregarded. Some of
the reasons for this erratic behavior will be discussed
later.

It was initially decided that if the electrodes did not
give results within 10 mv., they would be removed and
cleaned. However, such conditions did not develop but, in
order to be sure that the electrodes were not becoming
"poisoned”, they were removed and cleaned alternately so
that each electrode was cleaned on an average of once every
two weeks. Throughout the experimental work, electrodes
were cleaned in the following manner: First the platinum
or gold tip was scoured with levigated alumina and rinsed

with distilled water. This was followed by soaking In a
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ten percent solution of nitric acid, after which the
electrodes were again rinsed and allowed to remain in
distilled water untii they were put back into use. If
they were to be reused immediately the electrodes were
kept in distiiled water for 30 minutes before reuse.

The salt bridge tips also required a certain amount
of care. It was soon discovered that the tips which con-
nected the salt bridge to the various digesters would,; in
a matter of time, become ciogged with sludge. When this
occurred the electrode potentials showed a tendency to
increase, probably due to the resistance to current flow,
Tc remedy this condition the tip was removed and allowed
to sovak in a sulphuric acid solution. If this procedure
was not able to affect a cure, the tip was discarded and a
new one instalied. Having experienced this difficulty, it
was decided to instai: new tips at the beginning of each
experiment so that errors wou!d be reduced to a minimum.
This procedure reso.ved the probilem completely.

During the studies which involved electrode potential
control, additional measures were taken. The salt bridge
had to be checked periodically  Sludge accumulations
around the tip had tc be cleaned regularly. If the condition
became too bad the tips were removed and new cotton plugs
were inserted. Because of continued use,bubbles developed
in the salit bridge and at times did become large enough to

reduce or even prevent current flow. Both of these conditions
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resulted in. poor . control of .the potential .and had to De
rectified periodically.

The amount of current passing through each digester
was hot constant due to the above conditions and other
inherent difficulties. For this reason exact values of
current were not recorded. However, in later discussions
gsome reference will be made to approximate currents main-
tained 1n the various phases of the experimental work.

The purpose of the above discussion is to provide
an understanding of the general procedures carried out
during the experimental work so that the experimental

observations to be discussed may be interpreted in the

proper light.



EXPERIMENTAL OBSERVATICNS

The laboratory studies conducted as a part of this
study consisted of twelve experiments covering the various
phases of electrode potentials accompanying the digestion
of sewage sludge and their controi.

For the purpose of discussing the experimental
observations, the aforementioned experiments will be
broken down into three :zategories. The first will include
all experiments which deal with the monitoring of natural
electrode potentia.s occurring during sludge digestion.

The second category wili deal with gross control of the
potential to determine what range of values should be more
exhaustlvely studied in furture experiments. In addition, a
correlation was made between electrode potentials attained

by electrolytic controi and those attained by overloading

the digesters with raw sewage sludge. The primary purpose
for conducting the experiments in the third category was to
attempt to define more cliosely the electrode potential ranges
which would permit gcod, possible and poor sludge digestion,

It is felt that if the discussion is presented in the
order outlined above, the importance of electrode potential
values in sewage sludge digestion will be emphasized from
at least two aspects. First, from the point of view of
defining those normal potential levels which are developed

during typical anaerobic digestion and second the results

84—



-85-

that can be expected to o6ecur in the digestion process if
electrode potential. levels.are allowed. to. develop outside.
of desirable limits.

- The - experimental ocbservations ars discussed in the
following three chapters.



4

POTENTIAL LEVELS DURING UNCONTROLLED DIGESTION

A ser.es of seven experiments was conducted during this
portion of the work. The first run dealt with electrode
potential measurements during a slow start-up and a sub-
sequent temperature change. The object of the second
experiment was to operate three digesters in parallel and
to determine what differences could be observed between
digesters. This work also permitted the accumulation of
further information on electrode potential values developed
during ncermal digester operation. The third experiment in
this category congsisted of separate runs on each of five
different sewage sludges obtained from distinctly different
sewage treatment piants, in order to ascertain if different
sewage siudges digest at approximately the same electrode
potential ilevels.

Electrode Fotential Levels Attained During Sludge Digestion

AN

fbe 'lrst run was started by combining a mixture of
aboul tw. llters of digested sludge, which had been dormant
for abour three years, and about one and a half liters of
digested sludge, which had been used for some preliminary
observaiions. To this was added 700 ml. of raw sludge. The
materis! was placed in the digester and the entire unit held
in a water bath at a temperature of 32°C.

In addition tou thls start-up material which gave a

-86-
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ratio of raw to digestéd sludge of 1:6, the digester was
loaded continuously at the rate of 0.1 1b. of v.m. per cu.
ft. per day. The raw sludge used during this experiment
averaged 3.13 percent solids, of which 72.8 percent were
volatlle. After start-up, the liquid capaeity of she
digester was maintained at 4 1/2 liters resulting in an
average detention time of 14.2 days. 1In order %0 note

the effect of temperature change, after seven days of
operation the temperature was elevated to 35°C.

This experiment lasted 16 days and the results
obtained are plotted in Fig. 12. Most of the parameters
measured have been plotted on the same curve so that
relationships between them may be viewed collectively.

The digesters were started in the evening and by
morning the electrodes had come into equilibrium and a
sample was withdrawn for a chemical analysis. This point
in time 1s designated as zero days in Fig. 12.

It can be observed that definite trends began to take
form immediately after start-up. Electrode potentials after
one days operation had increased from Ec = -520 mv. to
Ee = -511 mv. It should be noted at this time that whenever
reference 1s made to electrode potentials, 1t will be with
reference to the calomel electrode. Any exceptions to this
will be clearly stated. The Ees value may be corrected to
Eh in the manner previously explained.

The initial increase in the potential was accompanied
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by an increase in both volatile acid concentration and gas
rate, probabiy indicating that there was activity of the
acid formers. The pH of the digesting mass began to fall
off after the second day of operation, and by this time
the electrode potential had increased to -499 mv. and the
volatile acid concentration had risen to about 1200 mg/1.

This trend in monitoring parameters continued until the
fourth day of operation when volatile acids and electrode
potentials both reached a maximum value; the potential now
being -487 mv. At this time the pH had also attained its
lowest point of 6 7 whiie the alkalinity remained fairly
constant and the gas rate continued to increase slowly.

At this time the percernt CO» 1in the sludge gas was found
to be 34 percent.-

After this period, volatiie acid concentrations began
to decrease as did eieztrcde potentials. It can be noted
that at this time, the pH begarn to increase and gas produc-
tion rose to higher lievels, refilecting the increased
gasification of the voiati.e acids which had accumulated up
to that time. These factors a1l indicated that the digester
appeared headed toward normal digestion. It was at this
time that the temperature was increased to 359C to see if
any change would result.,

The resuit of the temperature change seemed to affect
all measured parameters very slightly. The single exception

was the potentlal, which took a quick dip followed by a
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slight recovery. After the initial variation, the potential
decreased sharply, finally reaching a value of -550 mv.
Following this decline the potential increased and finally
leveled off near -525 mv. A short spurt in the gas

production appeared immediately after the temperature change
but it too leveled off rapidly. The changes 1in gas production
seem to indicate an increase of metabolic activity which
quickly returned to former levels soon after the flora
adjusted to the new environment.

Solids reduction throughout this run averaged about
5k percent. The content of volatile solids in the digester
increased up to the point where the volatile acigd concen-
tration was at its maximum. From this point on the percentage
of volatile solids remained fairiy constant indicating complete
conversion to gas. The fact that the digester was continu-
ally mixed would allow such an equilibrium to take place.

It was stated previously that the electrode potential
values plotted were those taken immediately preceding the
morning feed. The reason for this consistency is that the
potential value increases almost instantly after loading
of the digester, reaches a maximum. and subsequently returns
to its prefeed level. Morgan (80) has reported that gas
production and volatile acids concentration follow a some-
what similar pattern. Figure 13 shows the similar trends
exhibited by electrode potentials and gas rate. It should

be mentioned that the data plotted in Fig., 13 result in a
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rather smooth curve. Most of the observations made would
not allow such uniformity. However, the trend after every
feed was similar to those shown.

The loading rate determines the magnitude of the changes
in electrode potentials, gas rate, and presumably volatile
acid concentrations. A loading rate of 0.1 1b. of V.m. per
cu. ft. per day resulted in the data shown in Fig. 13.
Lesser lcading rates showed much smaller variations. Such
fluctuations have been recorded repeatedly.

The aforementioned trends give a sound basis to the
recommendation proposed by investigators of high rate
digestion namely, that loadings should be as continuous as
possible. Such a practice would tend to minimize
environmental variations.

The observations made during this experiment showed a
definite correlation between the concentration of volatile
acids and corresponding electrode potential values. This in
itself 1s a positive indication that electrode potential
measurements can be of significant value in the monitoring
of an anaerobic sludge digestion process.

Parallel Operation of Three Digesters

The second experiment had a twofold purpose. The
primary objective was to determine if three identical digesters
could be operated in parallel with relatively comparable
results. It was felt that such an experiment was essential

inasmueh as future runs would be carried out with each digester
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operating under different conditions. If similar data could
be obtained here, future results could be compared on the
basis of imposed conditions.

As a second obJective it was desired to obtain additional
data regarding the electrode potential values developed during
normal digestion. This information would amplify the con-
clusions drawn from the precedlng experiment.

The procedure used in the start-up was similar to that
used previously. Digested sludge over and above that necessary
to complete the chemical analyses on the previous run was
saved, and was used as the seeding material. In addition,
one liter of fresh raw sludge was added to each digester
before beginning the normal feeding‘schedule. The loading
rate malntained throughout this run was 0.1 1b. of v.m. per
cu. ft. per day. The raw sludge used averaged 3.28 percent
solids of which 76.6 percent were volatile.

As 1in the previous experiment, data taking was begun on
the morning following the day the digesters were put in
operation.

Observations taken after the electrodes gave stable
readings indicated that different potentials existed in
each digester. The values for digesters A, B and C were,
respectively, -485 mv., -464 mv. and -496 mv. Since the
process had Just begun the electrode potentials were changing
rapldly. Further experiences have Indicated that when rapid

changes are taking place, agreement between electrodes is
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not as good as under more stable conditions. Figure 14 shows
that all three digesters were proceding toward more reduced
condltions as indicated by decreasing potentials,

The decrease 1in potentials continued for 10 days after
whiech time they began to level off in the range of about
-525 mv. For example, on the fifteenth day the electrode
potentials in digesters A, B and C were, respectively, -523,
~-528 and -520 mv., while on the twentieth day the potentials
were -523, -527 and -530 mv. The data have shown that once
"equilibrium" is attained, the electrode potentials of a
digesting sludge are consistent and reproducible.

The concentrations of volatile acids in the digesters
were rather high at the outset, as much as 1550 mg/1 in
digester B. Volatile acids remained at high levels for a
considerable length of time until the methane producers
became active and were able to reduce them to normal levels.
It should be noted that the decrease in volatile acids
occurred after the potential had become more or less stable,
particularly in digesters A and B. After decreasing to
normal chcentrations, the volatile acids remained more or
less constant throughout the remainder of the experiment,
ranging between 200 and 400 mg/1.

The small increase in volatile acids at the start of
the experiment was probably due to the fact that the acid
forming organisms were active while the methane forming

organisms had not yet developed in sufficient numbers to
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b;eak down the acids as they were formed. An active methane
culture will actually convert to gas more acids than are
formed under normal loading conditions. This fact is
probably an essential consideration in high rate digestion.

The explanation of why digesters A and B requiréd
more time to come into equilibrium than did digester C can
be traced to the type of seed material used. It will be
recalled that the digested sludge which was used as the
starting material was obtained through accumulation from the
preceding experiment. It was found that the sludge used to
start digesters A and B was from three to six weeks o014
while that used for digester C was only a few days out of
the digester. This meant that the sludge used to start
digesters A and B was older and less active, and required
more time to develop a strong culture. Thils phenomenon 1is
indicated in each of the monitoring parameters shown in
Fig. 14 and Fig. 15.

Gas rates produced are shown in Flg. 15. Digester C
during the first day of operation was producing gas at the
rate of 160 cc. per hr., which was about three fourths of
the average rate. By the fourth day, 1t was producing an
average amount of gas which, for this loading amounted to
about 210 ce. per hr. After this time, gas production in
digester C exceeded the average rate for a few days and
then decreased again to the average where it remained

during the remainder of the experiment.
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Digesters A and B, on the other hand, were slow to
show an increased gas production and did not attain an
average rate until after the tenth day. However, gas
production in these two dlgesters continued to increase
after this time with digester B producing as much as 327
ce. per hr. during the fifteenth day. The gas produced
over and above that which was expected at this loading
rate was produced at the expense of volatlle aeclds, which
decreased sharply at this time. After the excess volatile
acids were gasified, the gas rate returned to the average
rate. Thils had occurred by the nineteenth day, after which
time ‘digesters A, B and C all produced similar amounts of
gas (about 210 cec. per hr.) throughout the remainder of the
experiment.

Taking into consideration the loading rate of 0.1 1lb.
of v.m. per cu. ft. per day, the average gas production
amounted to about 8.4 cu. ft. per pound of volatile matter
added. On the basis that the average contribution of solids
per caplta per day is about 0.2 1b., the gas produced may
also be expressed in terms of cu. ft. per capita. Assuming
the average volatile matter throughout the run was 76.6
percent, the calculated value was 1.16 cu., ft. per capita.
Both of these figures are quite similar to actual values of
these parameters as reported in municipal practice.

The pH values followed a pattern which was expected.

Initially the pH in digester C was 6.9 which is within the
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usual normal digestion range. Shortly afterward, it increased
to a point slightly above neutrality and thereafter remained on
the alkaline side until the experiment had been completed.
This result indicated that at no time was digester C ever
in danger of becoming sour. Digesters A and B had a much
lower pH at the outset, particularly digester B which
exhibited a pH of 6.55 on the second day of operation. Had this
low trend continued, the system would undoubtably have gone
acid in a comparatively short time. However, after the second
day both digesters A and B began an upward trend until they too
were operating at a pH just above neutrality.

The immediate downward trend of electrode potentials
could have been taken as support for the prediection that
operation of the digesters would not deteriorate. On the
other hand, such a prediction could not have been made on
the basis of volatile acid concentrations, whieh in the
case of digester B increased until the third day before
beginning to decline.

Changes in alkalinity in this experiment were not of
any great magnitude. The alkalinity of digesters A and B
was lower than that of digester C during the early part of
the run but all digesters contained approximately the same
amount of buffering capacity after conditions became
stabillized.

This experiment strengthened the belief that electrode
potentials can definitely be correlated with the normal
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parameters currently used as indicators of the proecess.
Conecurrent measurements have shown that definite trends in
gas production, volatile acids and pH take place at the
same time, or following changes in the potential.

Bleetrode potential values developed in all three
digesters under average dlgestion conditions ranged between
-520 and -530 mv. For this reason, when the term "normal
potentigl" is uéed hereafter, it may be assumed that reference

is being made to electrode potentials 1in this range.

Potedtials of Different Sludges During Digestion
Observations up to this point had been made on Ann Arbor
sludge only. It was felt that 1in order to make some statements
about potentials developed during sludge digestion, a broader
area should be investigated. All too often, limited investi-
gations are made and broad generalized statements, which may
or may not be true, have been made. Tt was with these
thoughts in mind that the following experiment was designed,
The complete experiment consisted of the separate digestion
of five different sludges. These sludges were especlally
selected so that electrode potentials epuld be observed during
the digestion of sludge from sewage plants practicing different
types of treatment. The Sources were also seleeted in such
a way that the effeect of industrial wastes could be included.
The study was carried out using sludge obtained from the
treatment plants at Ann Arbor, Detroit, Saline, Ypsilanti

and Chelsea. In the discussion to follow, statements made
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regarding the type of treatment and sewage flows handled have
been extracted from the 1957 Inventory of Municipal and
Industrial Waste Facilities (130) published by the
U. S. Public Health Service,

In order to maintain similarity all five runs were
carried out using identical procedures. The loading rate
during these studies was established at 0.075 1b. of
volatile matter per eu. ft. per day. Detention times were
different inasmuch as all the sludges did not have the same
concentration of solids, and no attempt was made to control
this factor. The digesting volume maintained throughout
this test was 6 liters and the procedures followed were
those explained previously.

Sludge from the Ann Arbor Sewage Treatment Plant was
the first one of the five sludges to be studied. Since sludge
from this plant was used consistently throughout the experimental
work, 1t was felt that a portion of the data obtained elsewhere
could be reproduced here to be used in comparison with data
from the digestion of the other sludges. Figure 16 shows the
electrode potentials along with the normal digestion parameters.
Ann Arbor Sludge

The Ann Arbor Plant utilizes secondary treatment in the
form of activated sludge with diffused air aeration. Primary
and secondary mixed sludge is digested in heated tanks with
a floating cover. Processed sludge 1s either air dried on

open beds or vacuum filtered. The dewatered sludge can be
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dried or incinerated. As of 1957 the estimated population
served was 80,000 and the average daily flow was 9 M.G.D,
(130). Presently the flow handled is gloser to 12 M.G.D,

The curves plotted in Fig. 16 are for a twelve day run.
The concentration of solids in the raw sludge was 3.3 percent,
7%.2 percent of which were volatile, glving an average
detention time of about 24 days.

Electrode potentials averaged -52% mv. and were very
consistent throughout this period. The other parameters
were also relatively constant indicating that good digestion
was taking place. Volatile acid concentrations were about
400 mg/1, pH remained slightly above neutrality at 7.1 and
the alkalinity after building up to 2800 mg/l1 increased only
slightly thereafter. Gas was produced at the rate of about
155 ecc./hr. (8.25 cu. ft. per pound of v.m. added). The gas
contained 32 percent carbon dioxide.
oaline Sludge

The second sludge to be studied was obtained from the
Saline Sewage Treatment Plant. The Saline Plant served an
estimated 1530 people with an average flow of 0.2 M.G.D. as
of 1957. Secondary treatment is obtained using a trickling
filter with a rotary distributor. Digestion of mixed sludges
is carried out in a heated tank with a floating cover and
sludge is dried on open beds.

The study made on Saline sludge would point up any
difference which might exist in electrode potentials during
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the digestion of sludge from a trickling filter plant and
an activated sludge plant. There was a material difference
in the concentration of solids as compared with the sludge
from the Ann Arbor Plant. The solids in the Saline sludge
averaged 6.1 percent, 77 percent of which were volatile.
This sollids concentration gave an average detention time of
about 43 days in the experimental digestion unit.

The results of this run are shown in Fig. 17, and indicate
a very good comparison of electrode potentials. The average
potential during digestion was found to be -528 mv., as
compared with -524 for Ann Arbor sludge. It should be noted
that at the outset the potential was -510 mv., which refleets
the fact that if a digesting mass is exposed to the atmosphere,
if only during transfer, the electrode potential will increase
in&icating the sensitivity of the potential to OXygen.
However, the electrode potentials decreased after the first
days operation, probably due to the effectiveness of the
flora in regaining reducing conditions.

Volatile aclds 1n the digesting mass averaged about
350 mg/1, while the alkalinity followed its usual pattern
of increasing slightly with time of operation. The amount
of gas produced was about 10 cu. ft. per 1lb. of vem. added
at an average rate of about 187 cec. per hr. and having a
carbon dioxide concentration of 36 percent. The average pH
during digestion was found to be 7.0 and volatile solids

were reduced by about 53 percent.
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bPetroit Sludge

The next contrasting sludge to be studied was that of
the eity of Detroit. 1In this case the sewage plant served
a mach larger city having an estimated population of 2,252,000
as of 1957, but the process consists only of primary treatment.
In addition 1t may be said that Detroit sewage contains g
considerable amount of Industrial waste which might conceivably
have some effeet on the electrode potentiamls developed.
Detroit practices incomplete digestion carrying the process
only to the point where the gas produced satisfies the plant
heating requirements.

Digesters are heated, with floating covers and the
sludge is vacuum dried and Incinerated.

The raw sludge fed to the digester contained 5.75
percent solids. The volatile matter was quite low being
only 60 percent of the total. The sludge before feeding
had a distinctive 0ily odor, probably due to the effect of
industrial wastes.

The observations during this digestion are shown in
Fig. 18. The same general trends in electrode potentials
may be seen. The average potential value of -521 mv, was
slightly less than in the sludges previously studied, but
still within the average range of potentials discussed
éarlier. With regard to electrode potentials, it must be
said that the daily variation in potentials in the Detroit

sludge was larger than the two sludges previously studied.
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This larger variation also occurred in the Ypsilantil sludge
which was the next one to be studied. Since both the

Detroit and Ypsilanti sludges contain a considerable amount
of industrial waste, it may be logiecal to say that the larger
vartations observed may be due to the effeets of industrial
waste on electrode potential values.

The dally variation in volatile acids at the outset of
the test was large but leveled off to about 340 mg/1, during
the last five days of the run. It is interesting to note
that the gas produced during the first day of operation was
230 cc. per hour. The production, however, dropped~immediately
and averaged 185 cc. per hr. for the remainder of the experiment.
This high rate of gas production during the first day was
attributed to the fact that Detroit practices incomplete
digestion. The carbon dioxide concentration of the gas
produced was 38 percent, which seems to conflict with the
view of Miller and Barron (73) who state that trouble is
impending when the carbon dioxide content of the gas builds
up to 36 to 37 percent. It appears more consistent with the
view that the amount of carbon dioxide in a sludge gas 1is
a function of the type of substrate (17).

The pH of the digesting material averaged 7.05 while
the alkalinity held relatively constant at slightly less
than 2700 mg/1.

Ypsilantl Sludge
Ypsilantl serving a population of 18,300 with a sewage
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flow of 1,5 M.G.D. has primary treatment only. Sludge is
digested 1in a heated digester having a fixed roof and the
dtgested sludge 1s dried on glass enclosed beds. Ypsilanti
sludge was chosen for this study because 1t is similar in
nature to Detroit sludge, that 1is, it is a sludge resulting
from primary treatment and 1t does contain a considerable
amount of industrial waste although serving a much smaller
population.

The raw sludge charged to the digester hagd the same
distinctive olly odor as did the Detroit sludge. The sludge
was quite thick and had a solids content of 8.75 percent.

The volatile solids portion comprised 60.5 percent of the
total. Due to the heavy concentration of solids, the
detentlion time of 42 days was quite long.

The data observed during the digestion of Ypsilanti
sludge are shown in Fig. 19. At first glance, it may be
concluded that the data are not indicative of good digestion,
probably due to a slow start-up of the digester. Neverthe-
less, essential conclusions may be drawn from the curves.

As in all previous studies, the electrode potentials
developed during normal digestion are within a limited range.
The potential during the normal digestion of Ypsilanti sludge
was found to be -521 mv. This slow rate of digestion is
indicated by the gradual decline in the potential as
contrasted with previous experiments.

The daily analysis for the conecentration of volatile
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acids also reflected the retarded start-up but after
equilibrium began to be established, they had decreased

to slightly over 400 mg/l1. The pH also remained below
neutrality until after the seventh day of operation after
which time it averaged 7.02. Alkalinity was quite low and
did not increase until the electrode potential and volatile
aclds dropped to average values.,

Gas production was extremely low at the beginning and
built up to produce an amount of gas that greatly exceedeg
what would normally be expected. Thisg fact was probably due
to the excess organic material which had accumulated in the
digester. The gas rate subsequently decreased to 162 cec.
per hr. which might be expected to be its normal rate. The
carbon dioxide content of the gas decreased steadily from
38 to 36 percent.

Chelsea Sludge

The final run was made on Chelsea sludge. The Chelsea
plant served a population of 2580 ard had an average flow
of 0.2 M.G.D. as of 1957 (130). It is a secondary treatment
Plant of the activated sludge type with diffused air aeration.
Sludge 1s digested in a heated tank with a floating cover
and the digested sludge is dried on open sand beds.

The raw sludge contained 3.40 percent solids, 70.5
percent of which were volatile, providing an average
detention time 19.3 days.

Electrode potentials and normal digestion parameters
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for the digestion of Chelsea sludge are shown in Fig. 20.
The average electrode potential may be seen to be =522 mv,.
This result 1s in agreement with the sludges studied
previously. The volatile acids concentrations averaged close
to 500 mg/1 and the pH held steady at about 7.05. Gas
production during this run was somewhat lower, amounting
to about 7.5 cu. ft. per 1b. of v.m. added at a rate of about
140 cec. per hour. The carbon dioxide content of the gas
produced was 35 percent.

The five sludges studied represented primary treatment
only, activated sludge treatment and trickling filtration,
and were obtained from various sized cities. Some of the
sludges were essentially from domestic sewage while others
contained considerable amounts of industrial wastes. It
was felt that any differences in electrode potentials
during sludge digestion would appear with this selected cross
sectipn of sludges.

The agreement between potentials during the digestion
of these sludges was extremely good ranging from -521 to
-528 mv. This fact would tend to support a statement that
all sludges digest within a definite potential range of
between -520 and -530 mv,

Table VII shows a compilation of the data obtained in
the study of the aforementioned five sludges. It 1is felt
that such a table will provide an adequate appraisal of
the study.

The initial phase of this research was designed
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primarily to determine whether or not electrode potentlals
can adequately describe ‘trends in the digestion process and
thus be accepted as an additional mohitoring parameter
along with those presently used.

The observatibns showed that electrode potentials
always fell in a restricted range, even though monitoring
the aigestion of sludges of different character. It was
further observed that changes in the potential usually
accompanied or preceded other changes in the process. When
potentials decreased to the normal level optimum digestion
was beginning to be established.

Electrode potentials were found to be more sensitive
to changes in the process than many of the existing monitoring
parameters. Any deviation from the normal digestion process
is almost immediately reflected by a change in the electrode
potential whereas many of the presently used monitoring
parameters are slow in indicating changes in the process.

Future portions of this research will deal with the
control of potentials during digestion and noting the

effects on the operation of the process.



POTENTIAL CONTROL IN SLUDGE DIGESTION

The major portion of the second section of the research
was aimed at observing the results obtained from electrolyti-
cally controlling the potential rather than permitting normal
digestion to occur. To achieve this aim three separate
experiments were carried out. In the first experiment the
potential within the digester was increased, held cpnstant
and then decreased; primarily to note how accurate a control
was maintained and what changes took place within the unit.
The sgcond run sought more specifiec information; therefore,
the potentials in each of three digesters were increased to
different levels and held constant while changes in the
normal digestion parameters were observed. The third
experiment was designed to rule out any passibility of
irregularities that might appear during electrolytic control
as opposed to normal deterioration of the process from
overloading. It was felt that the results from this second
portion of the research would give a fundamental basis for
future, more precise studies on the effect of controlled
potentials during sludge digestion.

Preliminary Potential Control Studies

Only one digester was used during the first experiment.
Start-up was initlated by filling the digester with freshly
digested sludge from the Ann Arbor Plant. The digester was

fed twice dally commencing the following morning and

-116-



-117-

continuing throughout the run, at the rate of 0.075 1lb. of v.m.
per cu. ft. per day. The average detention time was about
24 days.

The digester was allowed to operate without control for
five days until it appeared that equilibrium conditions had
beén established. This portion of the curves shown in Figs. 21
and 22 1is labled normal operation. The electrolytic control
was then turned on allowing a current passage of 40 ma.
through the circuit. As mentioned previously, fluctuations
in the resistance of the circult required changes in the
control mechanism so that no one current can be reported.
Sometimes hourly changes in the applied voltage were
necessary.

As may be seen from Figs. 21 and 22 the potential of
the digester was increased to -460 mv. in two days. Inas-
mich as the potential and pH are related, a drop in pH
from 7.1 to 6.6 occurred during this period. The rapid
increase in potential had obviously affected the methane
producers for the volatile acids concentration inereased
rapidly, accompanied by a sharp decrease in the rate at
which gas was produced. On the other hand, it appeared
that the alkalinity was not affected.

Since the rapid increase in potential had created
drastic changes, it was thought that maintaining the
potential at this increased level might provide additional

valuable information. What followed in the next five days
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showed, without doubt, that the potential could be accurately
controlled by the electrolytic method described in detail
during the discussion of the experimental apparatus.
Throughout this time the potential averaged -458 mv.,
attaining a high of -454 and a low of -L462 mv.

During the time the potential was held constant at this
increased level, volatile acid concentration and gas rate
appeared to remain constant while slight decreases were
observed in the pH and alkalinity. At first glance it
might appear as though a second equilibrium might have been
established at this Increased level of potential. However,
later studies have pointed up the fact that deterioration
1s a function of time.

After determining that the electrolytic control mechanism
was capable of holding the potential at a given level, the
potential was further increased at a slower rate until the
electrodes showed that the digester was operating aﬁ a
potential of -240 mv. which is equivalent to Ey = + 5 mv.
Throughout this period of time, which amounted to 13 days,
the normal monitoring parameters showed a progressively
deteriorating process. The deterioration continued until
on the twenty fifth day of operation gas production ceased
entirely. Just before gas production stopped gas analysis
indicated a carbon dioxide content of 58.5 percent. Volatile
acids had accumulated to 2400 mg/l and the alkalinity dropped
sharply to 800 mg/l. The fact that the digester had gone
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actd was clearly indicated by a pH of 4.6. A 50 percent
inecrease in the volatile matter content of the digester
occurred during this thirteen day period. It may be said
that the digester at this time was dead.

In order to gain further information, the direction of
the current in the control mechanism was reversed and the
potential was decreased. Within four days the potential
had been reduced to -520 mv. and accompanying this decline
was a sharp increase both in pH and alkalinity, these
parameters reaching values of 7.2 and 2800 mg/l respectively.
No gas was being produced and the concentration of volatile
acids held constant at 2400 mg/l, indicating that possibly
even the acid formers were inactive.

At this point the electrolytic control was shut off.

A favorable environment had been reestablished except that
the volatile acid concentration was hlgh. Immediately

after the control was shut off the volatile acids increased,
posgibly indicating that the acld formers were becoming
active. However, 1f the aclid formers were active a certailn
amount of gas should have been produced. One explanation
might be that since the gas produced would have been carbon
dioxide 1t might have gone into the production of alkalinity
whieh had also increased.

A small amount of seed material, amounting to about
two percent of the digester capacity, was introduced on the
thirty first day of operation in the hope that some activity

would be created. The day after thils seed was added a
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two-day spurt of gas production was noticed., It may be

deduced that this short spurt of gas production was due to the
methane formers which entered the digester with the seed, but
were inhibited soon after by the high concentration of volatile
acids. The high acid concentration could also have been con-
sidered instrumental in driving the electrode potential up

and the pH down during this period when control was not
practiced. The electrode potential increased to -466 mv.

while the pH dropped to 6.3,

The potential control was again actuated for the purpose
of reducing the potential to the normal range and keeping it
there. Two days were required for the decrease and the potential
level was maintained for a period of elght days. As usual with
the decrease in potential the pH rose to 7.5 and the alkalin—
i1ty built up to about 4400 mg/1. However, it again appeared
that conditions were ideal for the acid forming bacteria as
reflected by the further increase in volatile acids up to
3200 mg/1 and subsequently as high as 4000 mg/1l, while gas
production was still zero. It appears that one consequence
of attempting to recover a '"stuck" digester is that the acid
forming bacteria recover and reproduce much faster than the
methane producing bacteria. The result being that the first
step in recovery is a buildup of volatile acids which then
exerts an inhibiting effect on the methane producers.

On the fortieth day of operation a second seed was

introduced into the digester. This resulted in a temporary
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decrease in volatlile acids and the bProduction of a small
amount of gas. The effect was short lived again and,
inagmueeh ‘as the primary aim of the experiment had been
achleved, observations were discontinued.

The results obtalned from this experiment showed that
th% potential of an anaerobic digester may not only be
increased and decreased at a desired rate, but may also be
maintained for short periods of time. Nothing was observed
that might indicate that the potential could not be held
constant for much longer periods of time. The results also
indicated that when the eleectrode potential within the
digester does not fall within a certain limited range, deteriora-
tion of the digestion process as we know it can be expected to
follow.

The information gained in the preceding run enabled
the design of the following, more specific experiment on
the control of potentials in a digester.

Studies of the Effect of Poised Potentials on Siudge Digestion

In this experiment the plan was to use four digesters
represented as A, B, C and D. Digester D was to be used as
the control while the potentials in digesters A, B and C
were to be poised at predetermined levels for a period of
ten days, after which the potentials were to be reduced
back to normal. From the information gained in the preced-
ing experiment it was felt that polsing the potential would

cause one or more of the digesters to deteriorate. By
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reducing the potentials back to their normal value possibly
the digesters could be made to recover. The potentials in
digesters A, B and C were to be poised at -430, -460 and
-490 mv. respectively.

A1l digesters were loaded at the rate of 0.075 1b. of
vem. per cu. ft. per day. The average solids concentration
of the sludge was 3.26 percent, 74.3 percent being volatile.
This gave an average detention time of 20.1 days. The
digesters were permitted to operate uncontrolled for five
days before any data were plotted. Two days later potential
control was begun. The results obtained from this experiment
are depicted graphically in Figs. 23 and 2L.

From the curves, it may be sgen that five days were
required to railse the potentials to their predetermined
operating levels. During this time of potential adjustment
changes were taking place in the other parameters of digestion,.
The rapid increase of 60 mv. in the potential of digester A
had a severe effect on all parameters. An immediate
decrease in the rate of gas production and increase in the
volatile acids is noticeable. Only slight changes occurred
in digesters B and C.

After the seventh day of operation when the potentials
had been poised at their predetermined levels, both digesters
A and B seemed to be in trouble, while digester C which was
only raised to -490 mv. appeared to be operating only

slightly off normal, as defined by the various other



TBIIUS3Od 345 JO JSULsSiod OT5.Tud40 sTx SUTIne
Hd pue spioy o1Ijelus ‘STBI;US,.d PROIYO8 Ty L2 tatd

SAVA NI 3WiL

_125...

; o6t —
. !
@ ¥31S3910 o—o \\ e " \
O MILSING o —-o o i N o | g, et / 094 —
8 ¥ILSING oo  IINNINOOSK _/./...xx..e.fo...o.fv..\ o |/
V §31S3010 o——o \ | A A
— TN T = - ovp—
T~ o all N ’
S - O .l..\

Tl ote, o]02¥—

TOMLINOD J1LAT0819313

r———— s

008

-

009!

-
@ o O e 4 D & e e & OIOLY'II.QI’O‘,'IA

— ; e i S oove
B e R S _

Rt Sl et N R 00z¢

T v
® —
0|’0l010’¢l4 .

~

||m||n

(170w )
SQIdV  3TLVI0A

Hd



-126-

parameters recorded. Digesters A and B were operating with
volatile acids in excess of 800 mg/1l and at a gas production
of abouwt half the normal amount. Sludge gas snalyses showed
the earbon dioxide content of digesters A and B to be 59 percent
and 53 percent, respectively, while that of digester C was
only 36 percent. The control digester at this time showed
a carbon dioxide content of 31 percent. Changes in pH and
alkalinity followed the expected pattern.

The potentials were successfully poised throughout the
ten day period as may be seen in Figs. 23 and 24, The
average potentials for digesters A, B and C were found to
be -431, -458 and -490 mv.,, respectively, while the control
developed an average potential of -523 mv.

The deterioration of digesters A and B continued
throughout the 10 day poising period until at the end of
the control period digester A had accumulated volatile acids
ta the extent of 2300 mg/1 while dlgester B showed 2000 mg/l.
It is interesting to note that digeéter C began to deteriorate
on the twelfth day of operation, if we consider that a continuous
increase ir the volatile acids concentration indicates the
onset of deterioration. On the seventeenth day, which was
the end of the control period, chemical analyses showed
that the concentration of volatile acids in digester C had
increased to 1000 mg/l, while that of digester D, the
control, remained at approximately 400 mg/1.

The definite relationship between gas production and
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volatile acids concentration is clearly indicated by the

drcp in the gas rate on exactly the same day that volatile
aclds Increased. The gas production also continued on a
downward trend, diminishing to about 1/5 the normal rate

for digester A and about 1/4 that amount for B. The carbon
dioxide content also showed further increases, the gas analyses
taken on the sixteenth day éhowing percentages in digesters

A, B, C and D of 70, 50, 40 and 31 percent respectively.

The pH In all of the digesters except the control also
de¢lined during the period of polsed potentials, digester A
recording a low of 5.9 and digester B dropping to 6.15. It
may also be observed that digester C after having maintained
a constant pH for about ten days dropped sharply on the
fourteenth day, about two days after the volatile acids
started to increase. Digester D maintained a pH of about
7.15 throughout.

According to the predetermined plan the potentials in
all digesters were returned to the normal level. At the
same time feeding was also discontinued.

The only change appearing in digester D was the
typical reduction in gas rate which takes place whenever
feeding is discontinued. This pPhenomenon 1s shown in
Fig. 24,

Inasmuch as digester C had not reached a critiecal
level, it recovered fairly rapidly. Volatile acids decreased
to a normal operating level in just six days. Alkalinity

and pH returned to slightly higher levels than would
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normally be expected durling optimum, uncontrolled digestion.
The higher pH (7.5) may have shifted the carbon dioxide
equilibrium enough to drop the percentage of carbon dioxide
in the sludge gas to 19 percent. Gas production continued
at & moderate rate, even though feeding was dlscontinued,
indicating that the loss in volatile acids could be
attributed to its conversion to gas. This becomes more
apparent when 1t 1s noticed that the production of gas
decreased sharply as the volatile acids concentration was
approaching i1ts normal level.

Digesters A and B did not recover under the conditions
imposed. After the control was shut off the large amount
of volatile acids was sufficient to drive the potentials to
higher levels and to cause decreases in PH in both digesters.

The results from the preceding experiment indicate
that favorable electrode potentials are necessary for the
proliferation of the miercorganisms responsible for the
stabillzation of sewage sludge, and that the extent of
deviatlion from the desirable potential is a measure of the
rapldity at which deterioration will take place. With these
facts established future experiments were designed.

In order to determine whether or not the electrolytie
potential control method was giving results similar to
those that might be obtained during the practice of sludge
digestion, the following experiment was designed and

executed.
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Potentts} Changes Induced by Overloading a Digester

Before continuing further work on the study of the
control of electrode potentials during digestion, it was
felt necessary to compare the results of digestion during
electrolytic control and during overloading. Such a
comparison would eliminate any thoughts that conditions
induced through electrolytic control are gquite different
than those produced by overloading a digester with large
quantities of organic matter. Thus the following experiment
was designed to produce adverse digestion by overloading.

Higher rates of organic loading were used in digesters
A, B and C, while digester D was again used as the control.
To make conditions more extreme, the sludge used for feeding
was not concentrated, resulting in overloading at decreased
detention times. Digesters A, B, C and D were loaded at
rates of 0,300, 0.225, 0.150 and 0.075 1b. of v.m. per cu.
ft. per day, with a sludge that averaged 3.27 percent solids
of whieh 79.4% percent were volatile. This loading resulted
in detention times of 5.7, 8.6, 1l.4 and 22 days for A, B,

C and D respectively. Since previous investigators recom-
mended an eight day minimum for detention time it was felt
that digester A surely wodld deteriorate rapidly. In
addition, the results from digesters B and C might supply
additional information of digestion at increased solids
loading. The increased loading rates were begun on the

second day of operation after the digesters had come into



-131-

equilibrium. The results of this experiment are shown in
Figs. 25 and 26. Eleetrode potentials recorded throughout
the run are plotted with pH and volatile aeids in Fig. 25
and with gas rate and alkalinity in Fig. 26.

The control digester contlnued to operate at normal
conditions throughout the run and needs no further discussion.
The data obtained from the cpntrol are plotted in Figs. 25
and 26 and may be used for comparison.

Digester C, loaded at twice the rate of the control
showed no tendency to deteriorate whatsoever. The
electrode potentials remained relatively constant with a
high of only -520 mv. and a low of -525 mv. During the 29
days of operation under increased loadings, the electrode
potentials in digester C were on the average about 4 mv.
higher than the average potentials in the control. The
other parameters also showed similar trends. The PH was
only one half unit less than the control and the alkalini:y
was constant at a slightly lower level. Volatile acids in
digester C were lower than those recorded in the control
although this difference was not large enough to be
conslidered significant. Gas production throughout the
period of increased loading showed a rate of about 285 cc.
per hr. as compared with the control which averaged about
150 cc. per hr. Thus, with a loading rate of twice that of
the control, digester C was producing abbut 190 percent as

much gas as digester D, indicating a very efficient process
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at this increased loading rate. It is to be noticed that
when loading was reduced to equal that of the control, gas
production immediately fell off, and shortly thereafter

the gas rate was similar to that established in the control.
The carbon dioxide content of digester C increased only

2 percent throughout this period.

Conditions 1in digester B, loaded at a rate three times
that of the control, were not as 1ideal. The average
potential during the period of increased loadings was about
-512 mv. The pH of the digester was about 7.0 while the
alkalinity averaged about 2700 mg/l1 or 500 mg/l below that
of the control. The concentration of volatile acids averaged
about 150 mg/1 higher than that of the control, but
at no time did they exceed 700 mg/l which is far from being
critical. The shorter detention time is reflected in the
reduced gas rate. The gas produced amounted to about 214
percent of that from the control digester. Although the
loading rate was three times the load applied to the
control, digester B cauld not be expected to produce three
times as much gas, primarily because of the lost contact
time. Gas composition changed but slightly, showing a
carbon dioxide content of 35 percent.

The result of loading digester A with four times that
of the control was immediately apparent. The electrode
potential increased rapidly and leveled off at about -496 mv.

The potential remailned at thils level until the eighteenth
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day of operation when the loading was further increased to
0.375 1b. of v.m. per cu. ft. per day. The detention time
was now 4.1 days. After this further increase in loading
the potential increased and continued to increase at a
fairly constant rate reaching a value of -460 mv. on the
twenty fifth day of operation, at which time the potential
was reduced electrolytically.

Changes in volatile acids followed a similar pattern.
Immediately after the loading was increased, the volatile
acids concentration rose first to about 300 mg/l and
further to 1400 mg/l where it remained until the loading
was agaln increased. The acids concentration continually
increased up to 2400 mg/l before electrolytic control was
initiated. The similar trends exhibited by electrode
potentials and volatile acids is clearly shown in Fig. 29.
After the potential was electrolytically reduced, the
volatile acids increased further reaching about 2300 mg/1.
The potential was reduced to see if recovery would take
place but inasmuch as this was not an aim of the experiment
the run was discontinued shortly thereafter.

Gas production in digester A averaged about 335 cc.
per hr. or about 230 percent of digester D, the control.
If the organic matter was converted at the same rate in
each digester, A should have produced about 4 times as much
gas as the control. However, it should be remembered that

the detention time 1n digester A was less than one fourth
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that of the control digester. The carbon dioxide content
of the gas produced increased steadily until the twenty
fourth day when it was 46 percent of the total.

It should be mentioned that on the twenty fifth day
of operation, the feed in digesters B and C was returned
to normal but that of digester A was maintained at the
increased rate. This differentiates between the gas rate
curves, all of which were falling. The drop in gas
production in digesters B and C was due to the return to
normal feeding, whereas the drop in gas production in
digester A was due to a deterioration of the process and
was actually definitely on the decline before this time.

An increase of more than 200 percent In the volatile
matter in digester A indicated a further regression of
biological activity. The volatile matter in digesters
B and C remained relatively constant after a slight initial
build up.

The effect of increased loading on the pH and alkalinity
of digester A may be seen in Figs. 25 and 26, During the
experiment the pH dropped as low as 6.4 and the alkalinity
reached a low of 2250 mg/1.

The above facts indicate that the overloading of a
digester produces results quite similar to those obtained
by electrolytiec control of the potential. This factor
having been established, additional studies on sludge

digestion through electrolytic control of the potential

were possible.



POTENTIAL RANGE REQUIRED FOR DIGESTION

The purpose of thils category of experimental work was
aimed at determining a range of potentials within which
good digestion would normally take place. Such a range is
essential if electrode potentials are to be used for
monitoring sludge digestion. A region of millivolt values
on either side of the most optimum potential level would
be of great value in this respect,

Two separate experiments were carried out to define
this range. The first experiment explored the area of
potential levels above normal and the second investigated
potential levels below normal.

Digestion at Increased Elegctrode Potentials

This experiment was carried out using four digesters,
three at increased potential levels and the fourth as a
control. The potentials of digesters A, B and C were raised
to -475, -495 amd -510 respectively. The potential levels
were to be poised until one of the digesters built up a
volatile acids concentration of 1500 mg/l. Then the
potentials were to be returned to nprmal levels with
recovery noted 1if it occurred.

Throughout the run the digesters were loaded at a rate
of 0.075 1b. of v.m. per cu. ft. per day, with a sludge
solid content averaging 3.79 percent. The volatile solids

averaged 76.8 percent of the total. The average detention

-137-
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time was 24.2 days.

To begin the run, currents of 40, 20 and 10 ma. were
passed through digesters A, B and C respectively. Within
three days the potentials were polsed at the desired level.
The average potential maintained over the 16 day control
period was -476 mv. for digester A, -496 mv. for B and
-510 mv. for C. The potentials in all digesters were then
decreased to the normal level and the controls shut off,
although they were held in readiness if additional control was
thought necessary.

The results of the experiment are shown in Figs. 27
and 28. To present the observed results with clarity, each
digester will be considered separately, except digester D
which was operating under normal canditions and produced
results similar to those obtained in preceding studies.

The observation of digester C throughout the experiment
indicated that the potential at which the digester was poised
caused no serious difficulty. The gas rate and volatil-
acids were similar to those reported in the control digester,
Alkalinity gradually decreased to about 2400 mg/1l and pH
dropped to 7.0 as a result of the change in potential. The
carbon dioxide content of the sludge gas produced increased
to 37 percent as compared to about 32 percent in the cont. .
When the potential was returned to a normal value, both pH
and alkalinity returned to practically the same levels as

before the control was imposed. During this period the
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carbon dioxide -content returned to its original level.

Digester B presented a similar picture. At times,
volatile acids were higher than might normally be expected
and the daily plotted values appeared to be erratic.
Throughout the run a high of 700 mg/l was recorded, although
at this time the concentration of acids in the control also
was high. Immediately after the potential was decreased to
normal, the volatile acids fell off and remained fairly
constant, between 200 and 300 mg/l: At about the same time
as this decrease in vclatile acids was taking place, the
rate of gas production increased above the previous rate,
reaching a high of 180 cc. per hr. for a period of two
days. Aside from this spurt, the gas rate remained rather
constant throughout. During the time the potential was
being poised, the amount of carboen dioxide in the gas
increased to 41 percent. After the potential had been
returned to normal it decreased to 28 percent and then
slowly increased tc 22 percent.

The pH and alkaiinit’ showed trends similar to those
observed in digester C, but slightly more extreme. The pH
decreased to 6.75 and the alkalinity dropped as low as
2000 mg/1 during the control period. The pH returned to
its normal level when the potential was decreased. The
alkalinity increased gharply at first and then more slowly,
reaching its precontrol level toward the end of the run.

Digester A reached a more critical stage. The day
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after the potential had been poised at the desired level,

the acid concentration started to increase at a slow rate

and continued to increase until on the twenty second day

the analysis showed a concentration of 1520 mg/1l. At this

point and according to plan, the potentials in all digesters

were returned to the normal operating range. The volatile acids

increased further until the thirty third day when they began

to decline. The highest concentration that was reached was

1720 mg/1l. It should be noted that the electrode potential

also took a decided upward trend, but did not increase

enough to m:rit reactivating the control m- chanism; however,

the potential did increase to about -512 mv. The decrease

in volatile acids commenced seven days after the potential

had been reduced to the normal level, and it took eight

days before the concentration dropped below 600 mg/1.

This, along with the other parameters, indicated that

recovery had taken place and the experiment was concluded.
By referring to Figs. 27 and 28 it may be seen that

the gas production began to fall off at about the same

time the volatile acids began to increase. The gaé rate

decreased gradually until the nineteenth day when it took

a sharp drop down to 80 cc. per hr., where it stayed until

the twenty fifth day. Then the gas production rate began

to increase until it not only reached the normal value,

but continued to increase until it reached a maximum of

246 cc. per hr., after which time 1t began a downward
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trend toward normal. It should be noted that immediately
after the gas production exceeded that 1in the control
digester, a decrease in the volatile acids was Initiated.

While the potential in digester A was polsed at -476
mv., the carbon dioxide content of the slﬁdge gas 1ncreased
to a high of 61 percent. When the potential was electroly-
tically decreased, the percentage dropped to twenty six
percent and then gradually inereased, so’that at the end of
the run it was 32 percent.

The effect of the potential control on pH may be seen
in Fig. 28. From the time control was begun, the pH
gradually decreased reaching a low of 6.3 on the twentieth
day. As usual, the pH returned to normal immediately
following the electrolytic reduction of the potential in
the digester.

The alkalinity of digester A varied considerably
throughout the experiment. It reflected the poor condition
of the digester by dropping to 1600 mg/1 at one point.
However, when the potential was returned to the normal
range, the buffering capacity increased sharply, and the
alkalinity attained its precontrol level before the digester
began to recover, This wide variation in the alkalinity
may be seen in Fig, 28,

In reviewing the time potential curves, it may be
seen that on the nineteenth day the potential increased

from -473 to -470 mv. This increase in itself was not
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large, but it maintained itself even though the electrolytic
control was shut off. This indicates that the potential
value developed in digester A from the twentieth to the
twenty second day was not maintained by the potential
control mechanism, but rather by the deteriorating process.
A second irregularity in the time potential curve occurred
on the twenty third day of operation. The electrolytic
control mechanism was accidently turned off overnight,
causing the flattened portion of the curve. Neither of
these irregularities affe.ted the results to any
significant degree.

The results of the preceding experiment indicate that
the electrode potential may be an important tool in the
evaluation of the digestion process and that a deviation
from the normal digestion potential causes deterioration of
the process.

Digestion at Reduced Potentials

The preceding experiment, &fining digestion at
increased potentials, and the following experiment, defining
digestion at reduced potentials, were both essential in
attempting to establish an optimum range of potentials
necessary to insure good digestion.

The loading rate for this run was also set at 0.075 1b.
of v.m. per cu. ft. per day. The solids fed averaged 4,15
percent, consisting of 71 percent volatile and 29 percent

fixed solids. Under these conditions the average detention
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time was 25 days.

The potentials were to be polised at similar levels
but in an opposite direction to those 1in the previous
experiment. This meant that the potentials in digesters
A, B and C were to be polsed at -575, -555 and -540 mv.
respectively, with digester D again serving as the control.
Td obtain comparable results, the potentials were to be
poised until one of the digesters, presumably digester A,
developed a volatile acids concentration of 1560 mg/1.

The potentials were then to be returned to normal and any
further developments noted.

After the potentials reached the Predetermined levels,
they were controlled for a period of nine days, averaging
-574%, -553 and -540 mv. for digesters A, B and C respective-
ly. While the potentials were being returned to their normal
level it was found that very little control was needed.

The potentials had a tendency toward returning to normal
without assistance from the control mechanism. In cgintrast
to the preceding experiment, once the potentials hagd
returned to the normal operating range they remained between
-520 and -530 mv, The electrode potentials, as well as the
other digestion parameters, are shown in Figs, 29 and 30.

Digester C showed only slight deviations from the
uncontrolled digestion taking place in the control. There
was no build up in volatile acids and only a slight initial

drop in the gas production rate. Gas production returned
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to a fairly normal value soon after initiation of the experiment
and remained constant during the remainder of the run. The
carbon dioxide content of the gas produced showed a similar
trend, first decreasing to about 24 bercent and then gradually
increasing to about 29 percent.

The pH and alkalinity of digester C reflected the change
in potential more directly. The pH increased to about 7.3
while the alkalinity rose to about 4100 mg/1 during the
control period. After the potential was brought back to
its precontrol level, the pH did not quite return to normal
and the alkalinity remained high, showing that a greater
buffering capacity had been established in the digester.

The observations made on digester B, whose potential
was decreased to -553 Mv., were similar to those obtained
from digester C. The same consistency of a desirable
concentration of volatile acids was recorded. Gas production
fell off slightly more than in digester C and the carbon
dioxide content dropped as low as 19 percent at one point.

The pH in digester B increased to 7.55 and the alkalinity
remained high after the digester potential was returned to
normal.

Digester A, on the other hand, appeared to be in
trouble immediately after its potential was poised at
=575 mv. Volatile acids began to increase on the sixth day
and, except for the analysis on the tenth day, would have

shown a curve somewhat approximating an exponential increase.
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According to the predetermined plan, the potential in all
digesters were returned to normal on the fourteenth day
when the concentration of volatile acids in digester A
reached 1570 mg/l. The acid cancentration, however,
continued to inerease until it reached a high of 1920
mg/l before it began its decrease, which continued until
the end of the experiment.

The gas rate in digester A was also greatly affected.
A gradual drop was recorded up to the eighth day when gas
was being produced at a rate of 112 ce. per hr. The follow-
ing day the gas production rate was only 48 cc. per hr,,
continuing at this rate until the twelfth day, when it
exhibited an increase to 65 cc. per hr. This upward trend
in the rate of gas production continued when the potential
in digester A was increased to its precontrol level. As in
the previous experiment, the gas rate then increased up to
and beyond the normal rate. As soon as the gas rate was
higher than that of the control, the volatile acids in
digester A began to decrease. The gas rate then reached
a peak of 18% cc. per hr. and began a downward trend as the
volétile aclds in the digester fell below 1000 mg/1.
Throughout the electrolytic control period the amount of
carbon dioxide in the sludge gas decreased to as low as
11 percent on the eighth day of operation. It should be noted
that the gas rate also fell off sharply on the eighth day.

The pH and alkalinity in digester A, as in digesters
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B and C, increased during the control period, with the pH
attaining a value of 7.92 while the alkalinity rose to over
5550 mg/1.

The results of the experimental work have been presented
in the preceding sections. An attempt was made to present
the data in three separate sections although complete
differentiation 1s impossible. The first group of experi-
ments dealt with electrode potentials developed during
uncontrolled or normal digestion. The second group of
experiments consisted of preliminary studies using elec-
trolytic control of the potential. It was also aimed at
comparing the results obtained by electrolytically poising
the potential with those obtained from the overloading of
a digester. The third section reported the resulfs obtained
when potentials are poised at levels above and below that
usually developed in uncontrolled digestion.

The data thus presented will enable a thorough discussion
of the use and control of electrode potentials during the

anaerobic digestion of sewage sludge.



DISCUSSION

The results presented in the preceding sections will
be discussed in the same order in which they were observed.
In this way, the subject will be discussed first with
respect to the electrode potential levels developed during
normal digestion, followed by some factors concerning elec-
trolytic potential control and finally the effect of this
control on the digestion process.

It 1s apparent from the observations made during the
experimental work that electrode potentials, when properly
taken and interpreted, can be of great value in evaluating
the progress of sludge digestion. Since the derivation of
the oxidation-reduction potential equation is based on the
assumptions that the reaction is reversible and that thermo-
dynémic equilibrium exists, and since sludge digestion is
a steady state condition producing a product from the
starting material, the term "electrode potential" instead
of "oxidation-reduction potential" has been used through-
out this dissertation. Although oxidation-reduction
potentials have no meaning in sludge digestion, electrode
potentials can provide a certain amount of knowledge regard-
Ing the state of the digestion process. Inasmuch as most
laboratory potential readings are made using the standard
calomel reference electrode, all potential values glven

in this thesis have been referred to the calomel electrode,
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The potential values reported have been obtained with
clean surface platinum and gold electrodes. A proper
potential reading can only be attained with a clean
electrode and as a result all electrodes were cleaned by
scouring with levigated alumina followed by soaking in a
cold ten percent nitric acid solution and distilled water.
Each electrode was cleaned once every two weeks. Two
further conditions which affect the interpretation of
electrode potentlals are clogging of the salt bridge and
accumulation of sludge on the tip of a metallic electrode.
Clogging of the salt bridge may result in electrode
potential readings that are somewhat higher than those
that actually exist. A difference of as much as fifteen
mv. has been observed and had the eandition not been
rectiflied, greater differences probably would have resulted.
The accumulatipn of sludge particles on the electrode
surface will cause the potential observed to drop from 50
to 100 mv. lower than it actually is. This is the difficulty
occurring most often and can only be remedied by removing
and cleaning the electrode. If, however, three or
preferably four electrodes are used, then the reading from
the electrode on which sludge has been caught can be
discounted while averaging the remaining readings. Most
often this condition is not permanent and after the sludge is
dislodged the electrode reading will return to normal.

The electrodes which had been removed from the digester,
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cleaned and replaced did not give stabilized readings until
six to ten hours after reinsertion. Inasmuch as each
digester contained four electrodes and only two were cleaned
at any one time no serious problem was created. It is to be
assumed that an instantaneous electrode potential measurement
of a sample would be difficult to determine. This becomes
apparent when 1t 1s noted that while the electrodes are
attempting to come into equilibrium, the potential of
the sample is changing.

With the above considerations in mind, electrode
potentials in sludge digestion are reproducible to with-
in 5 mv. and are definite indicators of the process.

Electrode Potentials During Sludge Digestion

The electrode potentials developed in the normal
digestion of sewage sludge in all the experiments carried
out ranged between -520 and -530 mv. This is the potential
which exists when the process has reached equilibrium.

In the case of a slow start-up the electrode potentials
increased at first and then began to fall. When the
potential dropped to the normal range digestion approached
equilibrium, indicating that electrode potentials bear a
relationship to the other digestion parameters,

During normal digestion, the electrode potential curve
is practically parallel to the volatile acids plot. This
is exceptionally well represented in Fig. 12. The increase

in volatile acids immediately after start-up is accompanied
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by an increase in potential. Once the potential declined to a
level between -520 and -530 mv., the concentration of volatile
aclids remained constant. It would appear that the initial
rise in volatile acids 1is caused by the Increased activity
of the acid formers while the methane producers are still
in what might be termed the lag phase. The rise in acids
results in a higher ratio of oxidant to reductant and must
be assoclated with an increase of potential. As the
concentration of volatile acids is reduced the oxidant is
being removed by its conversion to gas and a different
equilibrium is established. As long as the acids produced
are contlnually being broken down to gas this equilibrium
will be maintained and a constant potential will result.
Morgan (80) has studied the variation of gas rate and
volatile acids after feeding. Both parameters are reported
to reach a peak within the range of three to five hours after
feeding with subsequent return to their prefeed levels.
The results obtained in this thesis have shown a similar
relationship between gas rate and electrode potentials
although the change in potential is small compared to the
change in the rate of gas production. It may be deduced,
therefore, that the daily variation in potential is similar
to the daily variation in volatile acids. However, as long
as the acids are being converted to gas the change in
potential is insignificant. If, on the other hand,

gasification 1s not taking place there is an immediate
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increase 1n volatile acids and electrode potential levels.
This, therefore, identifips one real value of the electrode
potential. It immediately reflects an increase in volatile
acids and is a much easier and less time consuming measure-
ment to make. It has also been found that poising the
potentiel outside the desirable range stated above results
in the inhibition of the methane producers and an accumu-
lation of volatile acids.

The experiments also showed that gas production did
not reach its normal level until electrode potentials had
fallen to the desirable level. Any change in potential
results in a change in the rate at which gas is produced.
In one instance when the digestion temperature was in-
creased from 32°C to 35°C an immediate drop in potential
took place, and simultaneously an increase in gas rate
was observed, probably due to a temporary increase in the
activity of the methane producers.

Alkalinity and pH have shown a direct relationship to
the potential. The results obtained show that there is a
change of one pH unit for each 70 mv. change in the
potential, and a 60 mg/l change in alkalinity for a
10 mv. change in potential.

The correlations presented above occurred repeatedly
throughout the experimental work. During one run three
similar digesters operating under identical conditions

resulted in highly reproducible results.
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Five different municipal sludges were digested under
identical contitions. Extensive electrode potential measure-
ments were taken during the course of the digestion. 1In all
cases the normal potential fell within the range described
previously. The lowest millivolt reading was developed in
the Saline sludge, while the highest occurred in the Ypsilanti
sludge. These two values were -528 and -521 mv. respectively.
It was found that sludges from sewages containing industrial
wastes resulted in a higher daily variation of potential,

If the potential reading was taken at the same time each

da&, however, the potential was found to be relatively constant
day after day. Since the sludges digested covered a wide
range, 1t appears that most sludges must develop essentially
the same potential under normal digestion conditions.

In contrast to earlier work (76)(95)(126), of
special significance is the highly consistent and reproducible
electrode potential measurements recorded throughout the
experimental work. This emphasizes the importance of certain
precautions in measurements to assure reliability. The
cortribution by Molof (75) in this regard is, therefore
significant.

Potential Control in Sludge Digestion

It has been shown that the potential within a laboratory
digester can be increased, decreased or held constant using

the electrolytic control mechanism previously described.
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Experimental results lndicate that when the potential is
poised outside the range usually developed in sludge
digestion, the process begins to deteriorate, as shown by
the various parameters observed.

Deterioration of the process was induced by electrolyt-
ically poising the potential and also by overloading a
digester, and 1in addition a comparison was made of the
observations. Results of both methods of changing the
potential would have to give similar results in the
electrolytic method of control is to be fruitful in
further laboratory studies.

Inasmuch as the electrolytic cnntrol was impressed on
the digester through a saturated salt solution, it was
necessary to determine whether or not the chloride ions
passing into the digester were significant and, if so, what
effect did such a transfer have on the process. For this
reason chloride determinations were made and it was found
that chloride ions did in fact accumulate in the digesters.
However, under the worst condition imposed, that is, with
the digester that received the most adverse control, a
chloride concentration of just under 1000 mg/l was induced.
At the same time, the digester in the next worst condition
showed a chloride concentration of 685 mg/l1 while that with
the least amount of control accumulated chloride ions to the

extent of 466 mg/l. The control digester carried a concen-
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tration of chloride ions of 328 mg/l. The accumulation of
chloride ions in the digesters to which electrolytic control

was applied eventually reached an equilibrium state. The
attainment of such an equilibrium was possible because of
periodic feedings and withdrawals. The highest chloride

level attained could not be inhibitory to the process, since
Buswell et al (60) showed that chloride concentrations under
10,000 mg/1 had little or no effect on a normal digestion process.

During the times when the potential was increased the
problem could be compounded. Since an electrolytic increase
in the potential leaves hydrogen ions in the digester, 1t was
thought that a combination of the hydrogen ions and chloride
ions might produce a mineral acid, thus reducing the pH in
a manner unlike that produced under normally occurring
digestion phencmena. Inasmuch as the pH and potential
values were recorded daily, a correlation between these
two parameters could be obtained during both the electrolytic
control and overloading runs. The data have been plotted
in Fig. 31 and indicate that the relation between E. and pH
are similar in both cases.

Thus, it may be said that the electrolytic method of
control can alter and poise the potential in the digester
without producing anything unusual or anything that might
be considered detrimental to the process.

The correlation of electrode potentials with the other

monitoring parameters seems to strengthen the argument
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presented above. During the experiment when electrolytic
control was:'maintained, the volatile acids increased after
the potential was poised at a critical level, indicating
that the potential was unfavorable to the proliferation of
methane producers and an accumulation of acids follows. The
accumulation of acids in each case was accompanied by a
decrease 1in gas rate, as would be expected.

When the potential was far enough away from the normal
value, the acid formers are inhibited, however slightly,
and a much more serious condition exists. This condition
shows a decreasing rate of volatile acids formation as a
result of the reduced activity of the acid formers. When
the environment is returned to normal the acid formers
rapldly become active and convert the organic matter,
previously unconverted, to volatile acids, and the concen-
tration of acids begins to soar. Thils induces a hazard to
the methane producers, which are known to be inhibited by a
high acid concentration, the net result being a dlgester
that is hard to recover. This phenomenon may be seen in
Figs. 23 and 25.

The above discussion shows that the monitoring parameters
behave in the same manner whether the digester is made to
fail by excessive additions of raw sewage solids, or by
altering the potential electrolytically. As a result,
electrolytic control can be considered an excellent method

for evaluating the digestion process in laboratory studies.
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During these studies, additional information on
digestion at increased solids loading was made available.

It was found that digester lcadings up to 0.225 1b. of v.m.
per cu. ft. per day at a detention time of 8.6 days produced
good digestion, according to the monitoring parameters
studied herein. It may be seen (Figs. 25 and 26) that under
thls condition the electrode potential was the most sensitive
parameter. Although the concentration of volatile acids
remained fairly constant, the increased loading was reflected
by a 10 mv. increase in the potential. Gas production was
slightly less than what might be expected but could be
attributed to the shorter detention time.

On the other hand, a loading rate of 0.300 1b. of v.m.
per cu. ft. per day at a detention time of 5.7 days showed
a highly unstable condition, driving the potential up by
about 30 mv. The concentration of volatile acids was
erratlic at about 1400 mg/l but digestion, although poor,
was taking place throughout this 16 day period.

At a loading rate of 0.375 1b. of v.m. per cu. ft. per
day wlth a detention time of 4.1 days, the process failed
completely. It may be seen (Fig. 25) that this failure was
accompanied by a steadily increasing potential.

It would appear from the preceding that, under conditions
of continuous mixing and twice daily additions of raw sludge,
digestion can take place at a loading rate of 0.300 1lb. of
V.M« per cu. ft. per day if the detention time is increased

to about 10 days.
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The obgervations made in this portion seem to indicate
that iepreased solids loadings may be feasible with electrode
potential control. The basis for this statement is that
digesters which had gone "sour" were made to recover by
impressing a desirable potential on the units even though
loading was continued. How effective this method will be
and to what extent loadings may be inereased must be
determined in future studies.

Potential Range Reguired for Digestion

The data observed indicate that good digestion takes
place within a limited range of potentials and that digestion
is feasible at somewhat less limited range while the process
deteriorates when the potential is very much different from
the normal value. All results point up the fact that during
good digestion the potential developed is the optimum. The
studies made here determined how far from the optimum the
potential must be before deterioration takes place.

With the potentials poised on the positive side of
normal, it appears as though favorablg digestion will take
place up to -505 mv. and a less favorable digestion can
occur at potentlals as high as -495 mv. Anything higher
than -495 mv. will result in a "souring" of the digester.
When the potential of the digester was poised at -475 my.
(Figs. 27 and 28) a gradual build up of volatile acids
occurred, the condition becoming steadily worse with time.

When the optimum environment was recreated after the volatile
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acid concentration increased to 1520 mg/l the digester re-
covered. Before recovering, however, the acid concentration
increased to 1720 mg/l, indicating that the acid formers
were recovering much faster than the methane formers. It is
well known that methane producing organisms require more
time to develop an active culture. Thus it was shown that

a digester can be recovered after the volatile acid concen-
tration had surpassed 1500 mg/l, even with continuous
feeding, if an optimum environment 1s maintained. It should
be remembered, however, that the process will become slight-
ly worse before recovery begins.

Similar results were obtained when the potential was
polsed on the negative side of the normal digestion potential.
Poislng at -540 mv. did not seem to retard digestign while
polsing at -553 mv. resulted in a condition whicﬁ may be
called less deslrable. Poising at a potential of -573 mv.
results in a rapid deterioration of the process, more so
than that which developed on the positive side. The
concentration of volatile acids increased to 1600 mg/l in
only eleven days. However, when a proper environment was
created, recovery was also more rapid although the volatile
acld concentration did reach 1920 mg/1 before recovery began.

It may be concluded that the effect on the digestion
process 1s the same whether the potentlal 1s poised on the
positive or negative side of the normal digestion potential.

When the potential was between -520 and -530 mv. optimum
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digestion took place. Good digestion was indicated when the
potenttal fell between -510 and -540 mv. A poorer quality
digestion will occur between -495 and -555 mv. while
deterioration of thé process will result when the potential

is greater than -495 and less than -555 mv.



SUMMARY

A study was made on the electrode potentials developed
during the anaerobic digestion of sewage sludge. Reproducible
results were obtained when three digesters were operated in
parallel under identical conditions. A study of the diges-
tion potential of five different sludges was made and in
each case the potential value was found to lie within an
eight mv. range.

An electrolytic method of potential control was adapted
for use in laboratory scale digesters. With this type of
control it wasspossible to Increase, decrease and poise the
potential at any desired level for any period of time. A
study of the effect of poised potentials on the digestion
process was carried out.

As a consequence of the preceding study, additional
information on digestion at increased solids loading became
available. The sensitivity of electrode potentials to
increased loading rates was determined. It was found that
electrode potentials are as sensitive as any of the monitor-
ing parameters presently being used, if not more so.

Ranges of potential values that would permit optimum,
good, poor digestion were established. It was found that if
the potential was outside the above ranges the digestion

process would deteriorate. Recovery of digestion after an
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accumulation of volatile acids exceeding 1500 mg/l was

successfully attempted even though continuous feeding was

practiced.



CONCLUSIONS

Electrode potentials are a sensitive indicator of the
sludge digestion process and may be used as a monitoring
parameter.

Changes in gas production, volatile acids concentration,
pH and alkallnity have been shown to take place after
certain changes i1n the electrode potential.

The electrode potentlials developed in five sewage sludges
from widely different municipal sources were essentially
the same.

An electrolytic method of potential control capable of
increasing, decreasing and poising the potential was
adapted for use in the laboratory scale digesters, The
results produced are similar to those which occur
naturally in the practice of sludge digestion.

By permitting precise control of electrode potentials the
electrolytic method of control can be of invaluable
assistance in laboratory studies.

Whether or not this control mechanism can be adapted to
field practice cannot be concluded at this time although
the possibility does exist.

From the studies carried out using the electrolytic
method of control, four ranges of electrode potential

values are proposed. These are:
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Ec in mv.

-520 to -530
-510 to -54%0
-495 to -555
-4¥95 < E,< -555

It is proposed that a loading rate of 0.300 1b. of v.m.
per cu. ft. per day at a detention time of 10 days is
feasible if feedings ate made twice daily and the
contents of the digesteéer are continually mixed.

If the electrode potential is maintained within the

optimum range defined above, still higher loading rates

may be possible.
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Digestion

optimum
good
fair to poor

not possible
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