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ABSTRACT

This thesis reports the establishment of a new type of
internally clarified digester as a means of treating a strong
industrial waste. Factors pertaining to both the system and

the waste itself were investigated.

A batch system was used to determine the susceptibility
of the waste chosen, viz, that from the first separator of a

local yeast factory, to anaerobic digestion,

The'reactor—clarifiers were constructed and operated
at a wide range of loadings, A constant hydraulic retention
time was maintained for each of the digesters and
sufficient sludge withdrawn daily to maintain a constant

sludge concentration over the range of loadings used,

The ability of each of the parameters used to monitor
digestion, to predict periods of digester imbalance was

investigated.

A mathematical model was derived to describe the
process and the kinetic parameters relatéd +to the anaerobic

digestion of yeast waste evaluated.

Possible inhibitory substances present in the waste
and/or generated during digestion and their influence on the

system were investigated,
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operation and the development of various anaerobic processes, is

presented in Chapter 2,

The development of a batch system to evaluate the

feasibility of treating yeast waste by conventional anaerobic

means is discussed in Chapter 3. The development of the reactor-

clarifier system which was used to establish the kinetic
parameters is also presented. A description of the operating
methods for both the batch and continuous processes concludes

the chapter,

In Chapter 4, the general results relating to the typical
anaerobic system parameters are presented and where possible
compared to values obtained for the treatment of other
industrial wastes, The relative significance of the various
parameters used in the daily monitoring of digester condition,

is evaluated in this chapter.

A brief review of the literature on the application of
kinetics to anaerobic digestion can be found in Chapter 5.
The development of a model te describe the anaerobiﬁ process is
described and its practical application to full scale digesters
discussed, The model is adapted to describé the 'reactor-
clarifier' system used in this investigation. Finally, the
kinetic parameters obtained from this model are evaluated and

compared to other values in the literature.

Possible sources of inhibition relating to the present
study are discussed in Chapter 6. An attempt to evaluate the
inhibitory effects of these materials is also described in this

chapter.
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TABLE 1,1, Characteristics of First Separation Waste,
PARAMETER RANGE

Biological Oxygen Demand 25 000 - 33 0060
Chemical Oxygen Demand {45 000 - 70 000
Oxygen Absorbed "7 000 -725 000
Total Dissolved Solids 77 000 -100 00O

Total Volatile Diasolved'SDlids 56 000 .- 75 00O
Total Suspended Solids .

JqTotal N
NH3-N
Sulphates

800 - 1 006G
3oo - 400
2 800 - 4 500

{

The following conclusions were arrived at after the

completidn of the investigation :

(1)

approximately 75 per cent. of the yeast waste
was readily susceptible to anaerobic treatment.
The remaining 25 per cent., did not appear to be

degrédéble;

the reactor-clarifier proved to be suitable for
the anaerobic treatment of strong industrial
wastes, The system was operated satisfactorily

over a wide range of loadings;

total gas production was found to be the most

reliable indicator of digester performance;

the kinetic parameters pertaining to the anaerobic
treatment of yeast waste were found to be of the
same order of magnitude as other published

constants;

attempts to relate a limiting loading concentration
to potassium, chlorides and sulphides were

inconclusive,
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CHAPTER 2

LITERATURE SURVEY

AND BACKGROUND THEDOBRY
2.1 INTRODUCTION TGO LITERATURE SURVEY.

A survey of the literature concerning the anaerobic
process, relating in particular to the objectives listed in

Chapter 1, was carried out.

Consequently the literature survey as presented in

this chapter is divided into the following sections

(a) A-brief description of the anéerobic'process,
" and an indication of the areas where its

application is favoured.

(b) An elementary discussion of the microbiology
and biochehistry applying to the anaerobic

system.,

(c) A survey ef the necessary environmental and
operating cenditions required to maintain

satisfactory process performance.

(d) A summéry of the parameters used te monitor
digesticn and their respéctive ability to

indicate the start of process failure.

(e) The survey is concluded with a review of the
development of anaerobic processes from the
septic. tank until the various contact systems

used at the present time.

The portion of the literature survey relating to the
{
application of kinetics to.anaercbic digestion is presented

with the kinetics pertaining to the present study in Chapter



2.2 BRIEF DESCRIPTIDON OF PROCESS,

2.2,1 Introductory Definition,

Malina has defined anaerobic waste treatment as a
process consisting of the use of various microc-organisms,
under anaerobic conditions, to stabilize organic wastes by

conversion to gaseous end products (M3),

T 2.,2,.2 Advantages of Anaercbic Digestion,

The advantages to be derived from the use of anaercbic
digestion, as opposed to conventional aerobic processes, have

been summarized by McCarty (MB)

(a) a low cellular yield. The sludge disposal
problem is significantly reduced because
only a small portion of the waste is

converted tb new cells;

(b) as a result of the low level of microbial
growth, there are correspondingly less

nutrient requirements in the anaerobic system;

(c) the conversion of a major portion of the
degradable waste to methane, a useful end

product;

(d) no oxygen requirements and consequent reduction

in capital expenditure;

(e) the ability to handle more concentrated
wastes than practically possible for

aerobic processes.



2.2.3 Disadvantaqés of Anaerobic Digestioen.

The anaerobic process does have disadvantages which have

wlimitad~it5;usevingcertain1cases {M8B). =

(a) - the slow growth rate of the anaerobic organism
has necessitated long retention times in the
digesters and consequently resulted in large
volume requirements, The slow growth rate
further limits the rate at which the process
can adjust to changes in the environment,

. particularly to step changes in lbadingQ
This is a serious limitation of the anaerobic

PTOCESS;

(b) a susceptibility to toxic materials in the
waste., This is commonly a majoer reason for
the rejection of the anaerobic process as a

method of treating industrial wastes;

(c) the relétively high temperatures required for
digestioﬁ, often in the region of 30 - 359C%
Dilute.wastes may not produce sufficient
methane during digestien to maintain these

temperatures.

'~ The development of the anaerobic contact process has
offset some of these disadvantages to a considerable extent,

as shown in section 2.6.7,
2.2.4  Summary. | o
Initially the advantages of anaerobic digestion appear

to be substantial, However, the process has suffered from a

poor record of performance stability in the past,



The lower the concentration of é partitular waste,.the‘
more prominent become the disadvantages of relatively high
temperature requirements and long retention times. 'fhe_choice
of treating such wastes anaerobically becomes unecohomical

and/or unfeasible.,

In the past, anaercbic dige&stien was used primarily
to stabilize sewagé sludge} Recently, however, increased
application of the anaerobic process has been Teported in the
treatment ofloxganic industrial wastes, €illie et al. (C2).
" The same writers have suggested that anaerobic digéstion would
appear to be uneconomical, for treating wastes with a COD

below 4 BB0 mg/l.

Such wastes are frequently treated by aerobic means.
Highly seasonal wastes are often'treated~by various lagooniﬁg;‘
systems, provided sufficient land is awvailable, Bétause df
the large volumes charaéteristic of the latter systems, thé
effects of sudden shock loads or pfesence af inhibitory
_subsfan;es=is'qften minimiéedo This is a significant v
v.aanntage,of sﬁch sygtemé cahbared to conventional anaerobic

processes.

- '~ Should economics orjéludge disposal problems preoludg
the use of aerdbic sys%emé; and'sitinéﬂprpwe inadequate for
_the establishment of a. lagoon system, the use ﬁf the anaerobic
’cuntaci.prOCess,'sectionv2,6a79 could be in\;estigatedo
Schioepfer et al, (54) have reported successful use of such a

system for the treatment of meat packing wastes.

.The volatile solids’content and well balanced supply
of nutrients in sewage slgdge, together with the unifdrmityvcf
loading comﬁonly experienééd in most>SEWége_§ysteﬁS, enhances
the selection of conventional anaerobic processes fo¥ such

treatment.



Generally the application of anaerobic digestion is

more suited to the treatment of concentrated industrial wastes.

However, the presencé of toxic materials in the waste,
nutrient deficiency and erratic loading rates, have frequently
prevented the treatment of contentrated wastes by anaerobic
digestion, In such cases the use of lagooning as a form of
pretreatment is popular. The effluent from such a preliminary
lagoon can be treated by further systems and may, as such, act
as a buffer to shock loads. If economics permit, the lagoon

effluent can be transfered directly to a sewage system.

2.3 MICROBICOLOGY AND BIOCHEMISTRY.

2.3.1 General Introduction.

The occurence of anaerobic digestion in nature is
compaiatively widespreadﬂ In a review of énaerobic digestion,
Toerien and Hattingh (Tl) reported that methanogenic bacteria
have been found in ordinary garden soil, black mud, in the
rumen of ruminants, in marsh and lake aréas, as well as in

sewage and sewage treatment processes.

The microbial decomposition of complex organic
substrates provides a source of energy to the bacterial cells,
which convert a large portion of the organic material to -

methane and carbon dioxide.

Malina (M3) has reported that the microbial population
consists of various facultative and anaerobic bacteria which
use chemically-bound oxygen in the form of organic
molecules, carbon.dioxide, nitrates, sulphates or organic
materials, in order to reduce them to methane, ammonia,

hydrogen sulphide and reduced organic compounds respéctively.



The facultative micro-organisms are able to use molecular
oxygen during metabolism and this group of organisms can
therefore protect the'sfrictly'anaerobic bacteria from small
amounts of free, dissoclved oxygen which enter the system

with the feed (M3),

2.3.2 Reaction Steps,

Willimon and Andrews (W3), amongst others, have
shown anaerobic digestion to be a sequence of steps as shown

in Figure 2,1, . -

In the first step, liquefaction takes place and the.
insoluble organic material is converted to soluble material
by extraceilular ENZYMES., Ligquefaction is confined to
sludge dig@étion and those wastes with insocluble organic
materiél:présent.

g .
In the treatment of soluble organic wastes digestion

proceeds from the second stage as described below.

In the second stage a heterogeneous group of
facultative and anaerobic bacteria, commonly termed the
'acid-formers', convert the soluble proteins, carbohydrates
and fats into various intermediate compouﬁds, primarily fatty

acids,

Toerien et al. (T1l) have reported similar digestion
pafhs in both anaercbic digesters and the rumen of herbivorous
animals, They suggeét that as the main bacterial groups
in the rumen are obligate anaerobes, the role of the latter
in the acid-forming phase of anaerobic digestion has been

under-estimatéd in the past.

The strictly anaerobic bacteria then utilize the organic
acids in the final stage, converting them into methane and

carbon dioxide (M3),



INSOLUBLE ORGANIC MATERIAL

Extracellular
Enzymes

SOLUBLE ORGANIC MATERIAL

"Acid Producing”
Bacteria

' _ _ v
BACTERIAL  VOLATILE . | |
CO + H 4 OTHER PRODUCTS

+
CELLS ACIDS
- N — 2 1?2 ]
" Methane Producing”
Bacteria

BACTERIAL CELLS + cH4 + co2 -

Simplified concept of the anaserobic decomposition of organic wastes

Figure 2.1
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2.3.3 Acid-Forming 5Stage.

McCarty (MB) described the 'acid-forming' stage of
anaerobic treatment as a waste conversion step. Virtually
no stabilization, of the Biological Oxygen Demand (BOD) of
the organic matter in solution, takes place in this 'acid-
forming' stage. A simple change of form takes place, a
portion being converted to varioﬁs end-products, such as
organic acids, and the other pdrtion being converted to new

bacterial cells,

Short-chain, carboxylic acids are the major products
of acid fermentation. These volatile acids in turn provide
a substrate for the methane forming bacteria. |

The primary acids produced are acetic, propionié and
butyric acids. However, smaller guantities of formic,
.valeric, isovaleric and caproic acids are frequently found

during anaerobic treatment,

The 'acid-forming' bacteria are relatively tolerant
to changes in pH and temperature and have a faster growth

rate than the methane bacteria (MB), (M3).

2.3.4 Methane—Fdrminq Stage.

It is in the final methane-forming stage that true
stabilization of the oxidisable Drganics takes place.
McCarty (MB) has shown this stabilization to be directly
proportional to the amount of methane prbduced from
theoretical considerations, supported by experimental

evidence.

The methane-formiﬁg bacteria are all strict anaerobes.

Each species of methane bacteria can only ferment a relatively



restricted group of simple compounds to methane or lower
chain acids. Consequently a number of different species of
methane-formers are necessary to completely stabilize a

waste complex.

Little is known about the pathways followed by these
bacteria, Jeris and McCarty (J2) concluded that about 70
per cent, of the methane produced in the anaerobic digestion
process,.results from the degradation of acetic acid.
Further studies by McCarty et al, (M7) indicated that
approximately 85 per cent, of the tdtal methane formed
" during the complete treétment of a complex waste was due to
the fermentation of propionic and acetic acids, The
significance of the fermentation of these two acids to the
overall process is therefore confirmed. It should be
epphasized that the above figures were based on the
feimentation of sewage sludge and could therefore differ for

other wastes,

Smith (57), (SB), did further work indicating that.
approximately 73 per cent. of the méthane'produced by sludge
fermentation could be attributed to acetic acid. He
further suggests that a large portion of the remaining methane
is formed from carbon dioxide and hydrogeh. This postulation

is backed by extensive experimental studies.

Unlike the 'acid—forming' bacteria, the methane
bacteria are extremely sensitive to changes in temperature and

pH.

The most important methane bacteria have low growth
rates., Minimum -“sludge re?ention times of four days or

longer are requifea for thgir growth (M8).

Malina (M3) emphasizes that the low rate of acid
utilization constitutes the rate limiting step of the process.

This step governs the design of anaercobic digesters.,
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2.3.5 Process imEélamce&

McCarfy (M8) has defined the anerobic system to be
stabhle, and functioning satisfactorily, when the acids are
converted as fast as they are prdduced. Unstable conditions
result when the atcids are produced at a faster rate than they

are converted into gases (M8),

The biological redctions can be inhibited and may
cease altogether if unstable conditions are permitted to

persist.
These unstable conditions can result from :

(a) too low a relative concentration of methane
bacteria in the system. This situation’
often érises during periods of digester
start-up and is further apparent when
sudden increases of loading are made on the
system,  The methane bacteria are unable
to cope with the sudden increase in volatile

acids resulting from such situations;

(b) unfavourable environmental conditions causing
a decrease in the acfivity of the methane
bacteria. This can occur particularly in
the treatment of industrial wastes, due to
the presence of certain materials in

inhibitory concentrations,

To maintain balanced conditions in a digester it is
therefore essential to have a thorough understanding of the

optimum environmental conditions necessary for these bacteria,
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2.4 ENVIRDNMENTAL CONDITIONS.
2_040-]— .LHB

One of the most important environmental requirements
for the methane bacteria is that a satisfactory pH be

maintained,

As mentioned earlier digester imbalance is accompanied
by an increase in tHehcohcentration of volatile acids in the
system, If these acids are allowed to build up to
sufficiently large concentrations they may depress the pH

to a level unsuifable for the methane bacterisa,

In a summary of recent research, McCarty (M9)
found that a pH range of approximately 6,6 to 7,6 is
generally considered satisfactory for anaerobic digestion to
proceed. Digesters have operated successfully outside of
this range, but generally the efficiency of digestion tends

to decrease rapidly as the pH moves beyond these limits,

The range of pH suitgble for the methane bacteria is
further dependent on the components of the waste, particularly
the quantity of nitrates present. The significance of.

ammonia in digester systems is discussed in section 2.4.,7.
Albertson (A3) found the optimum pH for methane

fermentation to be 7,1, while McCarty (M%) suggests an
- optimum range of 7,0 to 7,2,

2.4,2 Temperature, .

Temperature greatly affects microbial activity.
It has been found that the rate of microbial metabolism will
approximately double for every 10°C rise, up to a certain

limiting temperature (L4),



- 15 =

Fair and Moore (Fl) established that there were two
tempeiature ranges favourable for practical anaerobic

digestion .:
(é) . the mesophilic range 30 - 379C;

(b) the thermophilic range 55 - 60°C,

There is some disagreement concerning the value of
thermophilic digestion. Some writers feel that gas yield
and volatile matter destruction are greater unher thérmo-
ﬁhilic conditidns (H3), (K1), while othefs'indicate that
theie is no sighificant difference in the end products
derived fiom mesophilic and,thermophilic digestion (G1),
(Ga), (ML),

Thermophilic digest@qn has not been demonstrated to
be either practical orﬂecon&mical as yet, ‘A disadvantage
of thermophilic conditions would be the pOssibility‘of'thermal
degradation of the bacteria if temperatures rose above the
‘'suggested range for thermophilic digestion, A tremendous
decline in metabolism wenld be the result of suéﬁ an |

OCCcuUurence,

It does not follow that anaerobic treétment’éh@uld'
occur at’optimum mesopﬁiliCAtemperatures; Satisfactory
anaerobic digestion Cén, and has taken place at lower
temperatures, provided an adequate active bioldgical

Concentratioh is maintained in the digester.

Asvshowh iﬁ'éectidn 28607; the aﬁaérobic contact and
1;-§imilér processes can operate at lower temperatures than the
ﬁﬁbﬁﬁehfidnal,process,,;JThis permits the treatment of more

"QiidfeVWaSteé'whefé'ihéﬁ?ficiéhf mgthane;isvevblved th

maintain a conventional system ‘at a temperature suitable
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for digestion to proceed. Further for countries experiencing
a high seasonal variation in ambient temperature, a significant

advantage can be derived from the use of such a system.

The ability of the anaerobic contact process to
operate at lower temperatures reduces the heat requirements,
which might make waste treatment uneconomical during cold

winter'periods.

2,4,3 Alkalinity.

As mentionmed in section 2.3.5, a characteristic of
digester instability is an increase in the concentration of
tﬁe intermediate volatile acids,‘ The control of pH
depends upon the maintenance of an adequate buffer system in
the digester, in order to counter the tendency of these

organic acids to depress the pH,

Alkalinity may either be generated in the digester
itself, Or.be added te the system in the form aof a suitable
chemical. | Pohland et al. (P3), (P4), (PS), in a series of
érticles, has described the fumction of alkalinity in the
digester system and established an equilibrium moedel to
predict the influence of Qarious concentrations of acids and
baées and- their associated equilibria on the anaerobic
environﬁent. The syétems discussed by Pohland (P3),
include carbonic acid; ammonia, acetic acid and hydrogen
sulphide, Their respective titration curves are shown in
Figure 2.2, The maximum buffer capacity for a system is
commonly known to occur when pH is equal to the pK of the
species concerned. From Figure 2,2 it can be seen that
within the pH range normally encountered during anaerobic
digestibh, viz., 6,8 - 7,4, only the first dissociation
Séeps of the hydrogen sulbhide and carbonic acid systems
- would be expBEted te contribute toward the buffering

system present in the digester, As will be shown in
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14

12

10
pH
] Concentration of all Species O,| M
Concentration of NaOH Titrant Q,| M
2
0 ‘ . '
o) 1,0 2,0
FRACTION NaOH TITRATED
Figure 2.2 Titration of buffer 5y5£éms prevalent

in anaerobic dicestion.
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section 4.2, in the present study, sulphides contributed ten
per cent, to the total buffer capacity when present in a’
concentration of 100 mg/1l in the digesters. In cases where
%he concentration of sulphides in solution was low, the
maintenance of a neutral pH can be attributed solely to the

bicarbonate system,

Slight deviations from this condition can arise from
the periodical generation of increased concentrations of
volatile acids or ammonia in the system, If these systems
are present in sufficient guantities, the pH tends to be
displaced in their favour, An unusually high generation of
ammonia results in a higher pH being established, while an
increase in the presence of volatile acids, depresses the pH.
An increase in the pH Was experien;ed at higher loadings of
the yeast waste under consideration, thus indicating the

presence of ammonia in the system,

As described above, it has been shown that in most
digestion systems, the major buffer system controlling the
pH is the bicarbonate system, McCarty (MLO)and Banta and
Pomeroy (BL) have shown the bicarbonate alkalinity to be
a function of pH and the carbon dioxide content of the
digester gas. McCarty (MLO)has shown that during normal
periods D%ydigestion, the bicarbonate alkalinity can be in
the range of 1 000 to 5 000 mg/l as CaCO3 depending on the
pH prevailing and the carbon dioxide content of the gas in
the digester environment. Rather than operate at extreme
values in this range, Malina (M3) suggests an optimum value

of 3 000 mg/l as CaCO3 for the bicarbonate alkalinity.

Choice of Chemical Additives.

The use of lime for the purpose of controlling pH
in digestion systems has been subject to wide controversy

over the years.,
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McCarty (M9), has indicated that the major advantage
to be derived from the use of lime for the purpose of pH
control is the relative availability and cheapnéss of the
material, Further the calcium cation has been shown by
McCarty and McKinney (M6) to be less toxic than sodium,

potassium, calcium and magnesium,

While conceding these advantages, McCarty (M9)
points out that various difficulties‘have arisen with the
" use of lime in the past. These difficulties are relatéd to
the relative insolubility.of the calcium salts which form

in the digester,

When lime is added the biocarbonate alkalinity is

increased initially in the Foﬁlowing manner :

Ll

Ca(DH)Z + 2C0.~» Ca(HCD3) ceea. (2.1)

2 Zoaoaosauo

However, as soon as the solubility preduct for CaCOj
is exceeded, further additionms of lime merely result in the
precipitation of the comparatively insoluble calcium
carbonate as follows :

CA(UH)2 + CO.~ CaCD3 + H O ohenennon eeooo (2.2)

2 2"

Consequently, lime additions beyond this point are of
little use as the insoluble calcium carbonate is quite
ineffective in the neutralization of excessive volatile acids

or in the control of pH (M9).,.

From the above discussion it is clear that for the use
of lime to be economical and effective, it is necessary to
monitor clesely the amount of lime added and the effect of

these additions on the pH prevailing in the digester,
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Sodium Bicarbonate,

The use of sodium bicarbonate, which has seldom been

used in the past, has been advocated by McCarty (M3)..

The major advantage of sodium bicarbonate over lime
is its greater solubility, The relatively high solubility
enables it to be dissolved before addition to the digester,
thereby allowing more efficient mixiqg of the buffer system

with the digester contents.

Although McCarty and McKinney (M6) have shown sodium
to be more toxic than calcium, it is unlikely to be present
in sufficient concentrations as to adversely effect digestion.
The use of sodium bicarbonate to attain reasonably high
alkalinities of 5 000 to 6 000 mg/l has been reported without

any toxic effects being shown (M3),.

Sodium bicarbonate wauld therefare appear to be
extremely useful in laboratory scale digestion systems.
There has, however, been very little mention in the literature
concerning the application of Sodium bicarbonate to full Scalé
systems. The relatively high cost of using the salt on such
a.scale-appears to present a formidable barrier to its

applicatioen in the field.

2.4.4 Nutrient Reguirements.

Sludge growth in the anaerobic process is significantly
less than that in aerobic systems and nutrient requirements

are correspondingly less for anaerobic digesterss.

Nevertheless, the anaerobic bacteria do require Various
inorganic nutrients for bacterial grdwth and cell synthesis.
Nitrogen and phosphorus constitQte the primary requirements
but’various other materials in trace quantities are necessary

for optimum growth (M3).
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Nutrients are nearly always present in sufficient
quantities in municipal sewage sludge, Industrial wastes
are usually very specific in composition and it is sometimes

necessary to add nutrients (usually phosphorus or nitrogen).

The nutritional requirements are related to the
quantity of micro-organisms Synthésized in the system.
Loehr (L4) has reported the nitrogen and phosphorué require-
ments as being approximately 12 per cent,'and 2 per cent.
respectively of the volatile fraction of the bacterial cells

synthesized.,

Oxygen and oxidised material, .such as nitrates, should
not be added to anaerocbic systems since thgy tend to be used
as hydrogen acceptors in preference to the oxidised organic
matter., Hence, when nutrient additives are required in an

anaerobic system, they should be added in the reduced forms,

Nitrates should therefore not be used as nutrient
additives., It has been shown that volatile acids have
increased and gas production significantly reduced when
nitrates have been used as a source of nitrogen in highly

loaded digesters (C4), (516)..

- Ammonium thoride,,carbonate, hydroxide and phosphate
have been used as suitable nitrogen sources for methane
fermentation of nutrient deficient wastes.

Indiscriminate nitrogen additions shoﬁld be avoided since
McCarty has shown ammonia nitrogen concentrations above

1 500 mg/l to be inhibitory (M10).

McCarty (M11) feels that more resgarch should be
undertaken in this sphere of anaerobic digestion, in order
to obtain a better undefsténding of the nutrient requiremants
of the methane bacteria, Speece and McCarty (S9) have

found additions of iron, in concentrations between 20 and
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60 mg/l, to be beneficial for digestion, but it is felt that
various Dther'iﬁorgahic and organic stimulants are needed

to obtain maximum rates of digestion (M11).,

As mentiqned earlier in this section, industrial
wastes are frequently ﬁutrient deficient. The necessity of
continually adding comparatively large amounts of nitrogen or
phosﬁhorus can make the use of conventional anaerobic treatment
unattractive in such cases. Aerobic micro-organisms, with
their higher growth rates, are more susceptible to nutrient
requirements. Consequently, physical methods may have to

be resorted to for the treatment of such wastes,

As shown in Chapter 4, the yeast waste being treated

in this study was not nutrient limiting.

2.4,5 Mixing.

The majoer advantage to be derived from providing
adequate mixing in a digester is the establishment of adequate
contact between the D:ganic material {(food) and the micro-

organisms.

Loehr (L5) and Malina (M2) have indicated other

useful functions performed by mixing to include

(a) the maintenance of uniform temperatures

through the digester;

(b) the prevention of the formation of any scum
layers;
(c) dispersion of potential metabolic inhibitors

throughout the tank, aveoiding the build-up

of more concentrated regions,
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Three methods have been employed to mix digesters

(a) recirculation of sludge;
(b) mechanical agitation;
(c) gas recirculation,

. The relatively large size of most digestion tanks
tends to make it difficult for sludge recirculation alone to
provide adequate contact between the organic material and

the micro-organisms (L4),

However, sludge recirculation, assisted by gas
recirculation, has been found by Garrison et al. (G2) to
keep high-rate digesters adequately mixed.

Gas recirculation was used as a mixing system in this
study, and was found to be ideally suited to laboratory scale

idigesfers, as shown in Chapter 3.

2.4.6 Loading.,

(a) Introduction.

Loading rates used in anaerobic processes are

frequently higher than those applied to aerobic units,

However, this édvantage is considerably offset by the
poor record of process efficiency common to many anaerobic
treatment plénts. As mentioned in part (c), high-rate
digestion is only feasible provided a relatively constant
loading rate is maintained. Fluctuations in lcading rates
result in sudden increases in volatile acid concentrations,
with which the slower growing methane bacteria are unable

to Eope, The deleterious effect of fluctuations in loading
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has a more pronounced effect on digestion as the loading

rates are increased,

“McMahon (M14) has shown a sudden .loading increase of
2,2 times to result in process failure, even at comparatively

low-operating rates.

(b) Parameters Used,
The loading rates on digestién tanks are usually
expressed in terms of the amount of volatile solids added per

digester capacity per day (kgVS/m3/day)o

For the treatment of soluble wastes the loading rates
are often expressed in terms of the biological or chemical

oxygen demand, BOD or COD respectively, i.e. kg BDD/mB/day.

The above terms relate the amount of digestible organic
matter available to the active microbial population, over a
definite period of time, Since theé number of active organisms
are not readily determined, a unit volume of the digester
contents is assumed to be related to the microbial
population (M2), The significance of thorough mixing is

self evident,

The use of different methods to express loading rates
on a system can lead to confusion and makes comparison
difficult. Although the purpose of digestion may vary from
process to process, loadings and rgductions’are often
meaningless for partially degradable wastes unless referred
to some ultimate capacity of the digester. This 1is
particularly relevant to the yeast waste under consideration
where approximately one quarter of the waste was found to be

not degradable.
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(c) Comparative Loading Rates.

Up until cemparatively recent times, loading rates
recommended for anaerobic units treating sewage and
industrial wastes of a similar nature, have been in the range of
0,48 +to0-1,12 kg VS/m3/day (M2), (L4), (W1), This range
of loadings has commonly been rgferred to as.'lowﬁrate'

digestion (W1l),

Recently, both laboratory and pilot plant anaerchbic
systems have demonst;ated that higher loadings are possible,
provided that optimum gnvironmental conditions are maintained
in the digesters.  Such conditiens are suggested by Loehr (L4)
to include a uniferm feed, adequate SRT, thorough mixing and

a beneficial temperature.

When these conditions have been incorporated into
anaerobic units, .loading rates between 1,6 and 6,1 kg VS/ma/day
have been repdrted (T2), (51), (M21), This range is now
commonly refered te as 'high-rate' digestion, Full scale
digesters are rarely‘loadgd at such high rates. However,
Estrada (El1) reviewed the loading rates at a number of
-municipal sewage treatment plénts and found loading rates
~varying between 1,6 and 3,52 kg>V5/m3/day. Other -reports
have been made of digester leadings in the field ranging from

2,4 to 6,1 kg VS/m3/day (G2), (N1),

(d) Limiting Factors,

It should be emphasized that the trend towards higher
loading rates has only become possible by maintaining optimum

environmental conditions in "the digesters.

The development of the anaerobic contact process,
section 25707, has provided a means of maintaining an adequate
solids concentration {(and therefore adequate sludge age) to

withstand these highex loadings. .
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A curtailing factor in the use of higher loadings,
particularly prevalent in the treatment of industrial wastes,
is the build-up of toxic materials te inhibitory concentrations.

The concept of toxicity is discussed in section 2.,4.7.

A further 1limit to the loadings used in high-rate
digestion is the difficulty experienced in solids/liquid’
separation in the contact process (M2). The amount of
sludge recycled to the digester must be sufficient to maintain
a large bielogical concentratien in the process, to cope with

the high loading rates.

2.4.7 Toxicity.
(a) Introductian,

There are a number of materials which may be inhibitory
or toxic to the anaerobic waste treat%ent process, The
loading rates on the system, treating the yeast waste under
consideration, appeared to be limited by the presence of oane

or more inhibitory substances.,

The effects of salt concentration upon the rate of
biolegical reaction have been shown by Malina (M3) and
McCarty (M10) and are presented in a general manner in Figure
2.6, At low concentrations the salts may have some
stimulatory effect on the system, However, as the concen-
tration reaches a level at which the salt begins to reduce
the rate of reaction below the observed maximum, inhibition
takes ﬁlace, EVentually by continuously increasing the
- concentration of salt, the biological activity decreases
rapidly and finally ceases completely, Micro-egrganisms can
adapt to inhibitory substances. The extent of adaptation
varies, and depends on the relative concehtrations of other

salts present as well as en the digester envirenment itself,
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(b) Volatile Acids.,

As shown in section 2,3.2, volatile acids serve as the

major source of food for the methane bacteria,

Although it is commenly agreed that a build-up of
volatile acids is the result of unstable digester conditions,
the actual effect of a high volatile acid concentration on

the digestion process has been strongly debated.

One group of investigators believe that volatile
acids are toxic tolthe methane bacteria only in an indirect
manner, through a reductién in pH (C1l), (S1), (K1).

They feel that a decrease in the activity-of the methane
bacteria is the result and not the cause of digester
imbalance. The same grbup feel that such imbalanced
conditions can be corrected by addition of a buffer material
to restore the pH to a value more suitable for digestion to

proceed.,

The other group, headed by BQSwellVEL al. (B4),
suggested that a high concentration éf volatile acids was
inhibitory to the digestion process even if a neutral pH
was maintained;. Buswell (B4) further :ecommenaed that the
velatile acid concentration be kept below 2 000 mg/l (as
acetic acid) for digestien to proceed satisfactorily. He
suggested that the maximum telerable volatile acid’
concentration was apprakimately 3 000 mg/1, This view has

been supported by Schulze and Raju (S55) and Mueller et al. (M23)..

In an extensive study McCarty and McKinney (M5) showed
that the decreased activity in digestion, during pericds
characterized by high concentrations of volatile acids, was
due to salt texicity rather than veolatile acid foxicity;

They showed that a rapid build-up Qf volatile acids and
subsequent neutralization with alkaline materials, is

similar to a slug leoading of volatile acid salts., The
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deleterious effect of these volatile acid salts was similar to
that obtained when adding equivalent amounts of other common

salts,

These two writers showed that volatile acid
concentrations up to 10 000 mg/l have been tolerated, provided

they were neutralized with alkalies containing non-toxic cations.

In a mere recent publication, Andrews (A6) has
suggested that the un-ionized portion of the volatile acids

present in the digester could inhibit the methane bacteria.

The practical significance of the above work is
doubtful, as volatile acids concentrations above 2 000 mg/ 1
are extremely rare in full scale plants, during normal periods
of digestion, However, there should be an increased awareness
of the possibility of the various alkali and alkaline earth
metals being present in inhibitory concentrations, particularly

in the case of industrial wastes..

(c) Alkali and Alkaline Earth Salt Toxicty.

In municipal waste sludge, the coencentrations of
alkali and alkaline-earth metal salts, viz., sodium, potassium,
calcium and magnesium, are usually sufficiently low so as not

to inhibit digestion,

In industrial wastes the concentration of these salts
may be quite. high, especially if additions are made in order

“ to cantrol the pH of the system. "

McCarty and McKinney (M3), (M6), have shown that
toxicity 1is no¥mally associated with the cation, rather than

" the anion portion of these salts,

The nature of the inhibitory effect of these salts

is guite complex, The sifuation is further complicated by
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the influence various combinations of these cations have on
the inhibitory effect of others. McCarty (M10) has shown
some ions to act antagonistically, i.e. reducing the toxicity
of other cations, while others act synergistically, i.e.

increasing the toxicity of other cations,

If an inhibitory concentration is present in a
waste, its inhibitory effect may be considerably reduced by
the presence of an antagonistic ion, either present in or l
added to the waste, Kugelman. and McCarty (K3). have
reported various antagonistic and synergistic combinations
of cations, McCarty'has shown sodium and potassium. to be

the most effective antagonists (M10),

It is apparent that there is difficulty in laying
down definite levels of concentration, above which salts
become inhibitory. However, the general guidelines, shown

in Table 2,4, have been suggested by McCarty (M10).

TABLE 2.4, Stimulatory and Inhibitory Concentrations of
' Alkali and Alkaline~Earth Cations.,

_ Concentrations in mg/1
Cation Stimulatery Moderately Strdongly
. | Inhibitory Inhibitory
Sodium . 100 - 200 3 500 - 5 500 .| 8 0G0
Potassium 200 - 400 2 500 - 4 500 12 000
Calcium 100 - 200 2 500 - 4 580 | 8 0QO
Magnesium 75 - 150 1000 - 1 500 '3 000

At high feed concentrations of the yeast waste under
consideration, petassium was found to be present‘at
concentrations in the range likely to cause moderate
inhibitien, Table 2.4. This subject is discussed in

Chapter 6, |



(d) Heavy Metals.

Of the various heavy metals likely to be encountered
in anaerobic digestion, copper, zinc, nickel and hexavalent

chromium are likely to be most tDXic (M20) .,

Hexavalent chromium may exert a toxic effect on the
sysfem, but this metal is normally reduced under anaercbic
conditions to the trivalent state, which is relatively
insoluble at the pH levels encountered in anaerebic systems,

and therefore not very toxic (M3).

Iron and aluminium are virtually insoluble at the
pH levels prevalent during digestion and consequently are

not toxic,

The concentrations ef the relatively toxic heavy
metals which can be tolerated in an anaerobic system, are
"dependent on the concentration of soluble sulphides in the
environment, Although soluble sulphides in sufficient
contrations are by themselves toxic to the anaerobic system,
this anion will react with the socluble heavy metal ions to

form a relatively insoluble metal precipitate (L1), (M4),

Malinma (M3) has suggested that in evaluating the
tolerance of anaerobic treatment systems to heavy metals,
the concentration of anaerobically reduced sulphur compounds

must be considered (M3),

The addition of a sulphide, or sulphate salt which
will be reduced to sulphide under anaerobic conditions, is
therefdre an effective method of controlling this type of
toxicity. Otherwise, precipitation of the metals in
chemically controlled systems, frequently as hydroxides,

" has been suggested by Loehr (LA5).
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The concentrations, above which heavy metals become

toxic, suggested by Barth et al. (B2), are shown in Table 2.5.

TABLE 2.5. Toxic Concentration of Heavy Metals,

Metal Concentratien
Cr6+ 50 mg/1
Cu ' 10 mg/1
Ni 40 mg/1
Zn ‘ 10 mg/1

None of the heavy metals mentioned in Table 2.5
were found to be present in the yeast waste under
consideration, at a concentration level greater than 2 mg/1.

Consequently no form of heavy metal toxicity was suspected.
(e) Ammonia Toxicity.

Inhibitery concentrations of ammonia may be approached
in industrial wastes containing high nitrogen concentrations,
or in highly concentrated municipal waste sludges being used

in high rate digestion, McCarty (M10).

In anaerobic syétems ammenia may be present either in
the form of the ammonium ion (NH4+),or as dissolved ammonia
gas (NH3)° These two forms are in equilibrium with each
other as indicated by the following expression (L5)

+. o #.

NH4 < NH3 + HT o.. seeescene eee (2.3)

As the pH of the system increases, equilibrium shifts
to the right and the concentration of free ammonia may become
inhibitory. Cdnversely, if the pH dreps below a value of

about 7,2, the equilibrium is shifted to the left and inhibition

becomes related to the ammonium ion concentration (M10).



- 33 -

Ammonia nitrogen cencentratiens which have an adverse
effect on anaerobic treatment are indicated by McCarty (M6&)

and Albertson (A3) and shown in Table 2.6.

TABLE 2.6. Effect of Ammenia Nitrogen on Anaerobic Treatment.

Ammonia Nitrogen Concentration | Effect on Anaerobic Treatment
mg/1 |
50 -~ 200 Beneficial
200 - 1 DOO No adverse effect‘
1 500 - 3 00O ‘ Inhibitory at higher pH
' ' yalues'
Above 3 00O Toxic

It the.ammonia concentration is between 1 500 and
3 000 mg/1l, and if the pH rises to a value of 7,3 or higher,
the more toxic free ammonia predominates and becomes inhibitory,
Depression of the pH to a value below 7,2 by addition of

hydrochleric acid can relieve this inhibition (M10).

When the ammonia-nitrogen concentration exceeds
3 080 mg/l, then the ammonium ion itself becomes toxic.
Reduction of pH will not prevent the process from failing and
either dilution or remeval of the nitrogen source itself would

have to be considered,

The possibilities of high rate digesters
acclimatising to ammonia nitrogen toxicity have recently been

reported bvaelbingervand Donnellan (M15) and Zablatzky (Z1).

At extremely high‘loading rates, during the préliminary
studies ammonia was thought to have én inhibitory effect on-
the digestion process. Herver, at the loading rates
subsequently used, ammonia was not present in sufficient

guantities te cause inhibition,



(f) Sulphide Toxicity.

Sulphides present in a digester may originate in

either of the following ways
(a) introduction of sulphides with the raw waste;

(b) biological production in the digester, from the
reduction of sulphates and other sulphur

containing compounds,

Part of the sulphides leave .the system as hydrogen
sulphide gas, and a further portion of the sulphides will be

precipitated as heavy metal salts if these metals are present.

The remaining soluble sulphides form a weak acid
which ienizes in aquecus solutien, the extent depending upaon
the pH. . At the neutral pH required for anaercbic treatment,
only the first dissociation of hydrogen sulphide is of

importance.

Sulphides, therefore, may be distributed between a

soluble form, insocluble form and the gaseous hydrogen sulphide,

The actual distribution of these sulphides is
dependent on the pH of the digester and on the amount of gas
produced from the waste as is shown in Figure 2.4, (L1).  As
can be seen from Figure 2.4, the Highef the gas prOductibn”pef
volume of waste, the gréater the amount of sulphides driven
off from solution, Similarly, the lower the pH, the lower
the amount of sulphides remaining in selution, provided the
decrease in gas production is not too significant with a
consequent reduction in the amount of sulphides driveh off

from solution,

Concentrations of soluble sulphides up to 100 mg/l

can be tolerated in anaerobic processes with little or no
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acclimatization required, With continuous operation and some
~acclimatization, concentratioms up to 200 mg/l have been
tolerated. Concentrations above 200 mg/l are reported to be

toxic (L1),.

Excessive concentrations of sulphides can be pre-
cipitated to reduce the sulphide tbxicity in an anaerobic
digester, Iron salts are very suitable for this purpose,

due to their low toxicity.

Since the toxic effects of heavy metals can be
decreased by precipitation and since toxiC concentrations
of sulphides can in turn be decreased by precipitatibn of
their metal salts, the toxicity of both materials can be

decreased at the same time (L5),

Gas recirculation, with corresponding stripping of
the soluble sulphides, has also been reported as a means of

reducing sulphide.fexicity (L1),

As shown in Chapter 6,precipitatioq of some of the
sulphides fraom the digester environment did not appear to
have any influerce on the effi;iency of the process, even at .
the high loading rates where inhibition was suspected,
Consequently, the sulphides generated in the treatment of
the yeast waste were not inhibitory. Stander et al. (S12Z)
found the additiom of sulphates to yeast waste, in a similar

study, not to influence the system.
(g) Chloride Toxicity.

Very erratic behaviour followed by partial recovery or
total failure, depending on the load on a digester, has been

described as typical of chloride inhibition (L6).

Up to concentrations of 2 000 mg/l as NaCl no inhibitory
effect is likely.,
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Chloride additions of between 2 000 and 5 000 mg/l
as NaCl have resulted in a serious decrease 1n gas production
with partial recovery when the load on the digester was

reduced,

Chloride additions of 10 000 mg/l,of larger, promptly
resulted in negligible gas production and little recovery

after six weeks operation (L6).

Delayed effects, biota adaptation and effects of
digester past history made it difficult to suggest'a definite
limit of toleramce for chlorides durirg anaerobic digestion,
A given chloride increase frequently exerted delayed effects,
with performance decreases occuring long after steady state

would normally have been established (LB).

Niles and Frook (N2), while studying the digestien of
Monosodium Glutamate, found a concentration of S 000 mg/l as
NaCl as the limiting amount of chlorides their digesters could

-

tolerate,

Buswell et al. (BS), using pure acetic acid, found
that with:acclimatization, chloride concéntratidns of 10 0CO
mg/l as NaCl could be tolerated,

Very’little'work‘has been reported on the acclimatization
of digesters to high chloride concentrations. It is possible
that the halophilic organisms present in'saltfpans might
contribute to such acclimatization,'but no evidence of such

treatment appears in the literature.

Chlorides were present in relatively high concentrations
in the yeast waste under consideration and could have exerted
an inhibitory imfluence on the system at high leoading rates, as

shown in Chapter 6.



~(h) General Factors.

Various organic materials, ranging from organic
solvents to common materials such as long chain fatty acids,
may at high concemtrations, inhibit the digestion process.

These have been summarized in the literature and rarely affect

continuously fed digesters (M10),

(1) Control Methods.

“The fype of method used to control toxic materials

will depend .on -both the degree and type of inhibition,

The four main methods wused can be summarized as

follows (M10) :
(&) removal of the toxic material from the waste;
(b) ~ dilution of the waste until the concentration
of the toxic material falls below its réputéd

threshold value;

(c) the formation of insoluble complexes or

precipitates;

(d) addition of a suitable .antagonistic material,

2.,4.,8 summary of Optimum Environmental Parameters.

A summary ef the environmental parameters which are
considered optimum for anaerobic digestion is shown in: Table

2570
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TABLE 2.7, Optimum Environmental Parameters for Anaerobic

Digestion;

Variable Optimum Extreme
Temperature °C . 30 - 35 25 - 40

oH 6,8 - 7,4 6,2 - 7,8
lVDlatile acids (mg/1l CH3CUDH)‘ 50 - 500 2 000
2Alkalinitf/ (mg/1 CaC03) 2 060 - 3 000 1 000 - 5 000
Redox Potl (mv) ‘ —520'&3—5301 -490 to =550

Sufficient nutrient requirements

Absence of toxic materials

Depends on system - could be 10 000 provided sufficient.

alkalinity is present,
Depends on velatile acid concentration,

Having established what sorf of an environment 1is
deemed favourable for digestion to proceed, it is now
necessary to ascertain what indicators are used to assess

digester performance.

2.5 INDICATORS OF DIGESTER PERFORMANCE,

2,5,1 Introductiaon,-

.The various parameters used to evaluate digester

performance are discussed in this section.

Besides indicating the relative condition of a
digester, these parameters should enable an operator to
detect any sign of impending problems, so that corrective

action can be taken before the digester fails,

Once digestion has failed, and especially,if a seed

sludge is not readily accessible, severe difficulties are

i

Al
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experienced in restarting digesters, The significance of
reliable indicators of digester performance is self evident,
This is particularly pertinent for industrial waste treatment
systems, where economics frequently do not allow the
construction of alternative systems for diverting the feed '

during unstable periods of digestion.

A decrease in pH is wusually the result of a high
volatile acid concentration, and therefore can be considered

as an indicator of retarded digestion,

A significant drop in pH, however, is unlikely to
occur, until the digester is seriously affected, and corrective

action in such cases may be ‘too.late to prevent process failure,

[t is therefore exceedingly dangerous to rely on pH

to predict periods of digester imbalance.

2.5.3 Volatile Acids,

The monitoring of volatile acids concentration has
often been mentioned as one of the best parameters for

following digester progress (M9)..

If the methane bacteria become affected by adverse
environmental conditions, their rate of dtilization of
volatile acids will decrease, énd the,;oncentrétion qf the
latter will Eegin to incteaSe;. A sqaaen ihcrease in volatile
acids is therefore one of the first indicators of digester

imbalance (M9).

As shown earlier a high value of acid concentration

on its own does not necessarily signify retarded digestion.
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digestion is shown in Figure 2,5,
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It is the relative change in volatile acids concentration,
rather than the absdlute concentration, which éignifies a
decrease in digester performance. Used in this ﬁapner,

volatile'acids"cbncentration can give a valuable insight into

the condition of a digester,

In cases where high volatile acids concentrations are
characteristic of the system, sudden increases in volatiie
acids concentratidn'méy‘be masked by the high absolute
concentration in thevdigesﬁgr, until inhibition is fairly

established,

In such cases, some investigators feel that by
monitoring the ratio of volatile acids to total alkalinity
(W1) or 'volatile acid salts' alkalinity to total
alkalinity (R2), a more sensitive indication of digester

performance can be obtained.

Pohland and Bloodgood (P2) showed that individual

- volatile acids were affected differently by adverse changes in

their environment. They found that the degradétion Qf

propionic acid to either gas or lower agid§>w§s affegcted to

the greatest extent during times of retarded digestion. The
butyric-valeric group was found to be less affected and

acetic acid most resistant to these changes.

Menitoring the changes in individual acid
concentrations would therefore seem to be an excellent method
of analysing digester performance., The st:iking difference
in the changes in concentration of the individual volatile

acid components during periods of normgl and retarded
!

2.5:4 Gas LCompositian,

Increases in the volatile acids concentration and
their subsedUent neutralization have been shown by Pohland

et al, (P3) +to result in the release of carbon dioxide to
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Waste treatment plants, unlike other types of chemical
plants, are frequently limited by the variation in concentration
and/or the volumetric flow rate of the waste that is to be
treated. The vulnerability of anaerobic digestion to sudden

loading changes has been pointed out earlier inm this section.

Clough (C3) has indicated that such variations in
volumetric flow and load concentration can be partially offset
or even eliminated by the use of holding and/or balancing

tanks,

A holding tank is one in which the volume is kept
constant, but where mixing takes place, thereby reducing
fluctuations in the waste concentration. Holding tanks

consequently have no influence on volumetric flow rate,

A balancing tank is one in which the volume is
allowed to fluctuate, therefore enabling a constant flow

rate to be maintained to the digesters.

A compromise between holding and balancing tanks is
often desirablée &and is possible to obtain by allowing the

volume in a holding tank to fluctuate over a limited range.

The use of these tanks is dependent on the extent
and variation of the expected load on the system.  The
capital costs'of such a tank should be weighed against the
potential saving to be derived from the improved treatment

efficiency resulting from a steadier load (C3),

Up to this stage, the mechanism of anaerobic
digestion,‘the environment neCessafy for digestion to proceed
and the indicators of digester performance have been

discussed,

Attention will now be focussed on the development
of digester design and the type of digester designs in common

use nowadays.,
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2.6 TYPE OF ~ DIGESTERS USED"AND THEIR DEVELOPMENT,

2.6,1 Preliminary Treatment.

The application of anaerﬁbic'digestion to waste
treatment appears ‘to date from the Austln tank, first
constructed in 1857 (Ml6), A French engineer, L.H..Mouras,'

designed the 'Mouras automatic scavenger'' a few yaars_late:,

The principal actian of these preliminary tanks was
thought to be the liquificatioh of organic solids after
sedimentation had taken place.- The bacteriologists of the
time were unaware that a cOhsiderable amount of thetdrgagic
.mattar was in fact removed as a gas, an attraative

charactéristic of the prqcésso

These preliminary tanks, however, served principally'

for sedimentation purposes.

7 It was not until 1895, when Donald Cameron designed
and constructed a septic tank for the City of Exeter, that

- anaérobic digestion came into more frequent use.

2,6.2 Septic Tank.

v Although septic tanks (tigure 2.6) are basically
similar to plaln sedlmentatlon basins, the: retehtmon times
used for the former are normally much longer so that the

depasited sludge can undergo partial or complete dlgestlon.

The septic tank consisted therefore of one.stage;‘with
no attempt to separate the phases of the process. No control
was exercised other than the specification of the tank volume,

which for a given flow rate fixed the retention time.

Two major problEms were encountered with the septic
tank : “

(a) the lifting of solids into the clarification
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into the sedimentation compartﬁent.

Travis considered it essential to pass a certain
broportion of the sewage through the digestion, or 'liquifying'
compartment in order to seed the liquid there with fresh
bacteria, Consequently the lower digestion compartment was
made reasonably small and the retention times in these
compartments were neither long enough to produce a fresh

effluent nor a properly digested sludge.

The Imhoff tank was a two- storey tank in which all

- sewage passed through the dpper, sedimentation compartment.
The suspended matter fell through slots into the lower.
digestion compartment where there was no sewage flow. - The
digestion compartments of Imhoff tanks were considerably
larger'in relation to the sedimentation sections than was the

case for the Travis tank,

The bottom of the settling eompartmEnt'was overlapped
to prevent -gas or sludge rising into-this section, while ventss
were provided at the side of the dlgestlon section to allow

for the: release of gase

Although the separatlon of functians’ in the Iiihoff
‘tank had increased the quallty of the effluent over that
obtdined in the septic tank, there was still no control over

the p:ecess~othef,than'the hydraulic retention time.

2.6.4 Separate Digestion Tanks.

By the early 192Q0's, the separate digestion tank begah
to gain favour. The solids were removed from the wastes .
~before entering the digester, and only bioclogical degradatian

" af the solids and thickening occurred in this process.

In conducting sludge-digestion in separate tanks,

rather than combining sludge-digestion and sedimentation
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in the.same tank, certain advantages became apparent,

The most 81gnlflcant of fthese. was the ability- to-
exert greater control on both the individual processeso
This increase in aperatlonal Control tended to Justify the

cost arising from the censtruction of the separate structures.

2.6,5 Developments in Control.

By this time two significant improvements had emérged

which further aided the control of the digestion process :

(a) the heating. of the digester contents to
' temperatures mere favourable for microbial
action; i
(b) the use of artificial miximg to maintain a

continuops supply of food material to the

anaeroblc micro- organlsms and topreventis

scum formation.

Slnce artificial mlxlng is 1ncompat1ble with the
_thlckenlng of digested sludge, the next development in
-anaeroblc dlgestlon was’ the separatlon of the blologlcal
action of'dlgestlon from,the thickening process.,

““This resulted in a two-stage process, Figure 2;8,
" which-allowed the heating .and mixing'df the digester centents
in“a first stage. Thickening and storage took -place in.a

second stage where heating is not necessary.
!

Two further advantages were derived from this

development :

(a) the ability to make use of the entire velume

of the first stage for biological stabilizatioeny
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{b) the possibility of daaigning such a unit for

aptimum biological action.,

2.6,6 Two-stage Process.

The imprdvemerits in opérational”cdntrol and modifieations

incorporated into the two-stage digester, i.e. the separation
of the physical phases of the. process, reduced retention times

significantly.

_ It is of interest to note that the changes in dlgester
d651gn and operation have not significantly affected the
bieleogical process, In other words the digester is stlli a
one stage system with respect to the biological reactions
evan though the physical stages of digestion and sludge

thickening have been separated.

To summarize, the varinus contrel parameters available’
to the operator up to this .point in the development.of-

anaerobic digestion were =

(a) the hydraulic residence time;

(b) an ability to heat the digesters to an
eptimum fempera%ure for biological degradatien;
and ‘ |

(c) various methods of m1x1ng the dlgeSter contents

so as to enSure,adequate QOntact-betwean the

organisms and organic material.

However, in spite of the improVehénfs'iH aberafiohal
control, the size of the digesters were still. dlscouraglng due
‘to the relatively long retention times necessdry. for dlgastlon

tp proceed satisfactorily,

The next stage in the development of anaercbic digestian,

the -anaerobic contact process, was linked with the solids
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retention time (defined in Chapter 5).

26,7 Apnaerobic Contact Process.

The anaerobic contact process, Figure 2.9, is basically:
similar to the two stage System,vexcept that some of the |
thickened sludge is recycled to the digester.

o

This system permits the maintenance of a high biological
populatien while" operating at 4 relatlvely low hydraulic
retentien time, In other woris, it is pessible to vary the
-solids retention time independent of the hydraulic retention
.trme. As can be seen from the theory, 6.1.4, the effluent
guality is'a function of solids retention time and aot'efvthe

hydraulic retention time, _ ' N

~ The contact précess can readily be applied to dilute -
,WﬁStéé WhérévhyﬁraUlic residerce times should be short to
make-the process economical, In systems Withcut recycle,
the dilute wastes may not support an adequate, mlcreblal
,populatlon.‘h Dlgester volumes for treating dilute wastes
. become prohibitively'large in order to have an adquate 1
“hydraulic residence time, which' in turn have to be greater
than the minimum solids retention tlme for stablllzatlon to
take place. Solids recycle,permrts the:use of smailer‘
'digester'velumes fer3maihtaieing a suffiéieetly large éiuage

cohteﬁtration to' obtain satisfactory waste stabilization,

The major-preblem arising from the use of the anaerobic
contact process to date is related to the inability to .
efficiently separate the bacterlal solids from the effluent

stream for recycle back. to the digester.

When operating at short hydraulic retention times,
high separation efficiency is required to provide adequate

sludge concentratiens im the digester andvthereby te maintain
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the required solids retention time for such a system.

In the successful full-scale treatment of meat-packing
wastes reported by Steffen and Bedker (S14), a vacuum
degésifiér'has'beén used between the digester and final settling
tank-to remove gases whiph tend te. hinder 'settling. The.
effluent'fram the digéétérs are pulled.into the degasifier
tanks. urder a 20" vacuum produced by vacuum pumps installed -
in the control buildingo The mixed liquor splashes down
into a series of slats which aid in the release of the gases,

which in turn are exhausted by means of a vacuum pump,

Other systems for solid/liquid separation, such as
centrifuges, filters and flotation units, have been used
experimentélly, but none has so far been used aon a sighificant

commercial scale (C3).

Generally the development of the anaerobic contact
process has meant that smaller volumes and lower.temperafures
can be used to treat a‘given wasté, Further, the ability of
these Systems.ta handle changes in the'digester ehviioﬁmehi
has been greatly iﬁﬁroved, However, loqdinds uséd in the
anaerobic contact process are limited by the~efficiency of

sludge separation.,

2.6.8 Internal Maintenance of Cell Concentration,

'Simila: maintenance of active belL méﬁeriél'and bieta
'in a digester can be achieved by internally returning the

sludge to the mixing zone.

This type of internally clarified digester is often
referred to as a 'reactor-clarifier', the cenventiocnal flow

pattern of which is given in Figure 2.10,
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Various reports or this type of digester have
appeared in the literature (P7), (H2), (511). Stander (S11)
repoerted reductions consistently higher than 96% (CBD) in a
reverse flow clarifier, treating a wine waéte, with organic

loadings up to 0,2 lbs COD/ft3/day.

The major advantage of a clarifier unit is its ability
te maintain sludge in an integrated cycle rather than by use’

of external recycling.

However, even when facilitated, by the provision of

fixed scrapers, sludge returmn can be inefficient,

A further disquieting limitation, inherent to this
type Df_anaerobié treatment, concerns the behaviour of sludge
.density with changes in feed rate (511)., . As mentioned
earlier, a sufficiently large sludge concentration must be
maintaimed in the digester, to cope with increases in
loading. Sludge accumulation in the clarifier can only be
reduced if the concentration on the floar of the clarifying
section (from where it is scraped into the digester section)
is‘higher than that in the digester compartment, The rapid
evolutian of gas, characteristic of high loading rates, takes
place in the clarifying section as well, and hinders sludge |
thickening., Consequently, sludge builds' up in the clarifier

and' eventually sludge appears in the effluent.

Various design metheods, including the construction
of an annular compartment in the clarifier section, were
used in an attempt to solve this problem (S11), and met
with moderate success.. As will be shown later, a similar
. disadvantage became apparent in the digesters used in this
thesis. The maximum sludge concentrations possible in the
digesters seemed to decrease with decreases in hydraulic
retention time, which is unfortunately contrary to the
biolegical requirements for maximum loading, However, the
simplicity of the process, as opposed to the anaerobic

contact process, is an advantage. The extent of the leading
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will determine to what degree this offsets the above dis=-

advantages,
This type of digester is particularly applicable to

laboratory scale digesters in that adequate sludge

concentration can be maintained with the minimum equipment.

2.6,9 Anaerobic Filter.,

Insufficient methane is produced from anaerobic
treatment of dilute soluble wastes to maintain digestef;uét
suitable temperatures. Consequently,vin some cases,
treatment at temperatures near ambient becamés a practical
- necessity. Efficient @aste treatment at these low
temperatures becomes dependent on the maimtenance of long
solids retention times, McCarty (M12).

The anéerobic contact process has been shewn to
treat such wastes'quite'sutCEszuily;-partiCUlarly'meap_
packing wastes and others containing'a‘significént'. |
coencentration of suSpended solids M11). The micro-
organisms tend te become attached to the solids and are
réadily removed ;n'the‘SEttling tank for recycle back to the
digester, Howeverﬁwith sogluble wastes, many of the bacteria
remain dispersed and a significant number may leave with the
ef?lueﬁt; thereby making it diffitulfvto méintain'thé

required solids retention times ( M12),

The anaerebic filter, (M12), (P1), (Y1), might prove’
to be thé solution to the_problem of treating theSe'sOluble

wastes,

Iin thisldevice: Figure 2,11, the”bactefia'grow
attached to the walls of the‘confining étructure as well as
to the packing and remain in the filfer; making extremely
long solids retention times possible, Becaﬁse of'thé long

bielogical solids retention times poessible, Young and
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Motarty have shown that the anaerobic filter can be efficiently::
_operated at ambient temperatures (Yl) " Therefore the filﬁer>
is extremely suitable for the treatment of dilute wastes, from
which insufficient methane is produced to heat the 1noom1ng

waste.

A further adVantage of the filter over the abaerobic'
contact process is the retention of the biological solids in
the filter, elimioating_the need tor recycle with its
inherent separation difficulties,

A disadvantage of the filter, is the short 01rcu1t1ng
of the raw waste along the paths caused by gas bubbles,
mentroned by Plummer gtngi, (P1)..- They suggest staging of
the tilter to overcome the difficulty. | ‘ '

However, it should be born_in mibd that as the
recycle ratio increases, the filter approaches a continuously
.mixed system and the advantages'characteristio of the plug

‘flow system become less apparent.

Up to the present, the filter has. largely been
confined to laboratory scale studies, treating-a synthetlc
volatile acid waste (M12) and a carbohydrate-protein

waste (Y1).

2,6,10 Multi-stage Svstemse

The use of multi-stage systems for waste treatment
has been reported by. Rich, (R1) and Wuhrmann (W4),

In the former, Figuref2;12, the waste stream flows
inté a-cohtact'basin (retentioortime of 25 to.QD minutes)
where thevorganios are orimarily'absorbed'by;the sludge
flow, ° The.activated sludge is then separated from the

mixed liquor in a:sedimentation tank and passed into a
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stabilization basin in which the absorbed organics are
metabolized by the organisms. The retention time in the
stabilization basin is 1,5 to 5 hours depending on the

strength of the waste.

In the process suggested by Wuhrmann, Figure 2.13,
the nitrogen compounds are initially oxidized to NOp” and
NO3~ under aerobic conditions., In the second stage
anaerobic denitrifying baﬁteria are used to reduce the

nitrates and nitrites to daseous Ny or N»O,

Willimon and Andrews (W3) have suggested- that such

- a multi-stage process might be applicable to amaerobic
digesfiono They depict the anaerobic process as three
biolegical reactioms occurinmg inm series, and maintain that
the optimum environmental conditions for the different
organisms responsible for each reaction, should vary from
group to group. They further speculate that the isclation
of the bielogical reactions into separate vessels would
enable the environmental conditions te be varied to maximize

the rate of gach reaction,

PoSsible advantages that might apply to such a

system are suggested as

(a) improved removal;
(b) increased stability;
(c) better quality control.

Disadvantages of such a system would include
(a) increased costs;
(b) more contrel requirements;

(c) .increased process complexity.
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The system is purely at the exploratory stage as far
as anaerobic digestion is concerned and it is conCeded“thatv
the environmental cenditions required for the optimization of

each stage are still largely unknown (W3).

 2,6,11 .Summarv of.. Types of..Digesters..in Common Use.,

The two mest common processes used for anaerobic
treatment at present, are the comnventional process and the

anaeresbic contact precess, Figure 2.14, (ML1l).

.. The conventional process. is the simpler type,
involving a single tank in which\the bacteria and waste are
mixed together,  The hydraulic retention time equals the
Sdlids:retention,time;for‘thisipracess as the bacteria and
treated wastes are removed together:for disposal. @ . The
stabilization may be increaéed.by making some provision for
the separation of the effluent solids from the effluent stream,
The conventional precess is usually used for the treatment
of more cemcentrated wastes, |
v The anaerobic contact process, on the other hand, can
be used to .treat most waste conCEﬁtrations,'but is "~
espeéiéily useful for the treatmerit of dilute Lastes, The
ability to uée economically short hydraulic retentien times,
while mainiainihg’comparatively long solids retention times,
allows the-use:ef-lower operating temperatures and results

in mere stable speratien.

The majdr'problgmiérisimg‘from the ﬁse'of.anaerabig
contact process to date concerns the efficiency of the solids
separation from the effluent stream for recycle back te the

digester.

The anaercbic filter has been developed as a possible

solution to the abeve problem; but itself suffers other
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disadvantagess

A brief Su:vey'of the development and application of

kinetics te anaerebhic digestion has beern placed im Chapter 6.
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CHAPTER 3

APPARATUS AND EXPERIMENTAL TECHNTIGU E

3.1 INTRODUCTION,

The experimental work was carried out in two different types
of apparatus, viz, a batch digester and a continously fed digester

of the 'reactor-clarifier' type.,

The batch system was used for preliminary work in
determining the feasibility of treating yeast waste by a
conventional form of anaerobic digestion, Further use was
derived from the apparatus in determining ultimate biocdegradability
and for investigating the potential toxicity of various ions

present in the yeast waste.

The continuous flow system was designed to permit the
independent removal of sludge and clarified effluent, and
consequently the independent variation of sludge and hydraulic

retention times,

The operating parameters used for each digester are
presented and the experimental technique of arriving at steady

state conditions discussed,

3.2 THE BATCH SYSTEM,
 The batch system used during this investigation is shown
in Figure 3.1, The digesters consisted of two-litre Buchner

flasks, each containing 1,5 litres of digesting liquor,

Each digester was connected to a 5-litre aspirator flask,
which was used as a gas collection bottle. Each gas collection
bottle comtéined a sulphuric acid solution (5 ml concentrated
HZSDA/litre) with a pH value below 1,5, The displaced liquid
from the gas'gollection bottles was allowed to run into a
similar 5-litre aspirator flask which was left open to the
atmosphere. This system permitted the measurement of gas
production at atmospheric pressure by maintaining the liquid

levels of both aspirator bottles at the same height, while
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1
i

readings were being -taken,

Gas samples for the analysis of the digester gas were

taken from the gas sampling cock, shown in Figure 3.1.

The daily addition of feed and withdrawal of effluent was
made under pressure to prevent air from entéring the system,
Sufficient pressure was obtained during these processes by
raising the aspirator bottle to a suitable level above the level

of liquid in the gas collection bottle,

The digesters were operated in a constant temperature
room, maintained at 300C, Fluctuations were kept to a
" minimum by monitoring the temperature daily, on a maximum~

and-minimum thermometer,

The digesters were initially seeded with digested sludge
from the Athlone sewage works and the following start-up

procedure was used for all the batch digesters:

One litre of the seed sludge was put into the digester
together with 500 ml of the diluted yeast waste, The system
was purged with nitrogen gas, carefully sealed, and digestion
allowed to proceed, As shown in section 4.2,1, virtually no
acclimatisation period was required. Consequently, no further

additions of seed sludge werevrequiredo

"As a low hydraulic residence time was thought te be
essential for treatment of the yeast waste to be economical,

the following methed of operation was used for the batch digesters,

The digester contents were shaken at frequent intervals
throughout the day and allowed to settle overnight. This
permitted the daily withdrawal of effluent without significant
sludge wastage. Consequently, a low hydraulic residence time,
viz, 3 days, was made possible while maintaining a sludge age

of between 40 and 68 days,
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ensured that the digester was sealed effectively without

restricting versatility of operation,

The baffles A, B and C shown in Figure 3.2, aided in
maintaining adequate flow pattérns in the digesting section
of the system and thereby eliminating any dead spots which lead
to inefficient utilization of the digester volume, or where

settling could take place.

The baffle D was an. important component of the
clarifying mechanism in the digesters, Recirculated gas
entered the digestérs at the position F:indicated in Figure 3.2,
The bubbles, in rising, struck the baffle B, placed just
beneath.the settling section and continued upwards to the -
liquid;surface; The flow pattern of the gas bubbles around
this baffle resulted in the creation of eddies as shown in
Figure 3.2, which drew the sludge out of the settling section,
This system worked efficiently in practice and the settling
section was kept clear throughout the investigation, An
opening of 4 - B8 mm between the sliding baffle and the digester

wall was found to give the most satisfactory results.

The degree of mixing achieved by the gas recirculation,
aided by the positioning of baffles A, B and C in the digesting

section, preoved adequate throughout the investigation.

An aquarium pump was used to recirculate the gas and a
water trap included in the circuit, as shown in Figure 3.2, to

prevent any liquid from entering the pump.

The level of the liquid in the digester and consequently
the volume of the digester contents could be varied by raising
or lowering the outlet weir, F, in Figure 3,2, The volume of
each of the digesting sections of the reactor-clarifier was -

maintained at 7,5 litres throughout the study.

A constant daily flow rate was applied to each of the
digesters, viz, 5,155; 4,42 and 2,125 litres/day.



Consequently, each digester had a fixed HRT throughout the
study, viz, 1,46 - 1,70 and 3,53 days respectively.,

v AV 'drip-feed! system was used to, feed the digesters.
The system was based on the restriction of air entering the feed
bottle. This resistance was created by placing a certain
length of wire, C, into a capillary tube, providing the only
access for air to enter the feed bottle, as shown in Figure
3.4, Minor adjustments to the flow rate could be made by
varying the length of wire in the capillary tube, A. Major
adjustments to the flow rate could be achieved by varying the
height of the outlet weir, B, in Figure 3.4,

In order to simulate a continuous process as closely as
possible, fluctuations in feed rate, commonly due to sludge
growth in the feed times, had to be avoided. This was achieved
by preparing new feed daily and by regular cleansing of the feed

lines,

The feed tube entering the digester extended some 6"
below the liquid surface in the digester, thus constituting an

effective seal to air entering the system,

Digester effluent and gas lines are shown in Figure 3.2,
the liquid seal in the €ffluent tube preventing gas from
escaping through this outlet.

Gas was collected in precisely the same manner as that
used in the batch system, described in section 3,2, The gas
collection bottles were considerably larger than those used

for the batch process, varying from 13 = 16 litres in volume,

A gas sampling point was included along the gas

collection line as shown in Figure 3.2,

Sludge was wasted daily from the system due to the
inherent difficultues in establishing a continuous removal

system for such small quantities of sludge. Simulation studies
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being carried out at present in the Department of Chemical
Engineering, University of Cape Town, by Hansford and Ledermann
(H1) have indicated that the ramge of errors, applicable to this
intermittent method of sludge withdrawal would be minimal for

anaerobic systems,

As mentioned in section 3.2, the temperature in the room
containing the digester was maintained at 30 ¥ 1°C, This was
achieved by monitoring the temperature daily on a maximum=and-

minimum thermometer,

Batches of yeast waste were stored in a refrigerator at
4 t 20, Daily feed volumes were prepared by diluting these
batches of yeast waste with tap water. Each batch was seldom
used for longer than two weeks before a fresh batch was obtained,
The variation in chemical oxygen demand of the yeast waste did

not exceed 2 per cent. during this period,

3.4 DPERATION OF REACTOR-CLARIFIER DIGESTERS.

As mentioned in section 3.3, the hydraulic retention time
of each of the digesters was kept constant, viz, at 1,46.— 1,70
énd 3,53 days respectively, Similarly to the batch system,
increases in the loading rates on the digesters were achieved

by increasing the feed concentration.

The tanks were sensitive to step increases in loading,
of greater than ten per cent. at moderate loadings and five
per cent, at higher loadings. This indicates the difficulty
of applying the anaerobic digestion process to industrial
wastes with widely varying waste streams, ‘The use of a
balancing or equalising tank would be essential if conventional

anaerobic systems were to be used in such cases.

Maximum tolerable loadings varied from 14,5 kg/C0D/m3/day
to 6,5 kg/CDD/ma/day as the hydraulic retention time increased
from 1,46 to 3,53 days respectively., These loadings, however,

corresponded.to a similar concentration of feed entering the
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system, viz, 0,021 - 0,023 kg EOD/1. This indicated that the
digesters were failing due to the ﬁresence;of~one or more
materials, in inhibitory concentrations, at these loadings.
The pessible sources of this inhibition are treated more

comprehensively in Chapter 6.

The digester with the shortest hydraulic retention time, 77
viz, 1,46 days, was found to be more susceptible to sudden

changes in the envi;gﬂmgjt, than the other digesters. It

would consequently appear that the digesters used in this
study would probably fail at hydraulic retention times much
below i,6 days, due to an insufficient contact périod between
the microorganisms and the yeast waste. In the internally
clarified type of system, this limiting hydraulic retention
time is probably longer than that posgible in the anaerobic
contact process where an external recycle system is used.
This is due to the limiting sludge concentration, imposed on an
internally clarified system, by the hydraulics of the system.
A further discussion of this particular disadvantage inherent
to the reactor-clarifier type of system is presented in
section 4.2.7,

In order to investigate the kinetics of the system it
was necessary to evaluate the performance of the digesters

over a range of solids retention times.

In conventional processes where no solids/liquid
separation takes place, i.e. solids retention time is fixed
by the hydraulic residence time, the retention time is varied

by changing the flow rate through the system,

The extension of this method to the laboratory scale
reactor-clarifier, Jsed in this investigation, involves
operating at various sludge ages controlled by fixing the
amount of sludge removed per day. Under these conditions the
cell contration adjusts itself to the particular steady state

value required.,
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This method of operation suffers from one major disadvantage
which is particularly pronounced in anaerobic systems, viz,
the long period of time required by the anaerobic microorganisms

to adjust from one steady state to another.

Process dynamics (C5) show that a completely mixed system
should be left for at least five residence times before

steady state conditions can be assumed,

In the reactor-clarifier system used in the present
investigation comparatively long sludge retention times,;vizo
40 - 60 days, were used while operating at a hydraulic

residence time of two days.

Consequehtly to apply the period recommended by process
dynamics to the contact process before reaching steady state,
approximately 5 x 50 days would be required between steady

state readings.

As this period of time was impractical, a novel method
of operation was investigated in this study. Rather than
maintain a ﬁigg@_gigﬂgg\ige, the quantity of sludge wasted
per day, i.e. the sludge age, was adjusted to maintain a

constant sludge concentration in the digester at all loadings‘

Under these circumstanﬁes, no changes in cell concentration
of the slow growing anaerobic organisms was required.
Therefore by maintaining a constant sludge concentration in
the system a considerably shorter period should be required
for a steady state condition to be established. Further it
was felt that attainment of steady state could then be related
more ctlosely to hydraulic residence time rather than solids

retention time.

'This method of operation. could be limited by the

following problems :

(l) a difficulty in selecting the .correct amount

of sludge to waste in order to maintain a
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constant sludge concentration in the reactors;

(2) a period related to a number of hydraulic
residence times might prove insufficient for

steady state to be attained.

However the results in moving from one steady state value

to another as shown in Figure 3.5 indicate the following

(a) it was relatively simple to select the required
amount of sludge to be wasted per day in order
to maintain a constant sludge concentration in
the system, The level of sludge in the settling
section was a useful indicator for this method

of operation;

(b) steady state values as shown in Figure 3.5 and
Table C,2, Appendix C, appeared to be reached
within a period of two weeks which is
considerably less than any sludge age used
during the study and very close to a period
of five times the hydraulic ietention time,
This indicates that the hydraulic retention
time may be the characteristic time constant

for such a system.

Pretorius (P7) has commented that researchers.in the
anaerobic fermentation field have been vague in their reépective
definitions of steady state. A period of three hydraulic
retention times was used by Andrews and Pearson (A5) in a study
of the kinmetics applying to aﬁaerobic systems. In the
present study, each digester was loaded at the same rate and
operated at the same environmental cenditions, for a period
equal to the selids retention time, Readings for the
appropriate steady state were then based on the average of one

week's readings,
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A change in loading rate on the digesters was
accompanied by an increase in sludge generation and conse-
quently more sludge was wasted to maintain a constant
sludge concentration in the reactor sectioen, The new steady
Sfate conditiens were obtained by a trial and error method.
Daily monitering of sludge in the settling section was
perfofmed until the correct amount of sludge was wasted from
the system, corresponding to the new environmental conditions

imposed on the digesters,

A histogram of the varicus parameters relating toc the
digester as the system was moved from one steady state set of
conditions teo another is shown in Figure 3.5, As can be
seen from Figure 3.5, the parameters describing the condition
of the digesters remained constan£ over the period readings

were taken,

Pretorius (P7), reported that although typical system
parameters might indicate a steady state condition, recent
research has shown that certain enzyme reactions had been
found to show wide fluctuatiens which only tended to settle

down at a later periad,

Further research is necessary in this field in order to

obtain a more specific definition of steady state conditions,

A summary of the various 'steady state' values for each

digester is presented in Table 5.1.

All the parameters used to monitor digestion and to
determine relative digester efficiency are discussed in

section 3.5,
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3.5  ANALYTICAL PROCEDURE.

The following analyses were performed to monitor digester

perfoimance and to evaluate the relative efficiency of the

process,

Type of Analysis,

Reference,

Biological Oxygen Demand Standard Methods .
Chemical Oxygen Demand Standard Methods
Oxygen Absorption Standard Methods
Dissolved Solids: (Total, Velatile '

and Fixed) Standard Methods
Suspgnded Solids: (Total, Volatile _

and Fixed) Standard Methods
Total Nitrogen Standard Methods
Ammonia Nitrogen Standard Methods

Ditallo and Albertson
DiLallo and Albertson

Tyolitile Acids Concentration
lTDtal Alkalinity

ZGaS Composition : -

Standard Methods
Standard Methods

Chlorides

Total Sulphides
Potassium, Sodium : -
3Copper, Iron, Zinc and Nickel | -
4o - -
1 Volatile acids analysis was performed by the method
advocated by Dilallc and Albertson (D1). For comparative

purposes a series of volatile acids analyses were performed

(5159)
(515)
(515)

(515)

(S15)
(515)
(515)
(D1)

(D1)

Seé below

(515)
(515)

See below
See below

See below

using both the above method and a calorimetric method reported

by Montgomery, Dymock and Thom (M22), The results of both
methods appeared to be consistent with each other as shown in
Table B.1, in Appendix B.

¢ Gas analysis was performed by the use eof gas liquid
chrematography. A Hewlett-Packard model 5750 chromatograph
was used for the analyses. The various operating parameters

are summarized in Table B.2, Appendix B.
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3 ‘Atomic absorption spectroscopy was used to determine the

concentrations of potassium, sodium, cepper, iron, zinc and
nickel in the digesters. A Varian-Techtron model 1000
instrument was used for the analysis, The conditions applying
during the analysis of each element are listed in Table B.3,

Appendix B.

pH was monitored daily en a Beckman pH meter, (model 55-3).

3.6  SUMMARY.

The batch and 'reactor-clarifier' systems used in this
investigation and the parametefs pertaining to their operation,

beth operational and analytical, have been described,

The relevant results describing the general performance

of these digesters are discussed in Chapter 4.
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CHAPTER 4
GENERAL PERFORMANECE :

RESULTS ANB.DISCUSSTION

4,1 INTRODUCTION.

The susceptibility of yeast waste to anaerobic digestien
is discussed. The relative behaviour of the parameters

relating to anaerobic digestion is also presented.

A large portion of the detailed daily analyses performed
"during the investigatibn has been omitted, as it was felt that‘
it would be largely repetitive and of little information,
particuiarly during much of the prelim?naiy periods of the
sfudyo Where relevant, data has beenfabsﬁratted from the

déily readings. This data can be fgund in Appendix C. For

" ease of interpretation, relevant por¥ibns of;this*data have ‘
'“been.plotted chronologically as well as being preseﬁted in é.

tabular form.

The location of the data in this thesis together withv
its relevant applicatien is summarized below |

(a) The behaviour of the parameters used to monitor
digestion during a typical start-up perioﬁ'is
presented in Figure 4.1 and in Table C.1,
Appendix C. | I

(b) A comparison of digester performance after the
additioh;of_ahmoniUm7phosphate,vas,a‘possible _'-
nutrient source, compared to a normally

operated digester, is shown in Figure 4.2.

(c) The values of the parameters used to monitor:
digestion in the reactor-clarifier system, as
‘an increadase in loading concentration caused a

shift from ene steady state to another, is
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shown in Figure 3.5, and can be found in

Table C,2, Appendix C,

(d) A summary of the steady state values obtained
for the reactbrwclarifiei systems is listed in
Table C.3 in Appendix C. Figures 4.4, 4.5,
4,6 and 4,7 contain data abstracted from
Table (.3, and summarize the variation of the
common parameters, viz. total gas production,
gas composition and volatile acids
concentration, with changes in loading rate.
"Where possible, these values have been
compared to values arising from the anaerobic

treatment of other industrial wastes.

(e) The significance of changes in the values of
the above parameters in predicting process

imbalance, is shown in Figure 4.8,

(f) Finally, the relevant data pertaining to the
investigation on inhibition is listed in
Table C.4, The subject of inhibition is

discussed in more detail in Chapter 6.

4,2 - GENERAL OPERATION,

4,2,1 Start Up.

Seed from a primary digester at the Athlone sewage

works was used to start up the various digesters.,

Virtually no acclimatization period was found necessary
as digestion of the yeast waste proceeded almost immediately.

Maximum efficiency was rapidly attained as shown in Figure 4.1,
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The rapidity with which maximum efficiency was reached,
contrasted with the acclimatization period required for éewage

sludge seed to adapt to spent wine as a substrate, Stander (S11).

In an aerobic.study carried.out in the Department of
Chemical Engineering, University of Cape Town, (513),.
agglimétizét@gn periods of approximately one month were
required before maximum utilization of theé Same yeast waste

was attained.

4,2.,2 Nutrients.

Satisfactory performance over a wide range of loadings,
indicated that no extra nutrients were required by the various

micro-organisms in utilizing yeast waste as a substrate.

In preliminary studies of the system, hoth nitrogeﬁ
and phosphorus were added in various amoupts to the digesters
without any effect on process efficiency, as shown in Figure

4.2a

Similar reductions obtained from both the anaerobic and
aerobic methods of treating tHe yeast waste under consideratieh,
indicated that the waste was not nutrient deficient (513),

Had this actually been the case, reductions in the aerobic
process would be suspected te have been lower than the
anaerobidiprocess due to the greater sludge sunthesis and
consequently ihcreased nutrient requirements of the aerobic

process.

4,2.3 Buffer Requirements for Anaercbic Digestiaon.

The following buffer systems were generally present

in the digesters:

(a) the bicarbonate system either generatéd during
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digestion as shown in sections 2.4.3 (a) and
2,4.,3 (f), or added to the system in the form

of sodium bicarbonate;

{b) the sulphide system, resulting from the
reduction of sulphates, presentAin the yeast

waste;

(c) the ammonia system, resulting from the ammonia
originally present in the yeast waste, as well
as that generated in the system from the

reduction of organic nitrogen;

(d) a volatile acids system, resulting from the
acids generated in the intermediate stages of
digestion and their consequent neutralization
by tﬁe various forms of alkalinity present in

the digester.

In the normal rahée of pH experienced during this study,
.viz, 6,8 - 7,2, only fhe first two buffer systems had a
significant effect on the digestion process. The relative
contributions of both systems to the total buffer capaCity

for a £ypical digester environment is shown in‘Figure 4.3.

At a pH of 7,0 , the sulphide system contributes approximately
10 per cent., of the tétal,buffer capacity for a sulphide

‘concentration of 75 mg/1l.

Increases in pH values above 7,2 were noted during the
preliminary perieds of the study when extremeiy high loading
rates were attempted, These increases were\due to an increase
in the ammonia concentration in the digester and consequent

displacement of the pH as shown in section 2,4,3 (e),

Similarly, periods of unstable digestion, characterized
by high concentrations of volatile acids, resulted in a

depression of the pH.
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" As mentioned in section 2.4,3, an alkalinity level of
approximately 3 000 mg/l as CaCO3 is recommended for digestion,
tojact as a buffer against any build up.-of volatile acids

during‘periods of digester imbalance.

At low feed cmncentrafions, insufficient alkalinity
was present in the waste, or generated during treafment, to
maintain satisfactory digestion, In such cases, sodium
bicarbonate was added to .the waste to maintain a satisfactory
level of alkalinity in the system.,

However, at loading rates greater than 5 kg COD/day/m3
sufficient alkalinity was present, in the yeast waste and

generated during digestion, toe sustain the process.,

4,2.4 General Perfdrmance.

A typical performance of the digesters for a given
loading rate is presented in Table 4.1 while approximate
values of. the range of reductions obtained over the entire _,“”

investigation is shown in Table 4.2,

TABLE 4;ln Digester Performance Data,

Parameter Influent |Effluent|Reduction
mg/1 mg/1 %
Total Chemical Oxygen Demand (COD)| 16 100 5 300 67,1
Degradable COD 1 12 300 1 500 87,9
Total Dissolved Solids 16 700 9 600 | 42,5
Total Dissclved Volatile Solids |- 11 000 4 100 62,6
Total Fixed Volatile Solids 5 700 5 500 3,5
Oxygen Absorbed 6 100 1 800 70,5
Biological Oxygen Demand 8 800 1 010 88,5
Total Nitroegen ’ 280 142 49,3
NH3 Nitrogen | 77 132 -
Sulphates 1 00O 450 55,0
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TABLE 4.2, Range of reductions covering all loading rates,

(A1l values rounded off.)

Parameter : . Range o; Reductions
Total Chemical Oxygen Demand (COD) - 60 - 70
Degradable COD ' 80 - 90
Degradable COD as a function of Total 70 - 80
CoD | |
Total Dissolved Solids : 40 - 55
Total Dissolved Volatile 5Solids 60 - 70
Total Dissolved Fixed Solids ’ 0 - 10
Oxygen Absorbed _ 65 - 80
Total Nitrogen oo 40 - 60
Sulphates 40 - 60

Overall COD reductions of 60 to 70 per cent. were
consistently'obtaihed over a comparatively wide range of
loadings. Reductions of the biodegradable portion .of the

waste ranged from 80 to just over 90 per cent.

The biodegradable portion of the waste varied between
70 and 80 per cent. of the total COD. Consequently some
20 to 30 per cent. of the yeast waste was not susceptible to

biological treatment.

A study, carried out in the Department of Chemical
Engineering, University of Cape Town, on the aeraobic treatment
of the same yeast waste yielded similar results in evaluating

the degradability of the yeast waste (513).

Reductions in total dissolved solids ranged from 40
to 55 per cent, This comparatively low féductionlwas due to
the large amount of inorganic salts present in the yeast
waste,' Part of the very small reduct%on in fixed or non-
volatile dissolved solids can be attributed to the reduction

of sulphates in the waste to hydrogen sulphide. Reductions
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in the volatile content of the dissolved solids appeared to be

Simiiar to the reductions obtained in the total COD,.

Representative values of the above reductions, over
the range of loadings used during this study, are summarized

in Table 4.2,

Gas production, as a function ef kg COD destroyed,
is compared to the theoretical amount, en a percentage basis
in Figure 4.2, An average value of 86 per cent.was reported by
Cillie et al. (C2) for the treatment of wine waste. Part of
the deficit is due to the synthesis of approximately 10 per
cent, of the applied COD into cellular material.

The parameters used to monitor digestion are discussed

in, section 4.3.

4,2.5 Sludge Concentration,

As seen from Equation (5.13)in section: 5.3 the following
expression can be derived relating the sludge concentration to

the hydraulic retention time for the reactor-clarifier

{icb

So - §.)Y, c

1 .+ kdec B

X =

From the above expression it can be seen that a decrease

in hydraulic residence time (6), should be accompanied by an

|

increase in the solids concentration in the digester (X).
In other words, to compensate for a decrease in contact time
between the micro-organisms and waste, a coensequence of the

decrease in hydraulic residence time, an increase in sludge

‘concentration is required for satisfactory digester performance

to be maintained.

Unfortunately, contrary to the biolegical requirements

indicated by Equation (5.13), the sludge concentration in the

i
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reactor-clarifier used during this study was lowest for the
digester being operated at the lowest hydraulic retention
time. This would appear to be related toc the increased
amount eof micro-organisms carried over in the effluent
stream at increased flow rates through the system.
Consequently, high loadings on the process at low hydraulic
retention times could be limited by insufficient sludge
concentratiens, Stander {(S11) has reported a similar
limitatien on the loading of spent wine on a full-scale

clarigester.

This limitation constitutes the major disadvantage
of the system used in this study and of all similar forms of
"clarigesters.. 'The significance of the above limitation will
depend on the strength of the waste to be treated. =~ Never-
theless, loadings used on the digesters treating the yeast
waste under consideration, were comparable to many of the

higher loading rates reported in the literature.

Sludge concentrations varied from approximately
14 500 mg/l to 11 500 mg/l as the hydraulic retention time
decreased from 3,53 to 1,46 days. ' The volatile fraction
appeared to remain at a constant value between BDﬂandIBY

per cent. of the tetal sludge concentration,

4,2,6  Summary.

It has been shown that approximately 70 to 78 per

cent. of the yeast waste is biedegradable.

The degradable portion of the yeast waste is readily

amenable to conventional anaercbic treatment,

Virtually no. acclimatization period was found to be
necessary and no additional nutrients required to sustain

digestion,
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Chemiéal additions were required at low feed
concentrations te maintain a satisfactery alkalinity level
in the digester, At higher loadings the alkalinity present
in the waste and generatéd during digestion, proved adequate

for digestion to proceed satisfactorily.

Loadings appeared to be limited to a certain feed
concentration, indicating the presencé of ene or moré
inhibitory materials in the waste. A hydraulic residence
time of just below 1,6 days was thought to-be the lowest
value possible for sufficient contact to be established

between the waste and the micro-organisms,

4.3 PARAMETERS USEB T80 MONITOR DIGESTION,

4,3.1 Introduction,

Values of the various parameters used td monitor
digestion, over the range of loading rates used during this
study, are presented in Figures 4.4, 4.5, 4.6 and 4.7,

Where possible, these values are compared to other published
values recorded during the anaeropic‘treatment of other

industrial wastes.

4,3,72 Comparison of Parameter Values.

Unfortunately, compariscen of the various parameters
pertaining to anaerobic-digestion is complicated by the
variety of expressions used to describe both the loading rates
and performance of these digesters. Although more than one
expression is frequently used to descfibe the characteristics
of a process, these expressions are often limited to the
influent coﬁditions or merely to the waste itself. Any
comparison cencerned with the overall reduction of the process
is often meaningless unless some ultimate reduction is quoted,

particularly in the case of wastes which are only partially
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.degradable. Further; it would appear that locading rates

should be related to the concentration of soclids in the
digester in order to make meangingful caemparisons between
various processes. This has become more apparent with the
development of various contact processes, permitting a wide

range of sludge concentrations during anaerobic treatment,

Where possible in this thesis, comparisons have been
hade of the parameters used to moniter digester pefférmance,
for a range of leading rates related to degradable Chemical
nygén Demand or Total Dissolved Volatile Solids, These

compariseons are shown in Figures 4.5, 4,6 and 4.7,

It should be emphasized that the comparisons
concerning the carbon diexide centent of the gas aﬁd the
volatile acids concentrations are seriocusly limited by the
lack of information on sludge concentrations, Where possible
they are included on the graphs., However, it was decided
to include these comparisons merely to indicate the general
similarity of both the above parameters over a wide range
of leadings for different'wastes; viz, the carbon dioxide
centent of the'gas varies between 25 and 35 per cent. while
the volatile acid concentrations lie below 500 mg/l, as
acetic acid, for the major portien of the loading rates

presented.

The comparisoh between the various gas proeductions
ef the procésses present is not subject to the above
limitation, Both gas production rates and loading rates are

plotted as a function of digester volume.

Figures 4,2, 4.3 and 4.4 do indicate that the values
of all the parameters used to manitor digestion are within

the range of values common to mest digestion systems.
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Figure 4.8.
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4,3.3 Summary. .

Difficulties have been indicated in the comparison
of the various parameters used to monitor digestion, for a

variety of different wastes.

Where possible comparisons of these parameters have
been made for the anaercbic treatment of various industrial
wastes and found to be similar to those values ebtained during

this study.

4,4 PARAMETERS RELATED TO DIGESTER FAILURE.

4.4,1 Introduction,

In order to gain an insight into the relative
ability of each of the parameters, to predict impending process

imbalance, one of the digesters was loaded to failure.

A histogram of the relative changes in the values
of total gas production rate, gas analysis and volatile acids
concentration covering the period of digester failure, is
shewn 1in Figure. 4,8, j7f{ G <o awla :#ESGW'(W (3

B*Lqpua~u? ﬁ&q%7ﬂhﬂ

4,4,2 Gas Production.

The total gas production of the digester was found to
decrease markedly at the first sign of process instability.
The rapidity with which total gas preduction respeonded to
changes in digester environment made it the most significant
parameter for determining the relative condition of the
digesters., °~ The immediate indication total gas production

gives of impending process failure, is shown in Figure 4.8,

It should be emphasized that fluctuations in loading

rates were kept to a minimum throughout the study. In
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larger plants, severe fluctuations in leading rates could

limit the use of total gas pioduction as a method of monitoring
digester performance. However, even in such cases the

extreme sensitivity of gas production to digester environment
should overcome the above limitation to its use in anaerochic

digestion,

4.4,3 Gas Compoesition,

As seen from Figure 4.8, the carbon dioxide content
of the digester gas was Tound to be a reasonably sensitive
indicater of digester performance. However it can clearly
be seen that the drop in overall gas production on day 20
in Figure 4.8 is mofe marked than the rise in carbon dioxide

content of the gas,

As shown in section 2,5.3, Miller and Barron (M17)
have reported the carbon dioxide content of the gas as being
a reliable indicater of digester performance. In the
present study, however, gas production was found to be the

more sensitive indicator.

4,4.,4 -Volatile Acids,

Figure 4,8 indicates the steep c¢limb in volatile
acids concentration once digester instability, becomes
markedb Hewever, at the relatively high opérating‘level of
volatile acids in the digester under coasideration, the
onset of unfavourable digestion may be marked, as shown in
Figure 4.8, It is quite clear that a severe drop in gas
production has taken place before a sign%ficant increase
in the volatile acids concentration is neted. Consequently
in this study the volatile acids concentration was not
found to be as sensitive to digester pe:fprmaﬁce as the total

gas production or gas compositioen,
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Steffen and Bedker (S14) have also reported that
volatile acids concentration responded at a slower rate than

gas production to changes in the digester environment.

4:4.5 Alkalinit!a

‘ . An increase in alkalinity was‘noted as the digester
began to fail; This increase was due to an increased
amount of volatile acids alkalinity present in the system,
and eventually the influence of this type of alkalinity, an
the process, resulted in a significant drop in the pH

prevailing in the digesters.,

The use of total alkalinity minus the volatile acids
alkalinity, as a means of detecting the onset of diggster
imbalance has been found informative by Pohland and .
Bloodgood (P2). |

In the present study, the dverall geslproduction
rate was found to be more senmsitive than the above parameters

in predicting digesfar imbalance,

4.5 SUMMARY

. The degradable portion &f the yeast waste under

comgideration wasvfaunﬁ to be readily suéggptible‘ta anasrobic =

digéation, ,v@igéstion was self sustain;ng at higher laediﬁg

rates,

The vgiués of the parameters QEed‘ta menitdr_gigestion
were similar to those reported during the anasrabic treatment

of ether wastes;

Total gas production was found to be the most reliable

indicator of digester performance. -

-
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CHAPTER 5

K INETTICS

5.1 INTRODUCTION,

The sanitary engineering approach to the kinetics of
waste treatment has been based largely on substrate
dtilization, McCarty (M13), Weston and Eckenfelder (W2),
as opposed to the traditional culture theory which uses

bacterial growth rate as a basis, Aiba gt al. (A2).

Unfortunately there has been little uniformity in
the systems of nomenclature used by workers doing research
in the field of digester kinetics, e.g,. McCarty (M13),

Andrews and Pearson (A5) and Andrews (A6),

The nomenclature used in fhis thesis, as de%ailed
in Appendix A, is the same as that recommended by a
committee organized at the Symposium on Continuous
Fermentation held in Czechoslavakia in 1962 (F2), This
system has also been used By Aiba et al (A2) in a bio-
chemical engineering text and further by Andrews (A6) and

Pretorius (P6) in the field of waste treatment,

A mathematical moedel is developed to describe the
reactor-clarifier system used in this investigation, and’ the
application of similar models to full scale digesters is

discussed,

A method of obtaining the kinetic parameters relating
te the anaerobic treatment of yeast waste, is ocutlined,
These parameters are evaluated and compared to other values

found inm the literature,
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5,2 BACKGROUND THEQRY.

Continuous culture theory has been shown by Andrews
and Pearson (AS5) to be applied to such diverse areas as the
study of bacterial mutation, the study of rumen metabolism
and the production of yeast, ethanol and lactic acid, as well

as waste treatment,

However, classical continuous culture theory applies
to the growth ef a single species of micro-organisms in the

presence of a single grewth limiting substrate.

Anaerobic treatment, as mentioned in section 2.2.3,
is a complex multi-step process invelving a mixture of

degradable compounds and a mixed microbial populatien.

Consequently, several assumptions have had to be made
in erder to apply centinueous culture theory to anaerobic

digestion, as shown below,

Anaerobic digestion can be represented by the

following steps (W3)

k1 Ko
solids - soluble organics > acids * .. CHy+CO,
liquefying abid‘forming methane
bacteria bacteria bacteria

The following assumptions can be made relating to the

above reaction sequence :

(a) the liquifaction step can be omitted in the

case of soluble wastes;

(b) the réaction constant kj is assumed to be
much lower than kq. The methane forming
step becomes rate limiting for the overall

process., This assumption was suggested
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by Sawyer and Roy (53), and verified by
McCarty (M13) and D'Rourke- (D1);

(c) the rate limiting methane forming step is
assumed to be described by a Monod
relationship, Equation (5.1). In practice,
this process-controlling step involves the
utilization of a number of intermediate
volatile acids by a mixed bacterial |
population, Consequently,\a further

‘éssumption is made that a form of the

Monod relationship can be .applied to the
fermentation of the volatile acids, where
the volatile portion of the total dissolved
solids concentration is used in the place of
the concentration of érowth—limiting
substrate, Agardy et al. (Al) and Andrews
et al. (A4).

Consequently, in the following development of the
anaerobic model, the mixed population is considered to be
represented by avsingle species and the complex organics, as
measured by the degradable COD, to constitute the growth

limiting substrate,

In continuous culture theory the growth rate of cells

is given by the following expression

1 dxX*
= 7 e B o 85 05 @0 6% 005 e 8 808 050 6088 808 s Sol
LS - | (5.1)
where X* = cell concentration

The relationship between growth rate. and the growth
limitihg;substrate is given by the Monod expression ‘:
X u = "/\‘HS* v‘0_'0569.ﬂld.‘.ﬁ.llﬂol@l‘a!vtib (592)
. K + 5S*

where 5* = concentration of the growth limiting substrate.
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Several other expressiens descfibing growth rate as a
function of substrate have been suggested, e.g. Maoser (M22),
However, in the following development, the Monod function will

be adhered to, due to its wider acceptance.

The same expression has been widely used in the waste

treatment field, with the following modificatiens :

(a) X* is replaced by X, which refers to the
organism concentration in the particular

waste system;

(b) S* is replaced by S5 which reépresents the rate

limiting substrate in the complex waste.

The volatile portion of the sludge concentration in
the reactor has frequently been used as a measure of the

erganism concentration, Andrews et al (A4).

Biological Oxygen Demand and degradable Chemical
Oxygen Demand have been commonly used as the growfh limiting
substrate in studies on the kinetics of anaerobic systems
(A1), (A4). Not all of the studies reported in the literature
have used an energy source as a limitingjsubstrate, James (JI)
has indicated that a wide variety of substances can act as

growth limiting substrates.

For efficient waste treafment, both aerobic and
anaerobic processes usually operate at low substrate values,
and consequently, as can be seen from the Monod expression,
Equation (5.2), at low specific growth rates. Under such
circumstances the micro-organisms are retained in the system
leng enough for organism decay to exert an influence on the

overall process,

To provide for all the factors, other than growth

rate, influencing the mass of micro-erganisms in a

F2mlAa~al1l cvedom A e~ Ff3~ Aar~ayvy vad+os Lo T Tnrnr~tiideA
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Andrews (A7) suggested that the effects of cell maintenance,
organism decay and subsequent lysis, on the overall growth

rate, be included in this manner,

A number of writers . (M13), (A7), (P6), have shown

that the net growth rate canm be expressed as follows :

X = (W= Kg)X  viviiieennnnsnn. (5.3)
dt

Andrews (A7) has recognised that the sﬁecific
organism decay rate is not a true censtant, and reports that
it has been found to decrease with a decrease in sludge age,
However, the same writer feels that the organism decay term
can be satisfactorily used over a relatively limited range

of solids retention times,

Yield Coefficient. .

Monod (M18) established that for a given erganism,
and given limiting nutrient, the mass of organisms produced
per'mass of nutrient utilized, under similar conditions, is
constant. Further research by other microbiclogists, using
different organisms and substrates, have confirmed Monod's

contention (AS5).

Growth yield has commonly been defined (P6), (AS5),

as follows

_ weight of organisms formed
~ weight of essential limiting substrate utilized

Moser (M22) expressed the yield as a differential as

shown in Equation (5.4)

- =:">Y_—- q-;eo-oo‘noooaoa-s--ose (504)

The above concept (Equation (5.4)) will be adhered to
during the development of the model in this chapter,
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Andrews (A7) reports the yield coefficient, as
used in Equation (5.,4), to be a function eof the type of
substrate, species of'micronorganisms and environmental
conditions. He concedes, however, that the yield CO-
efficient has been fouﬁd to be constant, for a specific

biological process treating a specific waste.

5.3 DEVELDPMENT OF MATHEMATICAL MODEL.,

Using the basic concepts of Equations (5.2), (5.3)
and (5.4), ana applying relevant material balances, it is
pessible to derive expressions for sludge concentration
and effluent strength from waste digesters with and without
recycle, The digester with recycle, Figure 5.1, is
considered to consist of a completely mixed section of

volume, V1, and a settling section of negligible volume,

The same final equatiaons, obtained from the above
model, cam be derived for a single unit, Figure 5.2, having
different rates of removal of clear settled liquid and fully
mixed liquor, This model has been adopted in preference
to those described in the above paragraph, as it
approximates more closely the reactor-clarifier units
employed im the present study amd does not involve assumptions

concerning the unclarified and recycle streams.

As shown in Figure 5.2, a single unit, with ane
influent stream and two exit streams, is Consideredo The
feed stream, F, enters the digester as shown in Figure 5.2,
This stream is assumed to contain no micro-organisms,

The stream, E, leaving the digester, represents the clear

overflow from the settling stream and is assumed to contain
no sludge. The underflow stream, W, is assumed to contain
sludge at the same concentration.as the digester, Because
of the assumption of complete mixing, both E and W have the

same waste strength, S, as the digester itself,



COMPLETELY SETTLING
MIXED SECTION
SECTION NEGLIGIBLE
VOLUME = (V") VOLUME
UNCLARIFIED
X STREAM

RECYCLE STREAM

Figure 5.1. Digester with recycle.

4
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Apart from the general assumptions, described in

section 5.2, the following conditions were assumed te apply

(1) a constant portion of the organisms were

active under all cperating cenditions;

(2) the mass of organisms produced per mass of
substrate utilized was constant, i.e. the

vield was assumed constant;

(3) only the degradable portion ef the yeast
waste was assumed as the growth limiting
substrate. This assumption was necessary,
due "to the high non-biodegradable fraction

of the yeast waste.

A sludge age, (solids retention time), 8., is

defined as follows (M13) :

o _ mass _of cells in the tank
€ " mass of cells wasted per day

This can be expressed in terms of V, W and X as :

e =YX Ll (5.9)
wx W

+ The sludge age is controlled by t ﬁémbuht of sludge

wasted per days

The hydraulic retention time, 8, is defined as the

volumetric;feed rate divided by the volume of the digester, i.e.
! e

, e _ . . ‘
0= T  ceeieroiiiiiians SEREREEE (5.6)

From equations (5.5) and (5.6) it can be seen that

the hydraulic and solids retention times are related by the

following expression
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A material balance on the sludge concentratlpn over

rthe digester can be wrltten as follows.

' Overall rater Rate of Rate of " Rate of

of sludge  _ input of _ removal of _ removal of
concentration =~ sludge sludge in sludge in
in digester in feed . overflow underflow
dX v
VGt overa1r = 0 = 0 = WX + UVX - kgVX ..o.s

rate.is

Applying steady state conditions:

BV = W o+ kgV

Substituting Equation (5.5)

='6' +kd aoa-..noaoaqoooo-oosto-oa.oaoaoo
c :

. Rate of

increase &f"

- sludge due

to growth"

Rate of
decrease of
sludge due

to endogenaus
respiration etc.

(5.8)

(5.9)

This shows that at steady state the sludge growth

equal to the sum of sludge removal and decay rateu.

From Equation (5.9)

A
1° ‘ ; 5 . , '
Fce_—? u"“ kd = - bd kd 206000808 060060
+S. : ‘
s "1

From the definition of the yield constant

(43 = 4 = Ly
(H¥0utilized - "(dt) rowth - YIJX o
g .

Atvsteadywétate:ﬁ

ds. _ _
V(ST t)utlllzed = F 5o FSl
Thereftlre (\gi) = SO - Sl 600006000

dt utilized "“4§”'

(5,10)

(5.4)

(5.11)
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Substituting into Equation (5.4) and re-arranging :

(So=~S1)Y ' ,
\" ue OOOU".,QQ'Q.....O?DD...OQIQO (5012)
and then substituting for . from Equation (5.9)

(So0=517)Y - ed ‘ . -
P o R © & 0 0 & 0 0 8 6 5 8 Ov.v’_o a0 00 & 0 0O (5013)
l+kd 8¢ 6

X =

This shows that the sludge cqncentration is a functioen
of the sludge age, the hydraulic retention time and the

change in waste strength,

An expressien for the effluent strength, 5ji, is

obtained by re~-arranging the Monod expression, Equation (5.2)

Sl = ‘-‘lis__ll__ © 8006002608006 e0e00006068s 80 (5014)

-

Substituting for y from tquation (5.9)

» 6. . | |
5) = Kg{ltkd c) | ' (5.15)
B

e(f - k-1 | |

.This shows that thevwasfe éfreh@fh*lééﬁiﬂg fhsi

digester is a function of the sludge age only.

‘5.4 SUMMARY OF EQUATIONS,

The equations derived in this section, and summarized
- below, can be seen to be the same. as those derived by
'.Lawrence and - McCarty (L3) for the aeroblc actlvated sludge B

and the anaerobic contact processesa'

u‘= r%"" kd ao'ae.-.oao.on.nan‘ccoooecov-o.o (509)

_ n.Sy |
‘é]:'e-a l - oo 06 6006606060605 es0 00000000 (5010)

: | |
Yiso=2 ¢ (5.13)

X = e_’ 0 © ® 6 c 0 60 8 905 a0 0000850000
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Ks(1l+kq 0 )

5 & 0 8 ¢ 5 & » 6 5 & & 9 0 s 0 0 2 o0 e L (5015)
ec(ﬁ—Akd)-l

5.5 LIMITATIONS,

The major limitations related to the above model, as

used in this investigation, can be summarized as follows

(1) A possible variation in the microbial
character present at different steady state

periods;

(2) Consequently, the total volatile suspended
solids may not be a reliable measure of the
active portion of the sludge present in the

reactor;

(3) The presence of toxic materials in the waste
which would effect the choice of degradable
Chemical Oxygen Demand, as the rate-limiting

substrate present in the system;”

(4) A similar effect as (3) above on the system
due to changes in the digester environment,
viz, pH, alkalinity, volatile acid

concentration.,

5.6 “APPLICATION OF KINETICS TO ANAEROBIC DIGESTION,
Equation (5,10) predicts that under ideal conditions,
the effluent concentration is independent of influent
substrate concentration, However, the presence of
inhibitory substances in certain wastes can set an upper
""Timit to the concentration of these wastes applied to the

system.
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Equation (5.10) further indicates that effluent
substrate concentratior is solely dependent on thé sludge
vage. Consequently, a reduction in the hydraulic retention
~time will not effect the effluent quality provided sludge age
is maintained at the same value. This has made possible
the treatment of more dilute wastes previously. uneconomical
to treat by conventional anaeraobic processes, Steffan
and Bedker (514), for example, have been able to aperate a
field digester, treating meat packing wastes, at hydraulic
residence times of 0,5 to 1,0 days as opposed to the usual

20 - 30 day period frequently used in conventional digesters.

5.7 " EVALUATION OF KINETIC PARAMETERS,

Because of the difficulties encounteréd in the
measurement of active microbial populations and obtaining a
reliable identification and determinétion of the growth
limiting'substrqte, the evaluétion of kinetic parameters
has been confined largely to laboratory processes using
pure substrates, and only the methane producing stage
considered., Pretorius (P6) hés summarized most of the data

available in the literature.

However, studies on the kinetics of the overall
process using mixed cultures and more complex substrates
have been undertaken. The data from these studies has
been summarized by Pretorius (P6). All the above values
have been tabulated in Tables 5.3 and 5;4a
_ A number of readings were aobtained during the present
study in an attempt to evaluate the kinetic parameters, viz,

Y,'kd, Ks and ﬁ, for the anaercbic treatment of yeast waste.

The invégtigation was based on degradable Chemical
Bxygen Demand as the growth limiting substrate and volatile

suspended solids as a measure of the concentration of
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micro-organisms in the system. The results of all the steady
state values obtained during the inveétigation are shown in

" Table 5.1,

(a) Evaluation of Y and kd.

Equation (6,13) can be re-arranged to give the

following expression

SD-S_]_ = -]-‘ 5 l.+ _kd casce.o.sconno.oo 5 o a6 e 00 (5316)
X1 8 6. Y Y |
| A plot of 50-51 against
X1 g o

yields a straight line, as shown in Figure 5.3, with slope
. equal to the reciprocal of the yield and intercepf:equal to
- the organism decay constant divided by the yield,

(b) Evaluation of f and Ks.

Equatlon (5.2) can be re-arranged to the follow1ng

“form enabling the evaluation of the Manod constants :

i = % ({<_A$_) + %“ e 0 & 0 0 0 0 @ 8 2 0 O © ¢ 86 0 8 5 0 O & P o 0 @ I(.5.17)'
H 1 M H

where y = ’§‘+ kd
C

Consequently, a plot of the r801procal ofIJ' + kg)

c .
against the reciprocal of the substrate concentration, yields

a line of slope = éﬁ and intercept = éﬁ as shown in Figure
5.4, ¥
5.8 RESULTS.

Reported values of the kinetic parameters related to
anaercobic digestion are presented in Tables 5.3 and 5;4.

Table 5.3 summarizes the values of the parameters obtained
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Table 5.L1.

Summary of steady state values obtained during:

this investigation

=

o . - o S
0 | action | roids c oz So S1 “Degradable (Toial) (Volitile) w
(days)| (8/day/2)| (mg/s |Content ‘ ’» |
. | CH3,COOH) | - (%) (mg/4COD) | (mg/4COD)| (mg/% COD) | (mg/LCOD)| (mg/4). | (mg/R) (2/day)
1,70 | 0,985 402 | 26,3 5 574 2 210 4 035 671 |13 500 | 11 500 0,059
1,063 405 27.6 207 2 174 4 767 734 |12 800 | 10 800 0,063
1,250 277 28,3 5 943 2 598 5 132 787 |13 000 | 11 200 0 072
2 006 450 | 29,1 | 10 050 3 540 7 688 1°178 |13 000 | 11 100 0,133
2,830 1 236 31,2 16 100 6.092 12 300 2 292 | 13500 | 11 500 0,212
3,680 1 250 32,0 19 302 6 302 14 300 2 300 |13 400 | 11 300 0,293
1,45 0,765 117 25,3 4 252 1 814 2 922 484 12 000 | 10 200 0,041
1,140 408 27,1 6 177 2 152 4725 700 |13 000 | 11 100 0,105
1,361 296 27,5 8 330 2 758 6372 800 |13 100 | 11 400 0,138
2,132 416 29,9 5 230 1.960 3 786 516 |12 000 | 10 000 0,079
2,645 731 | 32,9 10 287- 3 754 7 940 1 407 |11 500 | 9 500 0,180
2 960 1 400 32,6 13 600 5 150 10 550 2 100 |11 500 600 0,265
3,53 0,549 162 25,6 6 491 | 2 758 4 136 403 14 100 | 11 oo 0,028
' 0,685 284 27,5 7 563 2 663 360 460 | 14 500 | 12 200 0,034
0,936 280 28,6 10 390 3 935 7 067 612 |14 000 | 12 100 0,053
1,640 428 30,4 | 13 319 3 956 16 189 1 125 |14 200| 11 620 0,116
1,890 461 32,5 16 420 4 735 12 810 1-125 13 600 | 11 200 - 0,138
1,938 1 160 35,7 19 320 6 943 | 14 780 2 403 13 000.| 11 GO0 6,163
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TABLE 5.2, Summary of computed values required for the
evaluation of kinetic constants.
5 So - 57 i GC 1
P O 11+ kg0, S5
1,70 0,173 0,0079 79 0,00149
0,221 00,0084 75 0,00136
0,228 0,0096 69 0,00127
0,347 0,0177 44 0,00085
0,511 0,0283 30 0,00042
0,625 0,0391 23 0,00435
1,46 0,164 0,0055 97 0,00207
0,250 0,0140 53 . 0,00143
0,338 0,0184 43 0,00125
0,225 0,0105. 65 0,00194
0,474 0,0240 35 0,00071
0,604 0,0354 25 0,00048
3,53 0,090 0,0037 117 0,00248
0,114 . 0,0045 107 0,00217
0,151 0,0071 84 0,00163
0,228 0,0155 49 0,00121
0,295 0,0184 43 -0,00089
0,318 0,0217 38 0,00042




Table 5.3

Kinetic Parameters Representative of Various Substrates
Comprising the Methane-Fermentation Step.

Yield Coeff—- Decay—?ate~ Saturation. Maximum Specific

Substrate icient (day™") Constant Growth Rate Temperature Reference
(mg/mg) Y kq (mg/2) K (day™ ) O

Acetic Acid 0,04. 0,015 2130 0,144 {0'Rourke (02)
Propionic Acid 0,04 0,015 2850 . .O'Rourke -(02)
Stearic and’ ' LAt
Palmitic Acids 0,04 0,015 4620 O';54 io Rourke (02)
Mixed Acids 0,04 0,015 1.0600' . 0,154 O'Rourke (02)
Acetic Acid 0,054 0,011 869 0,25 Lawrence et.al. (L2}
Propionic Acid 0,041 0,040 613 0,40 1Lawrence et.al. (L2)
Stearic and 20 .
Palmitic Acids O(O4 0,015 3720 0,186 O'Rourke (02)
Mixed Acids 0,04 0,015 5790 0,186 O'Rourke (02)
Acetic Acid 0,058 0,037 333 0,278 25 Lawrence et.al. (L2)
Acetic Acid 0,044 0,015 154 0,356 {Lawrence et.al. (L2
.Propionic Acid 0,054 0,010 32 {Lawrence et.al. (L2)
Butyric Acid 0,025 0,027 5 0,39 35 Lawrence et.al. (L2)
Steari¢ and 1
Palmitic Acids Q,O4O OLOlS 2000 O,%G7 ?O Rourke (02)
{Mixed Acids 0,040_ - 0,015 2235 0,267 ;O'Rourke (02)

- veT -



Table 5.4 Anaerobic Biological Process Parameters

Yield Coeff- | Decay Rate Saturation Maximum Specific| Temperature Reference
bstrate | icient i (day™") ,Constant Growt? Rate oc.

(mg/mg) Y | kg (mg/8) K (day™?) wm '
st Waste 0,073 0,005 3 100 0,084 - 30 Present study- -
trose, tryptone. | l : '
c ext](’actyp 7 0’1.8 0,025 | 5 700 _0,067- ’ : 38 Stewart (S15)
trose, tryptohe,
f extract. 0,114 0,03 6 700 0,09 : 38 g Agardy et.al(Al)
trose, tryptone, _
f extract 0,104 0,02 13 000 0,11 ‘ 38 Agardy et,al(Al)
cose and Starch | 0,46 0;088 ~ Speece et.al.
g‘s’ and fatty 0,054 0,038 —_ - — (s9)
rient broth 0,076 0,014 — —_—
;rose, tryptone 5 | Andrews and

extract ‘ Pearson (As)

d Production 0,54 0,87 S— —_— 38 F S 5
hane Production 0,14 d,02 —_ —— ’
EZetlc Milk 0,37 d,07 24,3 0,14 20~-25 Gates et.al(g3)
trose, peptone, '0,14 0,10 | 4200 0,186 L - |Andrews, Cole &

f extract | Pearson (A4)

trose, tryptone, 2760 ~ 7 ;
f extract ‘ 4

Almgren et.al. as
reported by
Pretorius (P6)

e et e s G et

i S H
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from studies repreéenting the methane fermentation step, using
both pure and mixed substrates. The parameters obtained in
various mixed culture studies, representing the aoverall
processes, are shown in Table 5.4, The steady state values
obtained during this investigation are shown in Table'5.l,

The abeve data was used to cbmpute the required values of

50‘51, ? , i + kd’ and i ) respéctively;
X, 8 0. 6 S1

‘These values are presented in Table 5,2 and were
uéed in the construction of Figures 5.5 and 5.6 from which
the parameters Y, kd,'ﬁ and Kg, were obtained by the method

shown in section 5.5,

The values of the parameters obtained from these plots

are depicted on Figures 5.5 and 5.6, and are summarized helow

Parameter. . Value, Units,
Y 0,073 mg VS/mg COD
kg - 0,005 day %

f 0,083 day "1
Kg 3 100 mg/1

By comparing the experimental résults obtained in this
study with those shown in Tables 5.3 and 5.4, it can be seen

that

(a) the value of the maximum specific growth rate
(), viz. 0,083, obtained from the present
study, lies within the range reported in the
literature; ‘

(b) the saturation constant (K similarly agrees

S)
very closely with those reported in other

studies with different substrates;
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(c) the yield constant (Y) of 0,873 is within
_the range of experimental values reported, but

is lewer than many of these values;

(d) the .value of the decay rate constant (kg)
shows considerable discrepancy wifh those
reported in the literature. The value of
0,005 day_l is between twe or three times
lewer than any other reported in Tables 5.3
and 5.4, |

To facilitaﬁe comparison of the kinetic parameters
obtained in this reéearch,with typical values reported in the
literature, Table 5.5 has been drawn up as a representative
range of the data contained in -Tables 5.3.and 5.4,‘ |

i
t

TABLE 5,5, Camparison ef published kinetic values related‘

to anaerobic digestien,

Parameter Units _ireseht‘sTable '5.30A Table 5.4
Study . . .
Y %%_%%ﬁ - |o,073. |o0,025 - 0,058 0,054 - 0,18
kq - |days -1} 0,005 0,010 - 0,040 | 0,014 - 0,088
i :|days -1 0,083 0,144 - 0,40 | 0,067 - 0,186
Ks mg/1 3 100 2 000 - 5 7902 760 - 6 700

The kinetic parameters obtained from the complex
yeast waste by thé experimental technique§ empleyed in this
étudy,'copfirm the validity of the assumptions made in
sectien 5.3 and indicate that the experimental technique

employed, yielded satisfactory results,

It should be noted that the values ef the parameters

obtained in this study agree more closely with those obtained.
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by workers with systems that involve the overall
This is understandable as the elimination of the
forming step from studies on the kinetics of the
process must effect at least the yield and decay
constants. The effect on Kg and ﬁ' is expected

minimal.

process.
acid
anaerobic
rate

to be
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CHAPTER 6

TOXICITY

INTRODUCTION,

As suggested in section 3.4,

the failure of all the

reactor-clarifier systems at a similar loading concentration

indicated that one or more substances were present in

concentrations likely to be inhibitery to the system.

An analysis of the various anions and cations present

in the.yeast waste, was made to determine whether any of these

ions were present in inhibitory or even toxic concentrations.,

The results are shown in Tahle 6.1,

TABLE 6.1, Analysis of the anioné and cations present in
the digester influent and effluent streams.

.Digester Digester Inhibitory |(Toxic
Ion Feed Effluent Conc, Conc. Reference

ppmM ppm ppm ppm
Cu 1 0,5 - 10 |Barth et al. (B2)
Zn 1 g,5 - 10 |Barth.et al., (B2
Ni 1 0,5 - 40 |Barth et al. (B
Fe 10-15 1=2 - - -
Nat 100-200 250 3 500-5 500 | 8 000 McCarty (M10)
K+ 2 D0OD-3 DOO |2 00D-3 0002 500-4 500 |12 000 [McCarty (M10)
Ca*tt | 600-1 ooO - 2 500-4 500 | 8 000 |McCarty (M11)
Mgt+ 250-500 - 1 000-1 500 | 3 000 |[McCarty (M11)
5= - 50-150 100-200 200 |Lawrence et al.(L1)
NH3-N - 200 1 500-3 000 | 3 000 |McCarty (M10O)
Cl- 6 500 2 000-8 000 {10 000 {Ludzack & Noran (L6)
c1- | 5 000 |Niles & Frook (N2)

An attempt was made to determine the effect of various

cations and anions on

used are described in

in section 6.4,

the system,

The experimental methods

section 6.3 and the conclusions discussed
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It should be emphasized that this part of the study had

the follewing limitations

(a) a variation in the concentration of the respective

ions for different batches of the yeast waste;

(b) the presence of a variety of synergistic and
ahtagonistic combinations, defined in section
2.,4,7(c), in the yeast waste. The potential
inhibition of a particular ion could therefore
vary with different concentrations of other

ions present in the system.

Consequently the results obtained in this portion of the
study are by no means conclusive, and are merely indications as
to the possible cause of the toxicity experienced in the

digesters,

In order to obtain conclusive evidence of the inhibitory
effect of various anions and cations, it is necessary to
conduct the investigation with a synthetic feed in which
concentrations of the ions concerned can be maintained at

known levels or eliminated if required.

6.2 POSSIBLE SOURCES ©OF INHIBITION,

The concentrations of copper, zinc and nickel in the
digester are minimal as shown in Table 6.1. The low
concentrations of these heavy metals entering with the feed
were precipitated out as insoluble metal sulphide salts,
Clearly no heavy metal toxicity was suspected during treatment

of the yeast waste.

The following alkali and alkaline earth metals were
analyzed: sodium, potassium, calcium and magnesium, By
comparing the concentrations of these metals with those

reported to be inhibitory by McCarty (M10), it can be seen from
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Table 6.1 .that only potassium was found to be: present, in

concentrations likely to cause inhibition,

Ammonia nitrogen was not found to be present in inhibitory
concentrations at the loading rates used in this study. The
concentration of NH3-N did not exceed 200 mg/l at any stage
of this study, which is considerably less than the inhibitory range
of..1 500 - 3 000 mg/l1 reported by McCarty (M1D), and

discussed in section 2.4.7(e).

Sulphates were present in comparatively large concentrations
viz, 2 B00 - 4 500 mg/1l, in the.'yeast waste,: as shown ih Table 1.1,
Chapter 1, Consequently a typical concentration of sulphates
in the diluted feed to the digesters was I 000mg/l as shown in
Table 4,1, section 4, From Table 4.2, section 4, it can be
seen that under the operating conditions used in this study,
40-60 per cent. of the sulphates entering the digesters were
reduced to sulphides,

If all the sulphides produced during Jigestion remained
in solution, the concentration of sulphides would be 2 - 3
times the toxic threshold concentration of 200 mg/l, as
reported by Lawrence gt al. (L1). However as can be séen from
Table 6.1, a major portion of the Sulphidé content left the
system as hydrogen sulphide gas or was precipitated out of the

liquid as insoluble metal salts,

As ‘seen from Table 6.1, the concentrations of copper,
zinc, nickel and iron in the influent declined during digestion,
Iron in particular appeared to be the major metal utilized in

the precipitation of sulphides from the system,

Studies on the same waste, undertaken by Stander et
al, (512)'indicated that sulphides had not inhibited the process.
Nevertheless, the possibility of sulphide inhibition was not
discounted in the present study. Sulphide concentrétions in
the digesters used in the present study were found to vary from

50 to 150 mg/l, as shown in Table 6.1, This is below the
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toxicity threshold value of 200 mg/l for sulphides, as quoted
by Lawrence et al, (L1), However the same writers (L1) have
shown that sulphide concentrations above 100 mg/1l can inhibit
the methane bacteria, Consequently, as seen from Table 6.1,
sulphides were suspected of exerting an inhibitory effect on

the methane bacteria, when present in higher concentrations.

Chlorides were found to be present in relatively high
concentrations, viz. 6 500 mg/l as NaCl, at higher loading
rates as shown in Table 6.1, These values are within the range
of 2 000 -. 8 000 mg/l reported as being inhibitory by lLudzack
and Ngran (L6) and greater than the toxic threshold value

reported by Niles and Frook (N2),

Consequently, from the data summarized in Table 6.1, the
ions suspected of exerting an inhibitory effect .on the process,

at higher loadings, were potassium, sulphide and chloride.

6.3 EXPERIMENTAL PROCEDURE AND RESULTS.

The following methods were used in an attempt to isoclate
the effect on the system of potassium, sulphide and chloride,

respectively, at different concentration levels,

Sulphides.

Two batch digesters were used in an attempt to evaluate

whether sulphides were limiting the load rates tolerated in

the present study.

The first digester was operated normally, with no additions
to the daily feed., In the second digester sufficient FeCl3 was
added to the feed to maintain an overall Fe concentration of
30-35 ppm more than the feed entering the first digester. The
concentrations of Fe in the influent and effluent are clearly

shown in Figure 6.1,

As shown in Figure. 6:il,the effluents of both digesters

contained approximately the same concentratipn of iron.
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- 136 -

Consequently as the feed applied to the second digester contained
30 ppm more Fe than in the first digester, it can be seen that
30 ppm mere iron was precipitating out, as iron sulphide, in the

second digester.

Both digesters were loaded to failure with constant
monitoring of the relevant parameters, viz. gas production,
volatile acids concentration, Fe concentrations (in the influent
and effluent) and total sulphide concentrations. The results

are shown for both digesters in Figure 6.1.

If sulphides were the cause of digester failure, digester
1 would be expected to fail at a lower loading concentration

than digester 2, due to its higher sulphide concentration.,

As shown in Figure 6.1, both digesters failed at the same
feed concentration level, viz. 0,023 kg/l. This indicates that

sulphides were not the cause of total digester failure,

Potassium.,

As seen from Table 6.1, the maximum concentration of

potassium obtained during digestion was 3 000 ppm,

In order to evaluate the effect of increasing levels of
potassium concentration on the system, a further two digesters
were operated. To avoid confusion they will be referred to as

digester 3 and digester 4,

Digester 3 was used as a control and was loaded at a
constant rate of 5,33 kgCOD/day/m°. This corresponded to a
feed concentration of 0,016 kgCOD/1.

As seen from Table 6.1, the influent and effluent streams
have the same potassium concentration levels, i.e. there is no

change in the potassium content during digestion.

Digester 4 was loaded at the same feed concentration as

digester 3, viz., 0,016 kgCOD/1, However the potassium
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concentration in the feed (and consequently the effluent as

well), was increased in increments of 250 ppm/day. These
increments were continued until a potassium level of 4 500 mg/1l

had b;en reached, K2C0O3 was used to increase the potassium WﬁM&k
concentration during this part of the study. The relevant w@ﬁﬁf
parameters for both digesters are plotted in Figure 6.2. P ’

As can be seen in Figure 6.2, the performance of
digester 4 paralleled digester 3 until a potassium concentration
of approximétely3’DDD ppm was reached, Increases in the
potassium concentration above this value resulted in a decrease

in the gas production rate at digester 4.

The decrease in gas production rate was not severe, as
shown in Figure 6.2. This indicated that although exerting
some inhibitory effect on the anaerobic system at concentrations
above 3 0DO ppm, potassium could not be held responsible for

total digester failure.

Chlorides,

A similar method as that used to determine the inhibitory
effect of potassium, was used to investigate whether chlorides
had any detrimental effect on the:r digesters at concentrations

experienced during this study, viz. a maximum of 6 500 mg/1.

Digester 3 was used as a control and a further digester 5
operated by incrementing the chloride concentration in.- the feed

by 250 mg/1 per day. NaCl was used for this purpose.

As seen from Figure 6.2, chloride concentrations of
nearly 10 000mg/l as NaCl were tolerated by digester 5 with no
reduction in efficiency. The performance of digester 5 was
found to be in no way inferior to the control, digester 3, for
a range of chloride concentrations considerably above the

maximum experienced by the digesters throughout the investigation.
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6.4 CONCLUSIONS,

From the relevant data, shown in Figures 6,1 and 6.2,
and discussed in section 6.3, it was concluded that neither
potassium, chlorides nor sulphides were solely responsible for

total digester failure,

Potassium was indicated to exert an inhibitory influence

on the system at high loadings,

The results of this part of the investigation were felt
to be inconclusive, The reasons for this finding are

suspected to be twofold

(a) a significant influence on the inhibitory
effect of a particular ion by the other ions

present in the digesters;

(b) a change in the concentrations of various ions

for different batches of the yeast waste.

Consequently it is recommended that further research on
inhibition should be undertaken, particularly in evaluating the
antagonistic and synergistic effects of various ions upon one

another,
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

As mentioned in Chapter 1, this investigation was

carried out with the following objectives in mind :

(1) to establish the feasibility of treating
yeast waste by a conventional anaerobic
method;

(2) the construction of a laboratory scale

digester, of the reactor-clarifier type,
and the establishment of a reliable

operating technique;

(3) to evaluate the significance of the various
parameters used to monitor digester
performance, particularly in predicting

periods of process imbalance;

(4) . the estimation of the kinetic parameters
relating to the anaerobic treatment of yeast
waste and the comparison of these values to

others reported in the literature;

(5) . the identification of any inhibitory substances

present in the process.

From the results described in Chapters 4, 5 and 6, .

the following conclusions were made :

(1) Approximately 75 per cent, of the yeast
waste was readily susceptible to anaerobic
digestion,  The remaining 25 per cent. of

the yeast waste was not degradable.
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The reactor-clarifier type of digester used
in this investigation yielded a clear effluent
of satisfactory quality. A novel experimental

technique permitted a more rapid approach to

steady state conditions.,  Further research on a

pure synthetic waste is recommended to confirm

the validity of this method.,

Total gas production was found to be the most
sensitive indicator to changes in the process

gnvironment,

The values of the kinetic parameters evaluated
in this study were within the range reported
by other workers in thevliteratﬁre, with the
exception of the cell decay rate constant
which was considerably less than any other

reported value,

Attempts to relate the presence of inhibitory:
substances to a limiting feed concentration
were unsﬁccessful, Fgrtﬁér reséﬁrchAis
recommended on synthetic éubstrafés to
evaluate the antégonistic and syngrgistic
effects of the anions. and cations commonly

present in industrial waste systems.
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APPENDIX A
"NODMENCLATURE

As mentioned in Chapter 5, the sysgtem of nomenclature
used .in this thesis, is based as clesely as possible pn that
recommended by Fencl (F2), following the Symposium on

Continuous Fermentatien held in Czechoslovakia in 1967,

Symbol Description Units

F Feed rate mass/volume
kd Specific decay rate time ~

Kg Limiting substrate concentration at mass/volume

+ maximum specific growth rate;
(saturation constant)

Substrate concentration mass/volume
Time '

Volume of reactor

Waste underflow rate volume/time
Sludge concentration -mass/volume
Yield coefficient

Specific growth rate time~
Maximum specific growth rate time ~
Hydraulic residence time

Sludge age (solids retention time)

Subscript denoting,reactof effluence

O @ D DT < X = < o+ O

Subscript denosting reactor influent
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APPENDIX B

METHODS OF ANALYGSTIS

0OPERATING DATA

Table B.l compares the results obtained for the analysis

of velatile acids by the metheds ef Dilalle and Albertson (D1)

and Montgomery, Dymock and Thom (M22) respectively.

TABLE B,l1l. Comparison of concentrations of volatile acids

determined by titrometric and calorimetric methods.

TITROMETRIC METHOD

(D1)

CALORIMETRIC METHOD (M22)

580
610
110
420
680
270

N e e

550
620
050
350
810
500

N e

Table B.2 contains a summary of the operating conditions

used during the analysis of digester gas by gas/liquid

chromatography.

TABLE B.,2. Data pertaining to analysis of digester gas by

g/l chromatography.

Column:

Temperature:

Carrier Gas:
Bridge Current:
Recorder:

Chart Speed:
Sample 3Size:
Syringe:

Attenuation:

9' x 3/16" 0.D. stainless steel packed
with Porapak S, 80 - 100 mesh
Oven ~100°C
Injection Part - 25°C
Detector - 259
Hydrogen at 30 psig

150 mA

Beckman, model 1005

0,2" per minute

0,5 ml

Hamilton gas-tight syringe

32
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Table B.3 summarizes the operating parameters used -

during the atomic absorption analysis of potassium, sodium,

copper, iron, zinc and nickel,
TABLE B.3. Data pertaining to analysis of various cations
by atomic absorption spectroscopy.
Element Wave Length (X) S1it Width Lamp Current
(NM) (NM) (ma)

Na 589 0,20 5

K 766,5 0,20 5

Cu 324,8 0,20 3

Fe 248,3 0,20 5

Ni -+ 232,0 0,20 5

Zn 213,9 0,50 5
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APPENDTIX C

TABLE C.l. Values of the parameters used to monitor
digestion during a typical start-up period
of a batch digester. :

Day E‘;:S E‘;Eife”t Volatile Acids|Gas Prod. Cogggnt
(mg/1 COD) }{mg/1 COD)|mg/1l CH3 COOH)| (1/day) %
1 10 000 439 20
2 10 000 590 2,73 26
3 10 000 4 270 1220 .2,19 28
4 10 000 1 010 1,84 27
5 10 000 4 100 1 220 1,97 30
6 10 000 1,91
7 10 000 4 160 811 2,01 31
8 10 000 1,99 29
9 10 00O 1 010 2,03 34
10 10 000 3 610 ° 1,99 35
11 10 000 _ 893 1,94 33
12 10 000 3 730 1,98 33
13 10 000 802 2,01 31
14 10 000 2,10 33
| 15 10 000 3 780 782 2,09 34
16 10 000 807 2,08 32
17 10 000 2,02 32
18 10 000 3 350 619 2,04 - 33
19 10 000 2,02
20 10 D00 3 520 646 2,02 3l
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- TABLE C.Z2. Values of the parameters used to monitor digestion during
4 a change in the steady state conditions applying to the
system, ‘ '
1
| Day | Influent | Effluent giid. ngient VDiiﬁiie giii:m Tii:iqe $§;Z£i1e
(mg/1 CUD)(mé/l CODY(1/day)l (%) <cE§ééDH (1/day){(mg/1) (mg/1)

0 6 943 2 580 9,39 | 28,1 310 0,070 |13 300 |11 300
1 7 243 5,84 | 29,4 0,072 | -
2 7 543 9,86 32,2 0,075
3 7 843 10,01 | 31,9 0,071
4 B8 143 10,48 | 30,9 0,060 |
5 8 443 10,91 0,093
6 8 743 10,57 0,092
7 9 043 11,46 0,076
8 9 343 11,52 0,081
9 9 643 12,01 0,070
10 9 943 4 400 12,63 | 32,7 760 0,072
11 10 050 13,31 ' 0,096
12 10 050 13,17 0,102
13 10 050 13,87 0,120
14 10 050 13,87 0,120 |11 400 | 9 700
15 10 050 13,76 | 0,124
16 10 050 13,95 0,108
17 10 050 4 080 14,30 | 30,3 620 0,115
18 10 050 | 14,51 0,115
19 | 10 050 - 14,68 0,128
20 10 050 14,85 0,140
21 | 10 050 14,69 0,105
22 | 10 os0 14,86 0,120
23 10 050 14,91 0,132
24 10 050 3 620 15,04 |29,7 490 0,130 |12 400 |10 300
25 10 050 14,89 0,100
26 10 050 14,87 0,120
27 10 050 14,98 0,124




TABLE C.2.

- C3

Continued,

poy | tnfivent | Erraent | B22, | (02 |Velstile lieste | _Sludee Conc,

(mg/1 £OD)| (mg/1 cOD) [(1/day)| (%) %Ejﬁém (1/day)| (mg/2)| (mg/1)
28 | 10 050 15,01 0,122
29 10 050 14,98 0,128
30 10 050 15,03 0,130 |12 600 10 600
31 10 050 3 610 15,09 | 30,2 530 0,132
32 10 850 14,99 | 0,134
33 | 10 050 15,01 0,148
34 | 10 050 15,12 0,126
35 10 050 14,92 0,120
36 10 050 14,87 0,120 |13 900, 11 400
37 10 050 15,13 0,130 |
38 10 050 3 570 15,03} 29,5 490 0,134 ‘
39 10 050 15,11 0,134
40 10 050 15,13 0,136
41 10 050 | 14,97 0,134
42 10 050 14,86 0,131
43 | 10 050 14,93 0,130 B
44 | 10 D50 3 530 14,90 | 28,8 410 0,137 |12 900 11 00O
45 | 10 050 15,01 0,130 | ° ' ’
46 10 050 15,00) 30,1 490 0,132
47 10 050 3 590 14,94 | 28,9 470 0,134 |13 500, 11 200
48 10 050 15,04 | 28,4 0,132
49 10 050 3 550 15,03 | 29,6 0,131
50 10 050 3 500 15,01 28,9 420 0,133 |12 7004. 11 0OO




Table C.3. Summary of steady Stafce values- obtained during:
‘ this- investigation
- Gas Pro- Vol‘atiie ' >CO'2~ ‘ ’ So S1 X X .
© duction Acids: 5o Si Degradable | (Total)| (Volatile) W
(days)| (2/day/%) (mg /2 Content b(m o - .- _ ' -
7 crascoom)| (z) . | (m9/ACOD)| (mg/ACOD)| (mg/% COD) | (mg/&COD)| (mg/2). | ~(mg/4) (&/day)
1,70 | 0,985 202 | 26,3 | 5 574 2210 | 4-035 671+ |13 500 | 11 500 0,059
1,063 405 | 27,6 6 207 2 174 4767 734 |12 800 | 10 800 0,063
1,250 277 | 28,3 6 943 2 598 5 132 787 |13 000 | 11 200 0 072
2 006 450 | 29,1 | 10 050 3 540 7 688 1178 |13 000 | 11 100 0,133
2,830 . | 1236 | 31,2 | 16 100 6 092 | 12 300 2 292+ |13 500 | 11 500 0,212
g 3,680 1250 32,0 19 302 6 302 14 300 2 300 = |13 400 | 11 300 0,293
1,45 | 0,765 117 | 25,3 4252 | 1814 2 922 484 |12 000 | 10 200 0,041
1,140 408 | 27,1 6 177 2152 4.725 700 |13.000 | 11 100 0,105
1,361 - 296 | 27,5 8330 2 758 | 6372 800- |13 100-| 11 400 0,138
2,132 416 29,9 | 5230 | 1.960 3 786 516. |12 000 | 10 000, 0,079
2,645 . | 731 | 32,9 | 10 287-| 3 754 | 7 940 1 407 |11 500 | 9 500 0,180
2 960 1400 | 32,6 | 13600 | 515 | 10 550 2 100 |11.500 | 9 600 0,265
3,53 | 0,549 162 | 25,6 6 491 | 2 758 4 136 403 |14 100 | 11 400" 0,028
' 0,685 284 27,5 7 563 2 663 5 360 460 14 500 | 12 200- 0,034
0,936 280 | 28,6 | 10 390 3 935 7 067 612 |14 000 | 12 100 0,053
1,640 428 | 30,4 | 13 319 3956 | 10 189 | 1 125 |14 200| 11 620 0,116
1,890 ;| ; .461 | 32,5 | 16 420 4 735 | 12 810 1125 |13 600'| 11 200 0,138
1,938° | 1160 | 35,7 | 19 320 6 943 | 14 780 .| 2 403 13 000.{ 11 0QO 0,163
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TABLE C.4. Data pertaining to the possible toxic effects of sulphide,
' chloride and potassium on digestion.
Feed Gas Volatile Fe Concentration Cancentration
Day]Digester Conc. Prod. | Acids |{Influent|Efflueny S~ Kt C1~
mg/1 CUD)(l/day)(ngééDH) (ppm) (ppm) {(ppm)} (ppm)| (ppm)
41 1 17 500 2,88 975 10 1 98
2 17 500 2,91 950 43 2 65
3 16 000 2,75 730 2 100(4 500
4 16 000 2,71 810 2 100
5 16 00O 2,81 820 6 250
42 1 18 100 2,95 960
2 18 100 2,93 | 1 010
3 16 000 2,80 2 1004 so00
4 16 000 2,76 2 100
5 16 000 2,73 - {6 s00
43 1 18 700 3,01 990 10 2
2 18 700 2,94 990 44 2
3 16 000 2,69 : 2 100{4 500
4 16 000 2,76 2 100
5 16 000 2,79 710 6 750
44 1 19 300 3,02
2 19 300 2,98
3 16 000 2,73 ° 210014 500
4 16 000 | 2,78 2 100
5 16 00O 2,83 7 000
45 1 19 900 3,04 11 1 114
2 19 95006 3,03 45 2 70 .
3 16 000 2,70 2 10014 500
i\ 16 DOO 2,71 2 250
5 16 00D 2,79 7 250
46 1 20 500 3,09 1 320 '
2 20 500 3,01 | 1 350
3 16 000 2,69 840 2 1004 500
4 16 000 2,72 890 2 500
5 16 000 2,76 910 7 500
47 1 21 100 3,07 1 390
' 2 21 100 3,07 | 1 380 -
3 16 000 2,77 2 100}4 500
4 16 000 2,78 2 750
5 16 000 2,19 850 {7 750
48 1 21 700 3,10 12 2
2 21 700 3,11 46 2
3 16 000 2,71 2 1004 500
4 16 000 2,69 3 000
5 16 000 2,71 : 8 000
49 1 22 300 3,20 | 1 510
2 22 300 3,13 1 570
3 16 000 2,73 2 100}4 500
4 16 000 2,51 1 090 3 250
5 16 000 2,69 8 250




TABLE C.4._ Continued.
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Fe Concentration

Concentration

Feed Gas Volatile
Day|Digesten Conc, Prod. Acids |Influent|Effluent| S KT C1~
(na/1 €00)|(1/8ay (150, (pem) | (ppm) [(ppm) | (ppm) | (pp)
50 1 22 900 3,281 1 940
2 22 900 3,21 | 1 880
3 16 000 2,67 2 100{4 500
4 16 000 2,55 | 1 040 500
5 16 000 2,75 ‘|8 500
51 1 23 500 3,25 2 070 13 2 138 {2 950
2 23 500 3,131 2 130 A7 2 107 |2 780}
3 16 000 2,69 790 2 100}4 500
4 16 000 2,41 1 130 3.750
5 16 000 | 2,73 820 8 750
52 1 23 500 2,85 2 720
2 23 500 2,76 | 2900 . _
3 16 000 2,71 2 100|4 s00
4 16 000 2,49 4 000
5 16 000 2,79 9 000
53 1 23 500 | 2,16 3 190
2 23 500 2,191 3 350 :
3 16 000 2,65 2 100{4 500
4 16 000 2,42 4 250
5 16 000 2,71 19 250
54 1 23 500 2,03 3 370 '
2 23 500 1,99 | 3 510
3 16 000 2,69 2 -100}4 500
4 16 60D 2,49 4 s00|
5 - 16 000 2,74 19 500
| 55 1 23 500" | 1,59 3 690 13 2 146 |2 900
. 2 23 500 1,44 3 850 47 2 116 |2 900} o
3 16 000 | 2,63 710 ' {2 100}4 500 |
4 16 000 2,45 | 1 190 4 500 ‘
5 16 000 2,76 950 19 750






