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(ii) 

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sufficient sludge withdrawn daily to maintain a constant 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 d~scribe the 

process and the kinetic parameters relat~d to the anaerobic 

digestion of yeast waste e~alua~ed. 

Possible inhibitory substances present in the waste 

and/or generated during digestion and their influence on the 

s.ystem 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 ~aily 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 to describe the anaerobic process is 

described and its practical application to full scale digesters 

discwssed. The model 1s adapted to describe 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 

inhibit6ry effects of these materials is also described in this 

chapter. 
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TABLE l.L Characteristics of First Separation Waste. 

PARAMETER RANGE 

Biological Oxygen Demand 
! 

,25 DOD - 33 DOD 
·. 

Chemical Oxygen Demand 45 DOD - 70 DOD 

Oxygen Absorbed ·. 7 DOD -~25 DOD 

Total Dissol'ved Solids JJ; DOD -100 DOD 

Total Volatile Dis,solved Solids 56 000 - 75 DOD .. _,. 

Total Suspended Solids -
.·Total N BOO - 1 DOD 

I 

NH3-N 300 - 400 

Sulphates 2 BOD - 4 500 
' 

The following conclusions were arrived at after the 

completion of the investigation : 

(1) approximately 75 per cent. of the yeast waste 

was readily susceptible to aMaerobic treaiment. 

The remaining ?5 per cent. did not appear to be 

degrpdable; 

(2) 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; 

(3) total gas production was found to be the most 

reliable indicator of digester performance; 

(4) 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; 

(5) attempts to relate a limiting loading concentration 

to potassium, chlorides and sulphides were 

inconclusive. 
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CHAPTER 2 

L I T E R A T U R E S U R V E Y 

A N D B A C K G R 0 U N D T H E 0 R Y 

2.1 INTRODUCTION TD LITERATURE SURVEY. 

A survey of the literature concerning the ahae~obic 

process, relating in pa~ticular to the objectives listed in 

Chapter 1, was carried out. 

Consequentl~ the literature survey as presented in 

this chapter is divided into the following sections : 

(a) A·brief description of the anaerobic. process, 

and an indication of the areas where its 

application is favoured. 

(b) An elementary discussion of the microbiology 

and biochemistry applying to the anaerobic 

system. 

(c) A survey of the necessary environmental and 

operatin~ conditions required to maintain 

satisfactory process performance. 

(d) A summary of the parameters used to ~onitor 

digestion and their respective 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 presen~ t.ime. 

The portion of the literature survey relating to the 
I 

application of kinetics to.anaerobic digestion is presented 

with the kinetics pertaining to the present study in Chapter 6. 



• 

- 5 -

2.2 BRIEF DESCRIPTION OF PROCESS. 

2.2.1 Introductory Definition. 

Malina has defined anaerobic waste treatment as a 

process consisting of the use of various micro-organisms, 

·under anaerobic conditions, to stabilize organic wastes by 

conversion to gaseous end products (M3). 

2.2.2 Advantages of Anaerobic Digestion. 

The advantages to be derived from the use of anaerobic 

dig~stion, as opposed to conventional aerobic processes, have 

been summarized by McCarty (MB) 

( a ) a low cellular yield. The sludge disposal 

problem is significantly reduced be~ause 

only a small portion of the waste is 

converted to 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. 
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2.2.3 Disadvantages of Anaerobic Digestion. 

The anaerobic process does have disadv~nt~ges which have 

limited. its use in .certain cases ( MB) ·. 

(a) the slow growth rate of the ~naBrobic 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 envixonment, 

particularly to step changes in loading. 

This is a serious limitation of the anaerobic 

process9 

(b) a susceptibility to toxic materials in the 

waste. This lS commonly a major reason for 

the rejection of the anaerobic process as a 

method of treating industrial.wastes; 

(c) the relatively high temperatures required fbr 

digestion, of.ten in the recgion of 30 - 35°C~ 

Dilute wastes may not produce sufficient 

methane during digestion tn maintain theBe 

t em per at u r e s • 

The development o.f the anaerobic contact process has 

offset some of these disadvantages to a consid~~able extant, 

as shown in section 2.6.7. 

2.2.4 Summary. 

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. 
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The lower the concentration of a partituler 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, anaerobic digeS.t.i~:Jn was used primarily 

to stabilize sewage sludge. ReceMtly, however, inc~eased 

application of the anaerobic process has been Teported in the 

treatment of organ_ic industrial wastes~ i:illie et al. ( C2). 

The same writers have s.u..g.gested tha.t -anaerobic digestion wou19 

appear to be uneconomical, f·1JT treating wastes with a COD 

below 4 000 mg/1. 

Such .wastes are frequently treatep by aerobic means. 

Highly seasonal ·wastes are often treatedby various lagooning 

s.ys..te.ms, provided suffi-cient land is available. Be·cause qf 

.ttre larg.e volumes characteristic of the latter systems, the 
. f~· 

effects of sudden shock loads or presence df inhibitory 

substances· is often m_inimized. fhis is a significant 

advantage. of such sy~tems compared to conventional anaerobic 

prpt::e.sses. 

Shaul~ economics or slDdge disposal problems preclud~ 

the u,se of- a_erdbic sys'tems·, and si-ting pro:ve inadequate for 

the es~ablishment of a_ lagoon system, the·use of the anaerobic 

contac~ ~rocesB, sect~on 2.6.7 9 ~auld be in0estigated. 
. . . 

Schroepfer et al. (54) have reported successful use of such a 

system for the treatment of meat p~ck~ng wastes. 

Jhe volatile solids content and well ba~anced supply 

rif nutrients in sewage sl~dge, together with the uniformity pf 
,< 

loading commonly experienced in most sewage ~ystems, enhances 

the selection of conventional anaerobic processes for such 

treatment. 
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Generally the application of anaerobic digestion is 

more suited to the treatment of concentrated industrial wastes. 

However, the presence of toxic materials ln the waste, 

nutrient deficiency and erratic loading rates, have frequently 

prevented the treatment of cone~ntrated wastes by anaerobic 

digestion. In such cqses 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 MICROBIOLOGY AND BIOCHEMISTRY. 

2.3.1 General Introduction. 

The occurence of anaerobic digestion in nature lS 

comparatively widespread. In a review of ~naerobic 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 areas, as well as in 

s~wage 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 

consis~s 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 respectively. 
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The facultative micro-organisms are able to use molecular 

oxygen during metabolism and this group of organism~ can 

therefore protect the strictly anaerobic b~ctsria from small 

amounts of free, dissolved 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 extracellular enzymes. Liquefaction is confined to 

sludge digestion and those wastes with insoluble organic 

materi~l present. 

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 compounds, primarily fatty 

acids. 

Toerien ~ ~. (T1) have reported similar digestion 

paths in both anaerobic digesters and the rumen of herbivorous 

animals. They suggest that as the mairi bacterial groups 

in the rumen are obligate anaerobes, the role of the latter 

in the acid-forming phase of anaerobic digestion has been 

under-estimated in the past. 

The strictly anaerobic bacteria then utilize the organic 

acids in the final stage, converting them into methane and 

carbon dioxide (M3). 
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Figure 2.1 Simplified concept of the anaerobic decomposition of organic wastes. 
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2.3.3 Acid-Forming Stage. 

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 various end-products, such as 

organic acids, and the other portion 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, propionic and 

butyric acids. However, smaller quantities of formic, 

valerie, isovaleric and caproic acids are frequently found 

during anaerobic treatment. 

The 'acid-form~ng' 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-Forming Stage. 

It lS in the final methane-forming stage that true 

stabilization of the oxidisable organics takes place. 

McCarty (MB) has shown this stabilization to be directly 

proportional to the amount of methane produced from 

theoretical considerations, supported by experiment~l 

evidence. 

' 
The methane-forming bacteria are all strict anaerobes. 

Each species of methane bacteria can only ferment a relatively 
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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 lS kQown about the pathways followed by these 

b~cteria, 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 ~. (M7) indicated that 

approxi~ately 85 per cent. of the total methane formed 

during the complete treatment 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 prDcess is therefore confirmed. It should be 

emphasized that the above figures were based on the 
~·· ' 

fermentation of sewage sludge and could therefore differ for 

other wastes. 

Smith (57), (58), did further work indicating that 

approximately 73 per cent. of the methane produced by sludge 

fermentation could be attributed to acetic acid. He 

further suggests that a large 'portion of the remaining methane 

lS formed from carbon dioxide and hydrogen. 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 g~udge retention times of four days or 

longer are requiied for th~ir growth (MB). 

Malina (M3 )' emphasizes that the low rate of acid 

utilization constitutes the rate limiting step of·the process. 

This step governs the design of anaerobic digesters. 
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. . 
2.3.5 Process Imbalance. 

McCarty (MB) has defined the anerobic system to be 

stable, and functioning satisfactorily, when the acids are 

converted as fast as they are produced. Unstable conditions 

result when the atids are produced at a faster rate than they 

are converted into gases (MB). 

The biological reactions 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. Thii situation 

often arises 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 activity of the methane 

bacteria. This can occur particularly ln 

the treatment of industrial wast~s, d~e to 

the presence of cert~in materials in 

inhibitory concentrations. 

To maintain balanced conditions ln a digester it ls 

therefore essential to have a thorough understanding of the 

optimum environmental conditions necessary for these bacteria. 
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2.4 ENVIRONMENTAL CONDITIONS. 

2. • 4 • 1 l2l:!. • 

One of the most important environmental requirements 

for the methane bacteria is that a satisfactory pH be 

maintained. 

As mentioned earlier digester imbalance lS accompanied 

by an incrsase in the concentration 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 unsuitable for the methane bacteria. 

In a summary of recent research, McCarty (~g) 

found thpt a pH range of approximately 6,6 to 7,6 is 

generally considered satisfactory for anaerobic digestion to 

proc~ed. Digesters have operat~d 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 suitpble 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 syst~ms is discussed in ~ection 2.4.7. 

Albertson (A3) found the optimum pH for methane 

fermentation to be 7,1, while McCarty (M9) sug~ests an 

optimum range of 7,0 to 7,2. 

2.4.2 Temperature. 

Temperature greatly affects microb~al 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). 
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Fair and Moore (Fl) established that there were two 

temperature ranges favourable for practical anaerobic 

digestion.: 

(a) the mesophilic range 30 - 37°C; 

(b) t~e 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 under thermo­

philic conditions (H3), (Kl), while others in~icate that 

there is no significant difference ih the end products 

derived from mesophilic and thermophilic digestion (Gl), 

(G4), (Ml). 

Thermophilic digest.j.o.n has not been demonstrated to 

be either practical or e_condmical as yet. A disadvantage 

of ther~ophilic conditions would be the possibility of thermal 

degradation of the bacteri-a if temperatures rose above the 

·~uggested range for thermo~hilic digestion. A tremendou·s 

decline in m~tabolism WDuld be the result of such an 

occurence. 

It does not fol:lm,;r that anaerobic trea'tment should· 

occur at/optimum mesophilic temperatures. Sa ti_s fact riry 

anaerobic digestion can, and has taken place at· lower 

temperatures, provided an adequate active biological 

concentration is maintained i~ the digester. 

As shown in section 2.6.7, the anaerobic contact and 

similar processes can operate at lower temperatures than the 
:';"• 

~convention~l .process, .This permits the treatment of more 

dilute· wastes· where insu'fficient methane_ is evolved to 
·.:. 

maintain a conventional system at a temperature s~itable 
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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 
' ' 

wiriteriperiods. 
I 

2.4.3 Alkalinity. 

As meAtioned in section 2.3r5, a characteristic of 

digester instability is an increase in the concentration of 
! 

the intermediate volatile acids. The control of pH 

depends upon the maintenance of an adequate buffer system in 

the digester, ln 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 to the system in the form qf a suitable 

chemical. Pohland tl al. (P3), (P4), (P5), in a series of 

articles, has described the function of alkalinity in the 

digester system and established an equilibrium model to 

predict the influence of various concentrations of acids and 

bases and· their associated equilibria on the anaerobic 

environment. The systems discussed by Pohland (P3), 

include' carbonic acid, ammonia, acetic acid and hydrogen 

sulphide. 

Figure 2.2. 

Their respective titration ·curves are shown in 

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 

digestion, viz. 6,8- 7,4, only the first dissociation 
I steps of the hydrogen sulphide and carbonic acid systems 

would be expected to contribute toward the buffering 

system present in the digester. As will be shown in 
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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/1 in the digesters. In cases where 

the concentration of sulphides in solution was low, the 

ma~ntenance 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 am~onia in the system. If these systems 

are present in sufficient quantities, 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 experienced 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 (~D) and Banta and 

Pomeroy (El) have shown t~e bicarbonate alkalinity to be 

a function of pH and the carbon dioxide content of the 

digester gas. McCarty (~D) has shown that during normal 
ft -

periods of digestion, the bicarbonate alkalinity can be in 

the range of 1 ODD to 5 DOD mg/1 as CaC03 depending on the 

pH prevailing and the carbon dioxide content of the gas in 

the digester env{r~nment. Rather than operate at extreme 

values in this range, Malina (M3) suggests an optimum value 

of 3 DOD mg/1 as CaC03 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 cheapness of the 

material" Further the calcium cation has been shown by 

McCarty and McKinney (M6) to be less toxic than sodium, 

pot~ssium, 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 related to 

the relative insolubility of the calcium salts which form 

in the digester. 

When lime is added the biocarbonate alkalinity lS 

increased initially in the following manner 

However, as soon as the solubility product for CaC0 3 
is exceeded, further additions of lime merely result in the 

precipitation of the comparatively insoluble calcium 

carbonate as follows 

Consequently, lime additions beyond this point are of 

little use as the insoluble calcium carbonate is quite 

ineffective in the neutra+ization of excessive volatile acids 

or in the control of pH (M.9). 

From the above discussion it is clear that for the use 

of lime to be economical and effecti0e, it is necessary to 

monitor closely 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 (M9)., 

The major advantage of sodium bicarbonate over lime 

lS its greater solubility. The relatively high solubility 

enables it to be dissolved before addition to the digester, 

thereby allowing more efficient mixing 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 

ln sufficient concentrations as to adversely effect digestion. 

The use of sodium bicarbonate to attain reasonably high 

alkalinities of ~ ODD to 6 000 mg/1 has been reported without 

any toxic effects being shown (M9) •. 

Sodium bicarbonate would therefore 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 scale 

systems. The relatively high cost of using the salt on such 

a scale appears to present a formidable barrier to its 

application in the field. 

2.4.4 Nutrient RegJirements. 

Sludge growth in the anaerobic process is significantly 

less than that in aerobic systems and nutrient requirements 

are correspondingly less for anaerobic digestens. 

Nevertheless, the anaerobic bacteria do require various 

inorganic nutrients for bacterial growth and cell synthesis. 

Nitrogen and phosphorus constitute 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 synthesized in the system. 

Loehr (L4) has reported the nitrogen and phosphorus 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 mater~al, .such as nitrates, should 

not be added to anaerobic systems since they tend to be used 

as hydrogen acceptors in preference to the oxidised organic 

matter. Hence, when nutrient additives ar~ 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 chloride, carbonate, hydroxide and phosphate 

have been used as suitable nitrogen sources for methane 

fermentation of nutrient deficient ~astes. 

Indiscriminate nitrogen additions should be avoided since 

McCarty has show·n ammonia nitrogen concentrations above 

1 500 mg/1 to b~ inhibitory (M1D). 

McCarty (M11) feels that more res~arch should be 

undertaken in this sphere of anaerobic digestion, in order 

to obtain a better underst~nding of the nutrient requirements 

of the methane bacteria. Speece and McCarty (59) have 

found additions of iron, in concentrations between 20 and 
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60 mg/1, to be beneficial for digestion, but it 1s felt that 

various other'inorganic and organic stimulants are needed 

to obtain maximum rates of digestion (Mll). 

As mentioned earlier in this section, industrial 

wastes are frequently nutrient deficient. The necessity of 

continually adding comparatively large amounts of nitrogen or 

phosphorus can make the use of conventional anaerobic treatment 

unattractive in sDch cases. Aerobic micro-organisms, with 

their higher growth rates, are more susceptible to nutri~nt 

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 major advantage to be derived from providing 

adequate mixing in a digest~r is the establishment of adequate 

contact between the organic material (food) and the micro­

orQanisms. 

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

useful functions performed by mixing to include : 

(a) the maintenance of uniform temperatures 

through the digester; 

I 

(b) the prevention of the formation of any scum 

layers; 

(c) dispersion of potential metabolic inhibitors 

throughout the tank, avoiding the build-up 

of more concentrated regions. 
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Three methods have been employed to m1x 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 

digesters, 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 advantage 1s considerably offset by the 

poor record of process efficiency common to many anaerobic 

treatment plants. As mentioned in pa~t (c), high-rate 

digestion lS only feasible provided a relatively constant 

loading rate is maintained. Fluctuations in loading rates 

result in sudden increases in volatile acid concentrations, 

with which the slower growing methane bacteria are unable 

to cope. 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 (Ml4) 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 digesti6n tanks are usually 

expressed in terms of the amount of volatile solids added per 

digester capacity per day (kgVS/m 3/day). 

For the treatment of soluble ~astes the lo~ding rates 

are often expressed in terms of the biological or chemical 

oxygen demand, BOD or COD respeciively, i.e. kg EOD/m 3/day. 

The above terms relate the amount of digestible organic 

matter available to the active microbial population, over a 

definite period of time. Since th~ number of active organi~ms 

are not readily determined, ~ unit volume of the digester 

contents is assumed to be rel~ted to the ~icrobial 

population (M2). 

self evident. 

The significance of thorough mixing is 

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 reductions are often 

meaningless for partially degradable wastes unless referred 

to some ultimate capacity of the digester. This is 

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 comparatively recent times, loading rates 

recommended for anaerobic units treating sewage and 

industrial wastes of a si~ilar nature, have been in the range of 

0,48 to 1,12 kg VS/m3/day (M2), (L4), (Wl). This range 

of loadings has commonly been r~ferred to as 'low~rate' 

digestion ( Wl). 

Recently, both laboratory and pilot plant anaerobic 

systems have demonstrated that higher loadings are possible, 
i 

provided that qptimum environmental conditions are maintained 

in the digesters. .Such conditions are suggested by Loehr (L4) 

to include a uniferm feed, adequate SRT, thorough mixing and 

a beneficial te~perature. 

When these conditions have been incorporated into 

anaerobic units, loading rates between 1,6 and 6,1 kg VS/m 3/day 

have been repdrted ( T2), ( Sl), ( M21). This range lS now 

commonly refered to as 'high-rate' digestion. 

digesters are rarely loaded at such high rates. 

Full scale 

However, 

Estrada (El) reviewed the loading rates at a number of 

municipal sewage treatment pl~nt~ and found loading rates 

varying between 1,6 and 3,52 kg VS/m3/day. Other reports 

have been made of digester loadings in .the field ranging from 

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

(d) Limiting Factors. 

It should be emphasized that the trend towards higher 

loading rates has only pecome possible by maintaining optimum 

environmental conditions in the digesters. 

The development of the anaerobic contact process, 

section 2.7.7~ has provided a means of maintaining an adequate 

solids concentration (and therefore adequate sludge ag~) to 

withstand these higher loadings •. 
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A curtailing factor in the use of higher loadings, 

particularly prevalent in the treatment of i~dustrial wastes, 

is the build-up of toxic materials to inhibitory concentrations. 

The concept of toxicity is discussed in section 2.4.7. 

A further limit 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 biological concentration in the process, to cope with 

the high loading rates. 

Toxicity. 

(a) Introduction. 

There are a number of materials which may be inhibitory 
~ 

or toxic to the anaerobic waste treatment process. The 

loading rates on the system, treating the yeast waste under 

consideration, appeared to be limited by the presence of one 

or more inhibitory substances. 

The effects of salt concentration upon the rate of 

biological reaction have been shown by Malina (M3) and 

McCarty (MlD) 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 observ~d maximum, inhibition 

takes place. Eventually by continuously increasing the_ 

concentration of salt, the biological activity decreases 

rapidly and finally ceases completely. Micro-organisms can 

adapt to inhibitory substances. The extent of adaptation 

varies, and depends on the relative concentrations of other 

salts present as well as on the digester environment itself. 
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(b) Volatile Acids. 

As shown in section 2.3.2, volatiie acids serve as the 

major source of food for the methane bacteria. 

Although it is commonly agreed th~t a buil~-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 to the methane bacteria only in an indirect 

ffJanner, through a reduction in pH (Cl)·, (51), (Kl). 

They feel that a decrease iri the activity of the methane 

bacteria is the result and not the cause of digester 

imbalance. The same group feel that such imbalanced 

conditions can be corrected by addition of a buffer material 

to restore the pH to a value more 9uitable for digestion to 

proceed. 

' The other group, headed by BL)swell et aL ( B4), 

suggested that a high concentration of volatile acids was 

inhibitory to the digestion process even if a neutral pH 

was maintained. Buswell ( B 4) further recommended that the 

volatile acid concentration be kept below 2 DOD mg/1 (as 

acetic acid) for digestio~ to pro~eed satisfac~orily. He 

suggested that the maximum tolerable volatile acid. 

concentration was approximately 3 DOD mg/1. 
• 

This view has 

been supported by'Schulze and Raju (5"5) and Mueller et aL (M.2'3:):." 

In an extensive study McCarty and ~cKinney (M5) showed 

that the decreased activity in digestion, during periods 

ch~racterized by high concentrations of volatile acids, was 

due to salt toxicity rather than volatile acid toxicity. 

They sho¥ed that a rapid build-up of volatile acids and 

subsequent neutralization with alkaline materials, is 

similar to a slug loading of volatile acid salts. The 

'.-, 
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dsleterious 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 ODD mg/1 have been tolerated, provided 

they were neutralized with alkalies containing non-toxic ~ations. 

In a more 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 DOD mg/1 

are extremely rare in full scale plants, during normal p~riods 

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 concentrations of 

alkali and alkaline-earth metal salts, viz. sodi~~' 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 control the pH of the system. 

McCarty and McKinney (MS), (M6), have shown that 

toxicity is nor·mally associated with the cation, rather than 

the anion portion of these salts. 

The nature of the inhibitory effect of these salts 

is quite complex. The situation is further complicated by 
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the influence various cqmbinations of these cations have on 

the inhibitory effect of others. McCarty (MlO) has shown 

some ions to act antagonistically, i.e. reducing the toxicity 

of other cations, while others act synergistically, i.e. 

increaiing the toxicity of other c~tions. 

If an inhibitory concentration is ~resent in a 

waste, its inhibitory effect may be considerably reduced by 

the presence of an antagonistic ion, either present in or 

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 antagonist~ (MID). 

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 M"C:Carty ( MlO). 

TABLE 2.4. Stimulatory and Inhibitory Crincentrations of 

Alkali and Alkaline-Earth Cations. 

Concentrations in mg/1 

Cation Stimulattny Moderately Strongly 
Inhibitory Inhibitory 

Sodium 100 - 200 3 500 - 5 500 8 DOD. 

Potassium 200 - 400 2 500 - 4 500 12 000. 

Calcium 100 - 200 2 500 - 4 500 8 000 

Magnesium 75 - 150 1 odo - 1 500 3 000 

At high feed concentrations of the yeast waste under 

consideration, potassium was found to be present at 

concentrations in the range likely to cause moderate 

inhibition, Tabl~ 2.4. 

Chapter 6. 

This subject is discussed in 

I 
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(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 toxic (M20). 

Hexavalent chromium may exert a toxic effect on the 

system, but this metal is normally reduced under anaerobic 

conditions to the trivalent state, which is relatively 

insoluble at the pH levels encountered in anaerobic 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 of 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 ahion will react with the soluble heavy met~l ions to 

form a relatively insoluble metal precipitate (Ll), (M4). 

Malina (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 

th~r~fdre an effective method of controlling thi~ type of 

toxicity. Otherwise, precipitation of the metals in 

chemically controlled systems, frequently as hydroxides, 

has been suggested by Lciehr (L5). 
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The concentrations, above which heavy metals become 

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

TABLE 2.5 •. Toxic Concentration of Heavy Metals. 

Metal ConcentTation 

Cr 6+ 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 m~tal toxicity was suspected. 

(e) Ammonia Toxicity. 

Inhibitory 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 (MlO). 

In anaerobic systems ammonia may be present either in 

the form of the ammonium ion (NH 4+) .or as dissolved ammonia 

These two forms are in equilibrium with each 

other as indicated by the following expression (L5) 

NH + wt 
3 

( 2. 3) 

As the pH of the system increases, equilibrium shifts 

to the right and the concentration of free ammonia may become 

inhibitory. Conversely, if the pH drops below a value of 

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

becomes related to the ammonium ~on concentration (MlO). t 
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Ammonia nitrogen concentrations which have an adverse 

effect on anaerobic treatment are indicated by McCarty (M6) 

and Albertson (A3) and shown in Table 2.6. 

TABLE 2.E. Effect of Ammonia Nitrogen on Anaerobic Treatment. 

Ammonia Nitrogen Concentration Effect on Anaerobic Treatment 

mg/1 

50 - 200 Beneficial 

200 - l 000 No adverse effect 

l 500 - 3 000 Inhibitory at higher pH 
values 

Above 3 000 Toxic 

If the ammonia concentration lS between l 500 and 

3 000 mg/1, 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 

hydrochloric acid can relieve this inhibition (MlO). 

When the ammonia-n2trogen concentration exceeds 

3 000 mg/1, then the ammonium ion itself becomes toxic. 

Reducticin of pH will not prevent the process from failing and 

either dilution or removal of the nitrogen source itself would 

have to be considered. 

The possibilities of high rate digester~ 

acclimatising to ammonia nitrogen toxicity have recently been 

reported by Melbinger ~nd Donnellan (Ml5) and Zablatzky (Zl). 

At extremely high loading rates, during the preliminary 

studies ammonia was thought to have an inhibitory effect on 

the digestion process. However, at the loading rates 

subsequeRtly used, ammonia was not present in sufficient 

quantities to cause inhibition. 
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(f) Sulphide Toxicity; 

Sulphides present in a digester may originate in 

either of the f~llowing 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 meta.l salts if these metals are present. 

The remaining solu~le sulphides form a we~k acid 

which ionizes in aqueous solution, the extent depending upon 

the pH •. At the neutral pH required for anaerobic treatment, 

only the first dissociation of hydrogen sulphide is of 

importance. 

Sulphides, therefore, may be distributed between a 

soluble form, inioluble 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, (Ll). As 

can be seen from Figure 2.4, the higher th~ gas producti6n per 

volume of waste, the gr~ater the amount of sulphides.d~iven 

off from solution. Similarly, the lower the pH, the lower 

the amount of sulphides remaining in solution, provided the 

decrease in gas production is not too significant with a 

consequent reduction in the amoun~ of sulphides driven off 

from solution. 

Conce~trations of soluble sulphides up to 100 mg/1 

can be tolerated in anaerobic processes with little or no 
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acclimatization required" With continuous operation and some 

acclimatization, concentrations up to 200 mg/1 have been 

tolerated" Concentrations above 200 mg/1 are reported to be 

toxic (Ll)o. 

Excessive concentrations of sulphides can be pre­

cipitated to redu~e the sulphide toxicity in an anaerob~c 

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 toxi~ concentrations 

of sulphides can in turn be decreased by precipitation 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 tGxicity (Ll). 

As shown in Chapter 6,precipitation of som~ of the 

sulphides from the digester environment did not appear to 

have any influence on the effiyiency 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. (512) 

fouhd the addition of sulphatas 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/1 as NaCl.no inhibitory 

effect is likely. 
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Chloride additions of between 2 000 and 5 000 mg/1 

as NaCl have resulted in a serious decrease in gas production 

with ~artial recovery when the load on the digester was 

reduced" 

Chloride additions o~ 10 000 mg/l,o~ large~ promptly 

resulted in negligible gas production and little recovery 

after six weeks operation (L6). 

Delayed effects, biota adaptation and effects of 

digester pas't history mqde it difficult to suggest a definite 

limit of tolerance for chlorides during anaerobic digestion. 

A given chloride increase frequently exerted delayed effects, 

with performance decreases occuring long after steady state 

would normally have been established (L6). 

Niles and Frook (N2), while studying the digestion of 

Monosodium Glutamate, found a concentration of 5 oop mg/1 as 

NaCl as the limit~ng amount of chlorides their digesters could 

tolerate. 

Buswell et _§].. (B 5), using pure acetic acid, found 

that with acclimatization, chloride concentrati6ns of 10 000 

mg/1 as NaCl could be tolerated. 

Very little wo~k· has been reported on the acclimatization 

of digesters to high chloride concentrations. It is possible 

that the halophilic organisms present in salt pans 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 influence on the system at high loading rates, as 

sho0n in Chapter 6. 
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( h) General Factors. 

Various organic materials, ranging from organic 

solvents to common materials such as long chain fatty acids, 

may at ~igh concentrations, inhibit the digestion proce~s. 

These have been summarized in the literature and rarely affect 

continuously fed digesters (MlD) .• 

(i) Control Methods. 

The type of meth~d used to control taxi~ materials 

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

The four main methods used can be summarized as 

follows (MlD) 

2.4.8 

(~) removal of the toxic material from the waste; 

(b) dilution of the waste until the concentration 

of the toxic material falls below its reputed 

threshold value; 

(c) the formation of insoluble complexes or 

precipitates; 

(d) addition of a suitable antagonistic material. 

Summary of Optimum Environmehtal Parameters. 

A summary 0f the environmental parameters which are 

considered optimum for anaerobic digestion is shown in Table 

2. 7. 
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TABLE 2.7. Optimum Environmental Parameters for Anaerobic 

Digestion. 

Variable Optimum 

Temperature 0 [ 30 - 35 

pH 6,8- 7,4 
1Volatile acids (mg/1 CH3COOH} 50 - 500 

~Alkalinity (mg/1 CaC03) 2 000 - 3 000 

Redox Potl (mv) -520 to -530 

Extreme 

25 - 40 

6,2- 7,8 

2 000 

1 000 - 5 000 

-490 to -550 

Sufficient nutrient requirements 

Absence of"toxic materials 

1 

2 

Depenrls on system - could be 10 000 provided sufficient 

alkalinity is present, 

Depends on volatile acid concentration. 

H~ving established. what sort of an environment 1s 

dee~ed favourable for diges~ion to proceed, it is now 

necessary to ascertain what indicators are used to assess 

digester perfor~ance. 

2.5 INDICATORS OF DIGESTER PERFORMANCE. 

2 .• 5 .1 Introduction. 

The var1ous 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 
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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 alter~ative systems for diverting the feed. 

during unstable periods of dig~stion. 

2.5.2 Qtl. 

A decrease in pH is ·usually the result of a high 

volatile acid corrcentration, and therefore can be considers~ 

as an indicator of retarded digestion. 

A significant drop in pH, however, lS unlikely to 

occur, until the digester is seriously affected, and corrective 

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

It 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, theii rate of ·~~ilization of 

volatile acids will decrease~ and the .concentr~tion of the 
. . . . . .. ~ 

latter will begin to increase. A sudden increase in volatile 

acids is the~efore 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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It is the relative change in volatile acids concentration, 

rather than the absolute concentration, which si~nifies a 

decrease in digester performance. Used in this ma~ner, 

volatile acids concentration can give a valuab1~ insight into · 

the condition of a digestero 

In cases where high volatile acids con~ent~ations are 

characteristic of th~ syste~, sudden increases in volatile 

acids concentration may be masked by the high absolute 

concentration in the diges~~r, until inhibition is fairly 

established. 

In such cases, ~orne irivestigators feel that by 

monitoring the r~tio of volatile acids to total alkalinity 
I. . 

(¥1) or 'volatile acid salts' alkalinity to tbtal .. . . ·. ,_. '· 

alkali':Ji ty ('R..2}, a mo.r~. sensitive i,_ndica.tion of d . .i,g,e,ste~lj': 

performance can be obtained. 

Pohl~:nd. and EJ,oodgood ( P2) show.e.d that individual 
.... ·... '· . 

volatile acids were. affected di fferentl~ by adve~se cha,ng,es ln 

thei~ environment. They found that th~ degradation of 

~~opionic acid to eith~r gas ~r l~war ac~d~ was ~ff~~ted to 

the greatest exteht during ~imes of retard~d digestion. Th~ 

buty¥i~-valeric group wa~ foun~ to be less aff~cted a~~ 

acetic acid most ;es~stant to these changes. 

Monitoring the ~hari~e~ in individual a~~d 

concentrations would therefore seem to be an excellent method 

of analysing digester performance. The striking differenc~ 

in the changes in concentration of the individual vofatile 

acid components during periods of norm~l and retarded 

digestion ig shown in Figure 2.5. 

Gas Composition. 

Inc+eases in the volatile acids concentration and 

their subsequent 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, ars 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 in thii 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 

tankso 

A holding tank 1s 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 lS 

allowed to fluctuate, therefore enabling a constant flow 

rate to be maintained to the digesters. 

A compromise between holding and balancing tanks lS 

often desirable 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 ex~ected load on the system. The 

capital costs of such a ta~k should be weighed against ·the 

potential saving to be derived from the improved tr~atment 

efficiency resulting from a steadier load (C3). 

Up to this stage, the mechanism of anaerobic 

digestion, the environment necessary for digestion to proceed 

and the indicat6rs of dige~ter perform~nce have been 

discussed. 

Attention will now be focussed on the development 

of digester design and the type of digester designs in common 

use nowadayso 
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2.6 TYPE OF- DIGESTERS USE1) AND THEIR DEVELOPMENT. 

2. 6.1 Preliminary Treatment. 

The application of anaerobic digestion to waste 

treatment appears to date from the Austin tank, first 
I ' ) 

constructed in 1857 (Ml6). A French engineer, L.H. Mour13s, 

desi~ned th~ 'Mouras automatic scavenger' a few years l~~e;. 

The principal action of these preliminary tanks was 

thought to be the liquification of organic solids after 

sedi~entation had taken place. The bacteriologists of the 

time were unaware that a considerable amount of the .orgal\lic 

mqtter was in fact removed as a gas, an attractive 

char~ct~risti~ Df the process. 

These preliminary tank~ however, served principal!~ 

fer sedimentation purposes. 

It was not until 189~ when Donald Cameron d~signed 

and constructed a septic tank for the City of Exete~ that 

anaerobic digestion came into more frequent use. 
' 

2 .6 • 2 Septic Tank. 

Although septic tanks (Figure 2.6) are basically 

simil13r to P-1--ain sedirrientati_ori basins 1 • -the: reter'lt:~ori t.iriles 

used for the former are nor~ally m~ch longer so that the 

deposited slud~e can undergo partial or complete digestion. 

The septic tank consisted therefore of one stage, w~th 

no attempt to separate the phases of the process. No control 

was exercised other than the specification of the tankvolume, 

which for a given flow rate fixed the retention time. 

Two major problems were encbuntered with the septic 

(a) the lifting of solids into the clarification 

-~-·---~--·----==---------· 
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into the sediment8tion compartment. 

Travis considered it essential to pass a certain 

proportion 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
1 

to produce a fres,h 

effluent nor a properly digested sludge. 

~he Imhoff tank was a two-storey tank in which all 

sewage passed thrd~gh the Jpper, sedimentation compartment. 

The suspended matter fell through slots into the lower 

digestion compartment where there was no sewage flow. The 

dige~tion 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 compartrtrent was overl_?pped 

to prevent gas qr sludge rising into~this section, while v~nta~ 

were provided at the side of th~ d4~~~tion ~ectidn to aLlo~ 

fat the, release of gas. 

Although the separation bf functians in the l~haff 

·t~nk had incre~sed the quality of the effluent over that 

obt~ined in the septic tank, there was still no control over 

the process other than the hydraulic retention time. 

2.6.4 Separate Digestion Tanks. 

By the early l92Q 1 s, the separate digestion tank be.g;gn 

t.o gain favour. The solids were removed- from the wastes 

before entering the digester, and only biological degra~ati~n 

bf the solids and'~hickening occurred in this pr6cess. 

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 signi f.j.cant of ',~hese was the ability .to 

exert greater contr~l on b6th the _individuaL proces~es. 

This increase in operation~l control tended to ;j ust,if~ the 

cost arising from the construction of the separate stiuctur~s~ 

Developments in Control. 

By this time two significant improvements had emerged 

which further aided the control of the digestion process : 

(a) the heating. of the dige_ster contents to 

temperatures more favourable for microbial 

a,ction; 

(b) the use of artificial mixi~g to maintain a 

c6ntinuo~s supply of food material to the 

an aerobic tn icr 0 -a rgahi:s tn9 and. to'":pr'e\ie"riti•';< .. 

scum formation. 

I 

Since artificial mixing 15 inco~patible with the 

thickening of digested ~ludge, the nex~ develo~ment in 

an~erobic digestion ~as thB ~eparation ~f the biological 
-i·,, 

action of' digestion from the thick~ning process. 

'· This resulted in a. two.-:stage process, F igwre 2. 8, 

which allowed the h13ating ·and mixing of the digester contents 

in a first stage.· 

second stage where heating is not necessary~ 

Two further advantages were derived from this 

development 

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

cif the first stage for biological stabilization; 

------------ -···· --
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~b) the possibility at designing such a unit for 

qptimum biological action. 

Two-stage Process~ 

The imprdve~erits in operational cd~trol and modiiioation~ 

incorporat~d into the two-stage digester, i.e. the sepa~at~on 

df the physical phases of the process, reduced retention times 

significantly. 

It is of interest to note that the ch~nges in digester 

design and operation have not significantly affected the 

biological process. In other words the di~ester ii still a 

one stage system with respect to the biological reactions 

even though i;he physical stages of digestion and sludge 

thickening have been separated. 

To summari'ze, the various co,ntrol parameters· _av.ai~e.ble 

to the operator up to this.point in the development-of 

anaerobic digestion were : 

r '-

(a) the hydr~ulic residence time; 

(b) an ability to heat the digesters to an 

(c) 

optimum temperature for biological. degradation; 

and 

va~iou~·methods of mixinS th~· digester contents 

so as to ensu~e ade~uate tontact b~tween the . . 
organisms and organic mat~rial • . ,. 

However, in spite of the improve~~nis ·i~ operational 

control, the size o~ the digesters wexs still. ~~~c4~T~~ing due 

to the relatively long retention times necessar.y for dig~stion 

to proceed satisf·actorily. 

The next stage in the development of anaerobic digestion, 

the -anaerobic contact process, was linked with the solids 

( 
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ret~ntion time (defined in Chapter 5). 

2 ·• 6. 7 Anaerobic Contact Process. 

The anaerobic contact process, Figure 2.9, 1s basi~ally 

similar to the two stage system, except that some of the 

thickened ~ludge is recycled to the digester. 

Thi~ system permi~s the ~aintenahce of a high biological 

population while operating at ~ relatively low hydraulic 

ietentinn time. In other words, it i~ possible to vary the 

solids retention time independent of the hydraulic retention 

time. A~ can be seen from the theory, 6.1.4, the effluent 

quality is a function of solids retention time and not of the 

hydraulic retention time. 

The cont·qct ·process' can readily be applied to dilute 

W.i;lste-8 where hydrai.Jlic re~ddence times s·hould be sho~t to 

make .fhe process economicaL In systems without i~cY~le, 
' 

th~ dilute wa~tes may hot support an adequate~ microbi~l 

population. big~ster v6lumes for treating dil8te wastes 

become prohibiti~ely large in order to have an adeq~ate 

hydraulic res•idence time, which in turn· have to be. greatl;ir 
' than the ~inimum soli~s retention time for stabilization to 

take place. Solids recycle permits th~ _use ~f smaller 

dige~te~ volumes for ~aihtaining a suffi6iently large ~l~d~e 

co-ncentration to· obt·gin satisfactory waste stabilization. 

The major-probl~m arising fxom the use of the an~erob~c 

contact process to date is related to the inability to 

efficiently sepa;r;ate the bacte·:t'ia.l solids from the effluent 
·~~: . 

stre.s·rn for recyc~e· back to the di'gester. 

When operating at short hydraulic retention times, 

high separ~tion efficiency is required to provide adequate 

~ludge concentrations in the digester and thereby to 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 (514 ), a vacuum 

degasi fier has been used, between the digester and final settlin,g 

tank to remove g~ses which tend to hinder ·settling. The 

effluent from the digesters ar.e pHlled .. into the ,,de,gasifier 

tanks. URder a 2D" vacuum produced by vacuum pumps installed 

in the control building. 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 f~r solid/liquid separation, such as 

centrifuges, filters and flotation units, have been used 

exparimentally, but none has so f,r been used on a si~nificant 

commercial scale {C3). 

Generally the development of the anaerobic contact 

process has meant thpt smaller volumes and lower .temperatures 

can be used tb treat a given waste. Further, the ability of 

these systems to handle changes in the digester environment 
i· 

has been greatly improved. However, lo~.,dl.ngs us~d in the 

anaerobic contact proce9s are limited by the efficiency of 

sludge sep~ration. 

2.6.8 Internal Maintenance of Cell Concentration. 

,, 

Similar maintenance of active cell ma:teria1 and biota 

in a dig.ester can be a.ch;i:'eved by internally returning the 

sludge to the mixing zone. 

This type. of internally clarified digest~r is often 

re-ferred t.o as a 'reactor-clarifier', the ct;:~nvent.i,onal flow 

p~~tern of which is given in Figure 2~10. 
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Various reports on this type of digester have 

a p p e are d in t h e 1 it era t u r e ( P7 ) , ( H 2 ) , ( Sll ) • Stand e r ( Sll ) 

reported reductions consistently higher than 96% (COD) in a 

reverse flow clarifier, treating a wine waste, with organic 

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

The major advantage of a clarifier unit is its ability 

to maintain sludge in an integrated cycle rather than by use 

of external recycling. 

However, even when facilitated, by the provision of 

fixed scrapers, sludge return can be inefficient. 

A further disquieting limitation, inherent to this 

type of anaerobic treatment, concerns the behaviour of sludge 

density with changes in feed rate (Sll) •. As mentioned 

earlier, a sufficiently large sludge concentration must be 

maintained in the digester, to cope with incre~ses in 

loading. Sludge accumulation in the clarifier can only be 

reduced if ~he concentration on the floor of the clarifying 

section (from where it is scraped into the digester section) 

is higher than that in the digester compartment. The rapid 

evolution 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 cla~ifier 

and' ever)tually s~udge appears in the effluent. 

Various design methods, including the construction 

of an annular compartment in the clarifier section, were 

used in an attempt to solye this problem (Sll ), and met 

with moderate success. As will be shown later, a similar 

disadvant8ge 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 

biological requirements for maximum loading. Rowever, the 

simplicity of the process, as opposed to the anaerobic 

contact process, is an advantager The extent of the loading 
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wil+ 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 e~uipment. 

2. 6. 9 Anaerobic Filter. 

Insufficient methane is produced from anaerobic 

treatment of dilute soluble wastes to maintain digesters at 

suitable temperatures. Consequently, in some cases, 

treatment at temperatures near ambient becomes a practical 

necessity. Efficient waste treatment at these low 

temperatures becomes dependent on tha maintenance of long 

solids retention times, McCarty (Ml2) • 

. The gnaerobic contact pro~ess has been shown to 

treat such wastes quite su6cessfuJly, particulaily meat­

packin_g wastes and others containing a significant· 

contentration of su~pended solids ~11). The micro-

organisms tend to become att~ched to the scilids and are 

readily removed in the s~ttling tank for recycle back to the 

digester. However,with solu~le wastes, many of the bacteri~ 

remain dispersed and a significant number may le~v~ with the 

eifluen't, thereby making. it difficult to maintain the 

required solids retention times · C Ml2) • 

T~~ anaerobic filter, (M12), CPl), (Yl), might prove 

to be the solution to the pioblem of tieating these soluble 

wastes. 

In thie device, Figure 2.11, the bacteria· grow 

attached tb the walls of the confininB ~tructure as well ~s 

' 
to the packing and remain in the filter, m~king e~tremely 

long soli~s retention'times possible. Because of the long 

biological solids retention times possible, Young and 

·,•,;;' ;?:0: .' •.v 
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McC~rty have shown that the anaerobic ~ilter can be efficiently:' 

op,erated at ambient tempera.ture9 (Y 1). Therefore the filtsr 

is extremely suit9ble for the treatment of dilute wastes, from 

which insuff~cient methane is produced to heat the inGoming 

waste. 

A further advantage bf the filter over the anaerobic 

contact proce~s· is the retention of the biological solids in 

the filter, elimi~ating the need for recycle with its 

inherent separati~n difficulties. 

A disadvantage of the filter, is the,short-circuit4.ng 

o;f the raw waste plong the paths .cqused by gas bubbles, 

mentioned by Plummer et al. (Pl) .• · They suggest staging of 

the filter to overcome the difficulty. 

However, it should be born in mind that as the 

recycle ratio increases, the filter. approaches a continuousl~ 

mixed system and the advantage$ characteristic of the ~lug 

'flow system become less apparent • 

. Up to the present~the filter has la~gely been 

confined to laboratory scale studies, treatin~-~ synthetic 

volatile acid waste ( Ml2) and a carbphydrate-prdt.ein 

waste (Yl). 

2.6.rO Multi-stage Systems. 

The use of multi~stage systems for waste treatment 

has been reprirted by Rich (Al) and Wuhrm~nn (W4}. 

In the fofmer, Figure 2~12, the waste str~am flows 

int~ a-cont~ct ba~in (retention time of 25 to iD minutes) 
i 

where the organics are primarily absorbed by the sludge 

flow. The activated sludge is then separated from the 

rrixed liquor in a sedimentation tank and passed into a 
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stabilization ba~in in which the absorbed organics ~re 

metabolized by the organisms. The retention time in the 

stabilization basin is 1,5 to S hours depending on the 

strength of the waste. 

In the process suggested by Wuhrmann, Figure 2.13, 

the nitrogen compounds are initially oxidized to NDz- and 

N03- under aerobic conditions. In the second stage 

anaerobic denitrifying bacteria are used to reduce the 

nitrates and nitrites td ~aseous Nz or NzO. 

Willimon and Andrews (W3) have suggested· that such 

a multi-stage process might be applicable to anaerobic 

digestion. They depict the anaerobic process as three 

biological reactions occuring in series, and maintain that 

the optimum e~vironmental conditions for the different 

organisms responsible for each reaction, should vary from 

gro~p to group. They further speculate that the is~lation 

of the biological reactions into separate vessels would 

enable the environmental conditions to be varied to maximize 

the rate of each 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 control requirements; 

(c) .increased process complexity. 
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The system is purely ~t the exploratory stage as far 

as anaiiobic digestio~ is conceined and it is conceded that 

the environmental conditions requ£red for the optimizat~on of 

each sta~e are still largely unknown (W3)~ 

2~6.11 S~mmarv o£Tvpes oL~igasters in Common Use. 

The two most common processes used for anaerobic 

treatment at present, are the conventional process and the 

anaerobi(: contact process, Figure 2 .14', · ( Mll). 

The conventional process. is the simpler type, 

involving a single tank in which the bacteria and waste are 

m.~xed together. The hydraulic retention time equals the 

solids: retention .t.ime. for· this· process e~s ·the bacteria <;ln'd 

treated wastes are remdved to~ethe~:fd:t ~ispdsal. The 

stabilization may b~ increased by making some provision for 

the separation of the effluent solids from the effluent stream. 

The conventional process is usually used for the treatment 

of more co~centrated wastes. 

The ana~robic contact process, on the other hand, can 

be used to_tre~t most waste cdnceritrations, but is· 

e~pe6i~11y useful for the treatmerit of dilut~ wastes. The 

ability to use economically ~hart hydraulic ret~riti~~ times, 

while main~aining' comparatively ldng solids retention times, 

allows the use~ of lower operating temperatures and results 

in more stable. operati.en. 

The major probl~m arising -frnm the- 'use of anaerebic 

contact process to date concerns the efficiency of the solids 

separation f~om the effluent stream for recycle back to the 

digester.-

The anaerobic filter has been developed as a possible 

solution to the above problemi but itself suffers other 
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dispdvantages. 

A brief survey of the d~velopment and application of 

kinetics to anaerobic digestion has bee~ placed in Chapter 6. 
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CHAPTER 3 

A P P A R A T U 5 A N D E X P E R I M E N T A L T E C H N I Q U E 

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 biodegradability 

and for investigatin~ 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 expe~imental 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, 

whic8 was used as a gas collection bottle. Each gas collection 

bottle contained a sulphuric acid solution (5 ml concentrated 

H2S04/litre) with a pH value below 1,5. The displaced liquid 

from the gas collection 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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readings wer$ 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 entering 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 3ooc. 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 

proc~dure was used for all 1he 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 were required. 

As a low hydraulic residence time was thought to be 

essential for treatment of the yeast waste to be economical, 

the following method 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 patterns in the digesting section 

of the system and thereby el~inating 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 digest~rs at the positiori F indicated in Figure 3.2. 

The bubbles, in rising, struck the baffle D, 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 - 8 mm between the sliding baffle and the dig~ster 

wall was found to give the most. satisfactory results. 

The degree of mi*ing achieved by the gas recirculation, 

aided by the positioning of baffles A, B and C in the digesting 

section, proved adequate throughout the investigation. 

An aquarium pump was used to recirculate the gas and a 

~ater 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 butlet weir, F, in Figure 3.2. The volume of 

each of the digesting sections of the reactor-clarifier was 

maintained at 7,5 litres throu~hout the study. 

A constant daily flow rate was applied to each of the 

digesters, viz. 5~155; 4,42 and 2,125 litres/day. 
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Consequently, each digester had a fixed HRT throughout the 

study, viz. 1,46- 1,70 and 3,53 days respectively. 

'. ·.A. '.drip.,..,feed' systE~m. was UsE~d to. ,feed the digesters. 

The system was based on the restriction of air entering t~e 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 

possiblet 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· effluent 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 Ch~mical 

Engineering, University of Cape Town, by Hansford and Ledermann 

(Hl) have indicated that the raRge of errors, applicable to this 

intermittent method of sludge withdrawal would be mini~al 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 ! 2°C. 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 OPERATJON 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 

and 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 

ana~robi~ systems were to be used in such cases. 

Maximum tolerable loadings varied from 14,5 kg/COD/m3/day 

to 6,5 kg/COD/m3/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, VlZo 0,021 - 0,023 kg GOD/1. This indicated that the 

digesters were failing due to the presence of ·one or more 

m~terials, in inhibitory concentrations, at these loadings. 

The pBssible sources of this inhibition are treated more 

comprehensively in Chapter 6. 

The digester with the shortest hydraulic retention time, 

viz. 1,46 days, was found to be more susceptible to sudden 

changes in ~he environmerit, than the other digesters. It 
.-----... --~----·. -----~----· 

would consequently appear that the digesters used in this 

study would probably fail at hydraulic retention times much 

below 1,6 days, due to an insufficient contact period betw~~n 

the microorganisms and the yeast waste. In the internally 

clarified type of system, this limiting hydraulic retention 

time is probably longer than that pos~ible in the anaerobic' 

contact process where an external recycle system is used. 

This is due to the limiting sludge concentratio~, imposed on an 

internally clarified system, by the hydraulics of the system. 

A further discussion of this particular disidvantage inheient 

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, used 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. 

7 
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This method of operation suffers from one ~ajar disadvantage 

which 1s 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, viz. 

40 - ~0 days, were used while operating at a hydraulic 

residence time of two days. 

Consequently 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 
I 

maintain a fix_E!._~_ ~e, 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 
1 

Under these circumstances, no changes in cell concentration 

of the slow growing anaerobic organisms was required. 

Therefore by maintaining a constant sludge concentr~tion 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 b~ related 

more ~losely to hydraulic residence time rather than solids 

retention time. 

This method of operation. could be limited by the 

following problems : 

(1) a difficulty in selecting the correct amou~t 

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

(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 ~tate Value 

to another as shown in Figure 3.5 indicate the following : 

( a ) 

( b ) 

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; 

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 lS 

considerably less than any sludge age used 

during the study and very close to a period 

of five times the hydraulic retention 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 resp~ctive 

definitions of steady state. A period of three hydraulic 

retention times was used by Andrews and Pearson (A5) in a study 

of the kinetics applying to anaerobic systems. In the 

present study, each digester was loaded at the same rate and 

operated at the same envir8nmental conditions, for a period 

equal to the solids retention tim~. 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 section. The new steady 

state conditions were obtained by a trial and error method. 

Daily monitoring of sludge in the settling section was 

performed until the correct amount of sludge was waste~ from 

the system, corresponding to the new environmental conditions 

imposed on the digesters. 

A histogram of the various parameters relating to the 

digester as the system was moved from one steady state set of 

conditions to another is shown in Figure 3.5. As can be 

seen from Figure 3.5, the parameters describing the condition 

of the digesters remained constant over the period readings 

were taken. 

Pretorius (P7), reported that although typical system 

parameters might indicate a steady state con~ition, recent 

research has shown that certain enzyme reactions had been 

found to show wide fluctuations ~hich only tended to settle 

down at a later period. 

Further research lS 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 dige~ter efficiency are discussed in 

section 3.5. 
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3.5 ANALYTICAL PROCEDURE. 

The_following analyses were performed to monitor digester 

perfor~ance and to evaluate the relative efficiency of the 

process. 

Type of Analysis. 

Biological Oxygen Demand 

Chemical Oxygen Demand 

Oxygen Absorption 

Dissolved Solids: (Total, Volatile· 

and Fixed) 

Suspended Solids: (Total, Volatile 

and Fixed) 

Total Nitrogen 

Ammonia Nitrogen 
1Volitile Acids Concentration 
1 Total Alk~linity 

Reference. 

Standard Methods 

Standard Methods 

Standard Methods 

Standard Methods 

Standard M.ethods 

Standard Methods 

Standard Methods 

Dilallo and Albertson 

Dilallo and Albertson 

(Sl5) 

(Sl5) 

(Sl5) 

(Sl5) 

(Sl5) 

(Sl5) 

(Sl5) 

(Dl) 

(Dl) 
2 Gas Composition See below 

Chlorides Standard Methods (Sl5) 

Standard Methods (Sl5) Total Sulphides 
3Potassium, Sodium 
3 

See below 

Copper, Iron, Zin~ and Nickel See below 

4pH See below 

1 Volatile aci~s analysis was performed by the method 

advocated by Dilallo end Albertson (Dl). For compar~tive 

purposes a series of volatile acids analyses were perfo+med 

using both the above method and a calorimetric· method repo.rted 

by Montgomery, Dymock and Thorn (M22). The results of both 

methods appeared to be consistent with each other as shown in 

Table E.l, in Appendix B. 

2 Gas analysis was perf6rmed by the use of gas liquid 

chromatography. A Hewlett-Packard model 5750 chromatograph 

was used for the analyses. The various operating parameters 

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

concentrations of potassium, sodium, copper, 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 E.3, 

Appendix E. 

4 pH was monitored daily on a Beckman pH meter, (model 55-3) • 

3.6 SUMMARY. 

The batch and 'reactor-clarifier' systems used in this 

investigation and the parameters pertaining to their operation, 

both operational and analytical, have been de~cribed. 

The relevant results describing the general performance 

of these digesters are discussed in Chapter 4. 

c.· .•... ,· 

--·· -~------
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CHAPTER 4 

G E N E R A L P E R F 0 R M A N C E : 

R E S U L T S A N D - D I S C U S S I 0 N 

4.1 INTRODUCTION. 

The susceptibility of yeast waste to anaerobic digestion 

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 investigation has been omitted, as it was felt that 

it would be largely repetitive and of little information, 

particularly during much of the preliminary periods of the 
~~ 

study. Where relevant, data ha~ been abstracted from the 

daily readings. This data can be fqund in Appendix C. For 

ease of interpretation, relevant port:i:bns ofc this data have 

been plotted chronologically as :well as being presented in a 

tabular form. 

The location of the data in thi~ thesis together with 

its relevant applicatian is summarized below : 

(a) The behaviour of the parameters used to monitor 

digestion during a typical start-up perio~ is 

presenterl in Figure 4.1 and in Table C.1, 

Appendix c. 

(b) A comparison of digester performance after the 

addition of ammonium phosphate, as_a possible 

nutrient source, compared to a normally 

operated digester, is shown in Figure 4.2. 

( i:) The values of the parameters l:Jsed to moni to:t:o 

digestion in the reactor-clarifier system, as 

an increase in loadin~ concentration caused a 

shift from one steady state to another, is 
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(d) 

(e) 

shown 1n Figure 3.5, and can be found in 

Table C.2, Appendix C. 

A summary of the steady state values obtained 

for the reactor-clarifier systems is listed in 

Table C.3 i~ Appendix C. Figures 4.4, 4.5, 

4.6 and 4.7 contain data abstracted from 

Table C.3, and summarize the variation of the 

common parametersi 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. 

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 pertai~ing 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. 

Start UQ.. 

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 ~ewage 

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

In an aerobic~study carried out in the Department of 

Chemical Engineering, University of Cape Town, (Sl3), 

ac:;~.l.imatizat-.:i,on periods of approximately· one month were 

required before max1mum ~tilization of the ~ame·yeast ~aste 

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 stydies of the system, both nitrogen 

and phosphorus were added in various amoupts to the digesters 

without any effect on process efficiency, as shown in Figure 

4.2. 

Similar reductions obtained from both the anaerobic and 

aerobic methods of treating the yeast waste under consideration, 

indicated that the waste was not nutrient deficient (Sl3). 

Had this actually .been the case, reductions in the aerobic 

process would be suspected to have been lower than 'the 

anaerobi~ process due to ~he greater sludge sunt~esis and 

consequently increased nutrient requirements of the aerobic 

process. 

Buffer Requirements for Anaerobic Digestion. 

The fallowing buffer systems were generally present 

in the digesters: 

(a) the bicarbonate system either generated 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, present in 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 t~e 

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 the various forms of alkalinity present in 

the digester. 

In the normal range of pH experienced during this study, 

. viz. 6,8 - 7,2 , only the 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 typical digester environment is shown in Figure 4.3. 

At a pH of 7,0 , the sulphide system Gontributes approx~mately 

10 per cent. of the total .buffer capacity for a sulphide 

concentration of 75 mg/1. 

Increases 1n pH values above 7,2 were noted during the 

preliminary periods of the study when extremely 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 1n section 2,4.3, an alkalinity level of 

approximately 3 000 mg/1 as CaC03 is recommended for digestion, 

to act as a buffer against any build up of volatile acids 

during periods of digester imbalance. 

At low feed concentrations, insufficient alkalinity 

was present in the waste, or generated during treatment, to 

ma~ntain satisfactory digesti6n. In such cases, sodium 

bicarbonate was added to the waste to maintain a satisfactory 

level of alkalinity in the system~ 

Hbwever, at loading rates greater than 5 kg COD/day/m3 

sufficient alkalinity was present, in the yeast waste and 

generated during digestion, to sustain the process. 

4.2.4 General Perfdr~ance. 

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 obtain~d over the entire 

investigation is shown in Table 4.2. 

TABLE 4.1. Digester Performance Data. 

. ' 

Parameter 
Influent Effluent Reduction 

mg/1 mg/1 % 

Total Chemical Oxygen Demand (COD) 16 100 5 300 67,1 

Degradable COD 12 300 1 500 87,9 

Total Dissolved Solids 16 700 9 600 42,5 

Total Dissolved Volatile Solids 11 000 4 100 62,6 

Total Fixed Volatile Solids 5 700 5 500 3 '5 

Oxy'gen Absorbed 6 100 1 800 70,5 

Biological Oxygen Demand 8 800 1 010 88,5 

Total Nitrogen 280 142 49,3 

NH3 Nitrogen 77 132 -

Sulphates 1 000 450 55,0 

.... ~ 



- 93 -

TABLE 4.2. Range of reductions covering all loading rates. 

(All values rounded off.) 

Parameter 
Range of 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 Solids 60 - 70 

Total Dissolved Fixed Solids 0 - 1.0 

Oxygen Absorbed 65 - 80 

Total Nitrogen 40 - 60 

Sulphates 40 - 60 

Overall COD reductions of 60 to 70 per cent. were 

consistently obtained 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 Chemic~l 

Engineering, University of Cape Town, on the aerobic treatment 

of the same yeast waste yielded similar results in evaluating 
I 

the degradability of the yeast waste (Sl3). 

Reductions in total dissolved sollds ranged from 40 

to 55 per cent. This comparatively low r~duction was due to 

the la~ge amount of inorganic salts pr~sent _in the yeast 

)Naste. Part of the very small reauction 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· 

similar 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 of kg COD destroyed, 

lS compared to the theoretical amount, on a percentage basis 

in Figure 4.2. An average value of 86 per cent.was reported by 

Cillie ~ ~. (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 param,eters 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 

8-
,:;C 

8 

From the above expression it can be seen that a decrease 

~n hydraulic residence time (8), 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 consequence of the 

decrease in hydraulic residence time, an increase in sludge 

concentration is required for satisfactory digester performance 

to be maintained. 

Unfortunatel~ contrary to the biological requirements 

indicated by Equation ~.1~, the sludge concentration in the 
/i 



- 95 -

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 to the iQcreased 

amount of 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 

concentrations. Stander {Sll) has reported a similar 

limitBtion 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 ~arms 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/1 to 11 500 mg/1 as the hydraulic retention time 

decreased from 3,53 to 1,46 days. The volatile fraction 

appeared to remain at a constant value between 80 and. 87 

per cent. of the total sludge concentration. 

4.2.6 Summary. 

It has been shown that approximately 70 to 78 per 

cent. of the yeast waste is biodegradable. 

The degradable portion of the yeast waste lS readily 

amenable to conventional anaerobic treatment. 

Virtually no acclimatization period was found to be 

necessary and no additional nutrients required to sustain 

digestion. 
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Chemical additions were required at low feed 

concentrations to maintain a satisfactory alkalinity level 

in the digester. At higher loadings the alkalinity present 

in the waste and generated during digestion, proved adequate 

for digystion to proceed satisfactorily. 

Loadings appeared to be limited to a certain feed 

concentration, indicating the presence of one or more 

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 USED TO MONITOR DIGESTION. 

4.3.1 Introduction. 

Values of the varlous parameters used to 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 anaerobic treatment of other 

industrial wastes. 

Comparison of Parameter Values. 

Unfortunately, comparison of the various parameters 

pertaining to anaerobic digestion lS complicated by the 

variety of expressions used to describe both the loading rat~s 

and performance of these digesters. Although more than one 

expression is frequently used to describe the characteristics 

of a process, these expressions arB often limited to the 

influent conditions or merely to the waste itself. Any 

comp~rison concerned 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 loading rates 

should be related to the concentration of solids in the 

digester in order to make meangingful comparisons 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 1n this thesis, comp~risons have been 

made of the parameters used to monitor digester performance, 

for a range of loading rates related to degradable Chemical 

Oxygen Deman? or Total Dissolved Volatile Solids. 

comparisons are shown in Figures 4.5, 4.6 and 4.7. 

These 

It should be emphasized that the comparisons 

concerning the carbon dioxide content of the gas and the 

volatile acids concentrations are seriously 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 loadings for different wastes, viz. the carbon dioxide 

content of the gas varies between 25 and 35 per cent. while 

the volatile acid concentrations lie below 500 mg/1, as 

acetic acid, for the major portion of the loading rates 

presented. 

The comparison between the various gas productions 
~ . 

of the processes 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 monitor digestion are within 

the range of values common to most digestion systems. 
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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 anaerobic treatment of various industrial 

wastes and found to be similar to those values obtained 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 h~~.:togram of the relative changes ln the values 

of total gas production rate, gas analysis and volatile acids 

concentration covering the period of digester failure, is 

shown in Figure 4. 8. ::J.;J t.rif_ -(_,a ~ o.. Au~l:~"' ~c.. 
~( 

~~ ,- 7! rvt./· 
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 production responded 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 loading rates could 

limit the use of total gas production as a method of monitoring 

digester perfrrrmance. However, even 1n such cases the 

extreme sensitivity of gas pro~uction to digester en~ironment 

should overcome the above limitation to its use in anaerobic 

digestion. 

4.4.3 Gas Composition. 

As seen from Figure 4.8, the carbon dioxide content 

of the digester gas was found to be a reasonably sehsitive 

indicator of digester performance. However it can clearly 

be seen that the drop in overall gas production on day 20 

in Figure 4.8 is more marke~ than the rise in carbon .dioxide 

content of the gas. 

As shown in section 2.5.3, Miller and Barron (Ml7) 

have reported the carbon dioxide content of the gas as being 

a reliable indicator of digester performance. In the 

present study, however, gas production was found to be the 

more sensit~ve indicator. 

4.4.4 Volatile Acids. 

Figure 4.8 indicates the steep 6limb in volatile 

acids concentration once digester instabilit~ b~~o~es 

marked~ However, at the relatively hi~h op~rating level of 

volatile acids in the digester under consideration, 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 noted. Consequently 

in this study the volatile acids concentration was not 

found to be as sensitive to digester perform~nce as the ~otal 

gas production or gas composition. 
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Steffen and Eedker (514) have also reported that 

vol~tile acids concentration r~spbnded at a slower rate than 

gas production to changes i8 the digester environment, 

4.4.5 Alkaiinitv. 

. 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,on 

the process, resulted in a significant drop in the pH 

ptevailing in the digesters. 

The use of total alkalinity minus the volatile acids 

alkalinity, as a means of ~etecting the onset of dig~ster 

imba.lance has been found informative by Pohlend and . 

Bloodgood (P2). 

In the p±eseMt study, the civ&r~ll gas production 

r:at.e was found to be mrJre ee·nsi·t±ve 'tnan the· abi:fv.e parameters 

i~ predicting digester imbala~ce, 

4.5· SUMMARY. 

The de~ra~able portion 6f the yeast waste under 

cor~sideration was ·fo.und to be readily susc . .eptible to anei'erob'ic 

digestion. ~P.i13estion was self .sustai·n~ng at high~r loading 
'· 

rates, 

The values of the parameters u~ed to monitor ~~gestion 
Y\ I , . ! ' 

w~re similar to those reported dwring the anaerobic treatment 

Of ather wastes, 

Total gas prodcction was found to be the most reliable 

indicator of digester performance. 

. ........ 
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CHAPTER 5 

K I N E T I C S 

5.1 INTRODUCTION. 

The sanitary engineering approach to the kinetics of 

waste treatment has been based largely on substrate 

utilization, McCarty (Ml3), Weston and Eckenfelder (W2), 

as opposed to the traditional culture theory which uses 

bacterial g~owth rate as a basis, Aiba ~ 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 (Ml3), 

Andrews and Pearson (AS) and Andrews (A6). 

The nomenclature used in this thesis, as detailed 

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 ~ al (A2) in a bio­

chemical engineering text and further by Andrews (A6) and 

Pretorius (P6) in the field of waste treatment. 

A mathematical model 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 

to the anaerobic treatment of yeast waste, is outlined. 

These parameters are evaluated and compared to other values 

found in the literature. 
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5.2 BACKGROUND THEORY. 

Continuous ~ulture theory has been shown by Andrews 

and Pearson (AS) 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 of a single species of micro-organisms in the 

presence of a single growth limiting substrate. 

Anaerobic treatment, as mentioned in section 2.2.3, 

is a complex multi-step process involving a mixture of 

degradable compounds and a mixed microbial population. 

Consequently, several assumptions have had to be made 

in order to apply continuous culture theory to anaerobic 

digestion, as shown below. 

Anaerobic digestion can be repres2nted by the 

following steps (W3) 

solids soluble organics acids 

liquefying 
bacteria 

acid forming 
bacteria 

methane 
bacteria 

The following assumptions can be made relating to th~ 

above reaction sequen~e : 

(a) the liquifaction step can be om~tted in the 

case of soluble wastes; 

(b) the reaction constant k2 is assumed to be 

much lower than k1 • 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 (Ml3) and O'Rourke- (01); 

(c) the rate limiting methane forming step lS 

assumed to be described by a Monod 

relationship, Equation (5.1). In practice, 

this process-controlling ste~ involves the 

utilization of a number of intermediate 

volatile acids by a ~ixed bacterial 
I 

population. Consequently, a further 

assumption 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 growth-limiting 

substrate, Agardy et al. (Al) and Andrews 

tl al. (A4). 

Consequently, in the following development of the 

anaerobic model, the mixed population is considered to be 

represented by a single species and the complex organics, as 

measured by the degradable COD, to constitute the growth 

limiting substrate. 

In continuous cultu~e theory the growth rate of cells 

is given by the following expression 

1 
~ = X* 

dX* 
dt .• e • e & • tt e • e tt • • e & 111 e s e " ~ 1!1 • ll • • • 

where X* = cell concentration 

( 5 • 1) 

The relationship between growth rate and the growth 

limiting substrate is given by the Monod expression 

'/\.. 
~ = . u S* .•,.••ee~•t)•~•••••••te•••tt~t••• ( 5. 2 ) 

K + S* 

where S* = concentration of the growth limiting substrate. 
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Several other expressions describing growth rate as a 

function of substrate have been suggested~ e.g. Moser (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 modifications : 

(a) X* is replaced by X, which refers to the 

organism concentration in the particular 

waste system; 

(b) S* is replaced by S which represents 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, Andr~ws et aL (A4). 

Biological Oxygen Demand and degradable Chemical 

Oxygen Demand have been commonly used as the growth limiting 

substrate in studies on the kinetics of an~erobic systems 

(Al), (A4). Not all of the studies reported in the literature 

have used an energy source as a limiting substrate. James (Jl) 

has indicated that a wide variety of substances can act as 

growth limiting substrates. 

For efficient waste treatment, both aerobic and 
I 

anaerobic processes usually operate at low substrate values, 

and consequently, ~s can ~e seen from the Monod expression, 

Equation (5.2), at low specific growth rates. Under such 

circumstances the micro-organisms are retained in the system 

long 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-organisms in a 

biological system, a specific decay rate kd, is included. 
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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 (Ml3), (A7), (P6), have shown 

that the net growth rate can be expressed as follows : 

dX 
dt 

( s 0 3 ) 

Andrews (A7) has recognised that the specific 

organism decay rate is not a true constant, 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 sat2sfactorily used over a relqtively limited range 

of solids retention times. 

Yield Coefficient. 

Monad (MlB) established that for a given organlsm, 

and given limiting nutrient, the mass of organisms produced 

per mass of nutrient utilized, under similar conditions, is 

constant. Further research by other mic+obiologists, using 

different organis~s and substrates, have confirmed Monad's 

contention (AS). 

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

as follows : 

y = weight of organisms formed 
weight of essential limiting substrate utilized 

Moser (M22) expressed the yield as a differential as 

shown in Equation (S.4) 

dX 
dt 

dS 
-· - y 

dt 
€1·•el)es••••~!'t"e•~••~oe ( s . 4 ) 

The above concept (Equation (S.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 of the type of 

substrate, species of micro-organisms and environmental 

conditions. He concedes, however, that the yield co-

efficient has been found to be constant, for a specific 

biological process treati~g a specific waste. 

5.3 DEVELOPMENT OF MATHEMATICAL MODEL. 

Using the basic concepts of Equations (5.2), (5.3) 

and (5.4), and applying relevant material balances, it is 

p0ssible 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 co~pletely mixed section of 

volume, vl, and a settling section of negl~gible volume. 

The same final equations, obtained from the above 

model, can 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 in the present study and does not involve assumptions 

conc~rning the unclarified and recycle-streams~ 

As shown in Figure 5.2, a single unit, with one 

influent stream and two exit stream~ is considered. The 

feed stream, F, enters the digester as shown in Figure 5.2. 

This stream ls assumed to contain no micro-organisms. 

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

OVerflow from the settling stream and lS assumed to contain 

no sludge. The underflow stream, W, is assumed to contain 

sludge at the same concentration.as the dige~ter. Because 

of the assumption of complete mixing, both E and W have the 

same waste strength, S, as the digester itself. 
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Apart from the general assumptions, described in 

section 5.2, the following conditions were assumed tB apply 

(1) a constant portion of the organisms were 

active under all operating conditions; 

(2) the mass of organisms produced per mass of 

substrate utilized was constant, i.e. the 

yield was assumed constant; 

(3) only the degradable portion of the yeast 

waste was assumed as the growth limiting 

substrate. This assumption was necessary, 

due ·to the high non-biodegradable fraction 

of th~ yeast wasteo 

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

defined as follows (Ml3) 

ec' = 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 _ VX. 
c- WX 

V. 
w 

The sludge age 

wasted per day. 

( 5. 5) 

lS controlled by tb.fl,. amount of sludge 
-~~i::;'C:;: 

The hydraulic retention time, e. lS defined as the 

volumetric 1feed rate divided by the 0olyme of th~ digester, i.e. 
I 

v 
e = 'F oeee~&8&•••••••e••••••••o' ( 5 • 6) 

From equations (505) and (5.6) it can be seen that 

the hydraulic and solids retention times are related by the 
' following expression 

ec F 
8 -· w ( 5 • 7) 
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.A material balance on the sludge co~centratipn ave~ 

· th~ dige.ster can be w.ri tten as follows : 

pver~ll rate. 
of §ludge 
conc~ntr~tion 
in digester· 

= 
Rate of 
i'nput of 
slud.ge. 
in f!ped 

Rate of 
removal of 
sludge in 
overflow 

Rate of 
removal of 
sludge in 
underflow 

. Rate of 
increase o·f'' 

+ sludge due 
to growth· 

Rate of 
decrease of 

- ~ludge due 
to endoggnous 
respiration etc. 

V(~~}overall- 0- 0- WX + ~VX- kdVX ••o•• (5.8} 

Applying steady state conditions: 

Substituting Equation (5.5} 

l 
ll .. = e • + kd e •• e.G •• Q ~ 0. e. e e. 8. e. e e •• e e e 0 0 (509) 

c 

This shows that at steady state the sludge growth 

~ate;is eq~al to the s~m of sludge removal and decay rate~ 

From Equation (5.9} 

From th~ definition of the yield constant 

d5 
(dt} utilized = 

1 ·dX: 
-y (dt) growth = 

At·steady state: 

= F So - FS1 

Therefore t~-} 
'dt utilized 

:::: So :-: s1 
-~ .. 

_ll.l )( y Q ... e 

(5.11} 
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Substituting into Equ~tion (5.4) an~ re-arranging : 

X = (So-Sl)Y 
, , 1.! e 0 0 $ G G • e G G $ 0 e e e e e 0 G ~ 8 e e e G G e ~ G 

and then iubstitutin~ for .l.l.from Equation (5.9) 

e c 
·6 o e o " • • •. • o • • o , • 111. G e m o o e o Q (50 13) 

This shows that the sludge concentration is a function 

of the sludge age, the hydraulic retention time ~nd the 
i 

change in waste strength. 

An expression for the effluent strength, 51, is 

obtained by re-arranging the Monad expression, Equetion (S.~J-

0 • 0 0 •• Ill 0 • 0 • 0 $ ••••• -. (I ••••• 0 ·(50 14) 

Substituting f()r 1.! from Equation (5.9) 

= 
Ks(l+kd e~) 

Be;( ~ - kd }'-1 
0 ~ • • ~ • • • • 0 I) • • • • ~ • • • • 0 0 (50 15) 

This shows that t.he waste strehgth-·lei:nl'i·ng t·he 

digester is a function -of th~ sludge ~ge only. 

5.4 SUMMARY OF EQUATIONS. 

The equations derived in this section, and summarized 

below, can be seen to be the same a~ those derived by 

La~rehce and McC'arty ( L3) / fqt the aerobic activated sludg~. 
i ' . • - . 

and the anaerobic contact processes. 

se·•••••••••••••o••••e••••-•o.o (5o9) 

A 

·1 l.l.Sl --
·ec= ks + sl. kd ()••o•••••G•I!i•••aeoeee(!)O {5ol0) 

X = Y(So-SJ) 
l+kd e0 

a 
~ ••••••••••••••••••••••• (5.13) 
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= o•o••••••••••••••e••e (5.15) 

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 p~esent in the system; 

(4) A similar effect as (3) above on the system 

due to changes in the digester environment, 

vizo pH, alkalinity, volatile acid 

concentration. 

5.6 "APPLICATION OF KINETICS TO ANAEROBIC DIGESTION. 

Equation (5.10) predicts that unde± ideal conditions, 

the effluent concentration is independent of influent 

substrate concentrationo However, the presence of 

inhibitory substances in certain wastes can set an upper 

·- -ITm it fo .. the-· co n centra t ion of t he s e w a s t e s a p p 1 i e d to t h e 

system. 
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Equation ( 5.10) further indicates that effluent 

substrate concentration is s-olely dependent on the sludge 

age. Consequently, a reduction in the hydraulic retention 

time 0ill 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 anaerobic processes. Steffan 

and Bedker (Sl4), for example, have been able to operate 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 encountered 1n the 

measurement of active microbial populations and obtaining a 

reliable identification and determination of the growth 

limiting-substrate, the evaluation of kinetic parameters 

has been confined largely to laboratory processes using 

pure substrates, and only the methane producing stage 

considered. Pretorius (P6) has 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 Tahles 5.3 and 5.4. 

A number of readings were obtained during the present 

study in an attempt to evaluate the kinetic parameters, viz. 

Y, kd, Ks and~, for the anaerobic treatment of yeast wast~. 

The inve~tigation was bas~d on degradable Chemical 

Oxygen Demand a; the growth limiting substrate and volatile 

suspended solids as a measure of the concentration of 
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micro-organipms in the system. The results of ~11 the steady 

state val~es obtained during the inve~tigation are shown in 

Table 5.1. 

(a) Evaluation of Y and kd. 

Equation (5.13) can be re-arranged to give the 

following expression : 

So-S1 
x1 e 

= o o e C!l e 11 e .e o • o ~ " • o & 41 • • e • e e 

A Plot Of So-S1 . t 
aga~ns 

1 
e x1 e: c 

(5.Hi) 

yields a st~aight line, as shown in Figure 5.3, with slope 

equal to the reciprocal of the yield and intercept- equal to 

the organism decay constant divided by the yield. 

(b) Evaluation of U and Ks. 

Equation l5.2) can be re-arranged to the followi~g 

·form enabling the evaluation of the Monad constants : 

1 

lJ 
= 

where lJ = 

'(5.17) 

Consequently, a plot of ~he reciprocal of {i~c ;+ kd) 
c 

against the reciprocal of the substrate concentration, yields 
K 1· 

a line of slope = s and intercept = ~, as shown in Figure 
~ 1:1 

5. 4. 
]J 

5. 8 RESULTS. 

Reported values of the kinetic parameters rel~ted to 

anaerobic digestion are presented in Tables 5.3 and 5.~. 

Table 5.3 summarizes the values of the parameters obtained 
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N 
N 
r-i 

e 
(days) 

1,70 

1145 

3153 

-------- --

Gas Pro-
duction 
(Q.jdayjQ.) 

0,~85 

11063 

11250 

2 006 

21830 

31680 

01765 

1,140 

1,361 

21132 

21645 . 
2 960 

01549 

Q 1685 

Q 1936 

1,640 

11890 

1,938· 
- - --

Table 5 .1. S~ary of steady state values obtained_during 

this investigation 

Volatile C02 s s1 
X 

Acids so s1. 0 Degradable (Total) 
(mg/Q. Content 

CH3COOH) (%) (mg/Q.COD) (mg/Q.COD) (mgjQ. COD) (mg/Q.COD) (mg/ Q.) 

' 

402 26,3 5 574 2 210 4 035 671. 13 500 

405 27 ·' 6 6 207 2 174 4 767 734 12 800 

277 2813 6 943 2 598 5 132 787 13 000 

450 2911 10 050 3 540 7 688 1 178 13 000 

1 236 3112 16 100 6-092 12 300 2 292 13 ·500 

1 250 3210 19 302 6 302 14 300 2 300 13 400 

117 25;3 4 252 1 814 2 922 484 12 000· 

408 2711 6 177 2 152 4 725 700 13 000 

296 2715 8·330 2 758 6 ·372 ~00 13 100 

416 2919 5 230 1.960 3 786 516 12 000 

731 3219 10 287. 3 754 7 940 1 407 11 500 

1 400 3216 13 600 5 150 10 550 2 100. 11 500 

162 2516 6 491 2 758 4 136 403 14 100 

284 2715 7 563 2 663 5 360 460 14 soo 
280 2816 10 390 3 935 7 067 612 14 000 

428 30' 4 13 3:J_9 3 956 10 189 1 125 14 200 
461 32,5 16 420 4 735 12 810 1·125 13 600 

1 160 3517 19 320 6 943 14 780 2_403 1~ 000 
- -· ·- ---------~ :..____ __ ----

X 
(Volatile) w 

(mg/ Q,) ( Q.jday) 
I 

11 500 01059 

10 800 01063 

11 200 0 072 

11 100 Q 1133 

11 500 01212 

:11 300 01293 
·-

10 200 01041 

11 100 01105 

11 400 01138 

10 000 . 01079 

9 500 01180, 

9 600 01265 

11 ~00 01028 

12 200 01034 

12 100 01053 

11 620 0,116 

11 200 0,138 

11 000 6' 163 
I 
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1,70 

1,46 

3.53 
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Summary of computed values required for the 
evaluation of kinetic constants. 

So - s 1 1 ec 1 1 
- = 
8 - -

X e c 1 + kd ec 1J sl 

0,173 0,0079 79 0,00149 

0,221 Q,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 

0,164 0,0055 97 0,00207 

0,250 0,0140 53 /l 0,00143 

0,338 0,0184 43 0,00125 

0,225 0,0105 65 0,00194 

0,474 0,0240 35 0,0007i 

0,604 0,0354 25 0,00048 

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 

Yield Coeff-

Substrate icient 
(mg/mg) y 

Acetic Acid 0,04. 
Propionic Acid 0,04 
Stearic and 0,04 Palmitic Acids 
Mixed Acids 0,04 

Acetic Acid 0,054 
Propionic Acid 0,041 
Stearic and 
Palmitic Acids 0,04 

Mixed Acids 0,04 

Acetic Acid 0,058 

!Acetic Acid 0,044 
.Propionic Acid 0,054 
Butyri~ Acid 0,025 
Stearic; and 
Palmitic Acids 0,040 

Mixed Acids 0,040 

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

Decay f-ate Saturation Maximum Specific 
(day- ) Constant Growt!:

1
Rate Temperature 

kd (mg/i) K~ (day ) ~ oc s 

0,015 2130 0,144 
0,015 2850 

0,015 4620 0,154 

0,015 10600 0,154 

0,011 869 0,25 
0,040 613 0,40· 

0,015 3720 0,186 20 

0,015 5790 0,186 

f 
0,037 333 0,278 

t 
25 

' 
I ~ 

I 0,015 154 0,356 ~ 

!' 
0,010 32 

I I 0,027 5 0, 39 
! 

I 
35 

I 
0,015 2000 0,267 

0,015 I 2235 0,267 > 
f 

~ 1 ----

Reference 

O'Rourke (02) 
. 0 • Rourke -(02) 

O'Rourke (02) 

O'Rourke (02) 

, 
!L-i awrence et. al. (L2 ~ 
!Lawrence et.al. (L2 
\ 
!O'Rourke (02) 
i !O'Rourke (02) 
I 
1 
j Lawrence_ et. al. (L2 
I 

' ' 
!Lawrence et.al.(L2 
\Lawrence et.al. (L2 
1Lawrence et.al. (L2 
I 
!O'Rourke (02) 
~ ~ 

\O'Rourke {02) 
! 
~ ----

I-' 
N 
~ 
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Table 5.4 Anaerobic Biological Process Parameters 

Yield Coeff.,... l Decay.Rate Saturation Maximum Specific Temperature Reference 
Substrate icient i (day~··1 ) 1 Constant Growth Rate oc 

(mg/mg) y kd (mg/ ,Q,) K (d -1) 
s ay , ).1 

Yeast Waste 
I 

0,073 O,Q05 3 100 0,084 30 Present study- -

Dextrose, tryptone, 0,18 0,025 5 700 0,067 38 Stewart (Sl5) beef extract 

Dextrose, tryptone, ·I 

~Aga+dy et.al~Al) beef extract 0,114 0,03 I 6 700 0,09 38 
I ' - ' 

' Dextrose, tryptone,, i 
I 

beef extract o, 104 0,02 13 000 0,11 38 !Agardy et,al~Al) 
i I i -

Glucose and Starch I 0,46 Ot088 - -- !Speece et.al. 
Amino and fatty 1 0,054 o,o38 -- -- - I . < s9) acids 1 

0,014 ! Nutrient broth I 0,076 -- --
' ! l 

! 

I 
i 

Dextrose, tryptone ! j],\ndi"ews and beef extract 
' 1 pearson (AS) Acid Production 0,54 Oi87 -- --- 38 

I i ' !Methane~ Production 0,14 d,o2 ! -- t 

I Synthetic Milk 

I ! l 
! 

. I . 
I I I ,Waste . l 0,37 Q,07 

! 
24,3 0,14 20-25 i Gatep et.al~G3) 

~ I -
! -
I ' 

! 'i 1 ~Andrews, Cole & Dextrose, peptone, 

I 
I 

o, 1&6 I 0,14 0,10 ! 4200 -'beef extract ! I Pearson (A4) 
l ~ I '· 

iDextrose, tryptone,l ! ' 

I 
! l 2760 

I 
I ! ~lmgren et. al. as 

beef extract , -- -- I -- -- [:reported by 
' ~ !f'~etorius (P6) 
I 
! ' ' ' . --------- ·- ; I: 
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Figure 5,. 5. Evaluation of yield coeffic~~nt and decay constant from the 
results obtained in this inve~tig~tion. · 
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from studies repre~enting the methane fermentation step, using 

both pure and mixed substrates. The parameters obtained in 

various mixed culture studies, representing the overall 

processes, are shown in Table 5.4. The steady state values 

obtained during this investigation are shown in Table 5.1. 

The above data was used to compute the required values of 

1 1 
+ kd' and , respectively. 

e c sl 

These values are presented ln Table 5.2 and were 

used in the construction of Figures 5.5 and 5.6 from which 
A 

the parameters Y, kd, ~and Ks, 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 summarizeo qelow 

Parameter. Value. Units. 

y 0 '0.73 mg VS/mg COD 

. kd 0,005 day -1 

" 0,083 day -1 
~ 

Ks 3 100 mg/1 

By comparing the experim~ntal re~ults 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 

(0), viz. 0,083, obtained from the present 

study, lies within the range reported in the 

literature; 

(b) the saturation constant (Ks) similarly agrees 

very closely with those reported in other 

studies with different substrates; 
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(c) the yield constant (Y) of 0,073 is within 

the range of experimental values reported, but 

is lower than many of these values; 

(d) the .value of the decay rats constant (kd) 

shows considerable discrepancy with those 

reported in the ~iterature. The value of 
-1 

0,005 day is between two or three times 

lower than any.dthe~ reported in Tables 5.3 

and 5.4. 

To facilitate comparison of the kinetic psrameters 

obtained in this ressarch, 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. 

TABLE 5.5. 

Parameter 

y 

kd ,. 
}J.. 

Ks 

Comparison of published kinetic values relgte9 

to anaerobic digestion. 

Units 
Present ,Table 5. 3 0 Table 5.4 -s·tudy · -

mg vs .. 0 '073 . 0,025 - 0,058 0,054 - 0,18 
mg COTI 

days -1 0, DO 5 D,OlEl - 0,040 0,014 - 0, DB 8, 

days -1 0,083 0,144 - 0,40 0,067 - 0,186 

mg/1 3 100 2 DOD - 5 790> 2 760 - 6 70Q 

,. 

The kin~tic parameters obtained from the complex 

yeast waste by the experimental technique~ employed in this 

~tudy, confirm the validity of the assumptions made in 

section 5.3 and indicate that the exp~rimental technique 

emp'loyed, yielded satis.factory results. 

It shpuld be noted that the values of the parameters 

obtained in this study agree more closely with those obtained 
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by workers with systems that involve the overall process. 

This is understandable a5 the elimination of the acid 

forming step from studies on the kinetics of the anaerobic 

process must effect at least the yield and decay rate 

constants. The effect on Ks and 
A 
~· is expected to be 

minimalo 
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CHAPTER 6 

T 0 X I C I T Y 

6.1 INTRODUCTION. 

As suggested in section 3.4, the failure of all th~ 

reactor-clarifier systems at a similar loading concentration 

indicated that one or more substances were present in 

concentrations likely to be inhibitory to the system. 

An analysis of th~ 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 Table 6.1. 

Ion 

Cu 

Zn 

Nl. 

Fe 

Na+ 

K+ 

ca++ 

Mg++ 

Analysis of the anions and cations present in 

the digester influent and effluent streams. 

Digester Digester Inhibitory Toxic 
Feed Effluent Cone. Cone. Reference 

PPIT! ppm ppm ppm 

1 0,5 - 10 Barth ~~. 

1 0,5 - 10 B a r t h · !2..i_ 'l1_. 
i 

1 - 0,5 40 Barth ~~. -
10-15 1-2 - - -

100-200 250 3 500-5 500 8 DOD McCarty (MID) 

2 000-3 ODD 2 000-3 000 2 500-4 500 12 000 McCarty (MlO) 

600-1 DOD - 2 500-4 5 d.o 8 000 McCarty (Mll) 

250-500 - 1 DOD-I 500 3 ODD McCarty (Mll) 

(B2) 

(B2) 

(B2) 

s= - 50-150 100-200 200 Lawrence et al. (Ll) 

NH3-N - 200 1 5Dq-3 000 3 ODD McCarty (MID) 

cr- 6 500 2 000-8 000 llo 000 Ludzack & Noran (L6) 

cr- 5 DOD Niles & Frook 
: 

An attempt was made to determine the effect of various 

cations and anions on the system. The experimental methods 

used are described in section 6.3 and the conclusions discussed 

in section 6.4. 

(N2) 
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It should be emphasized that this part of the study had 

the following 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 

antagonistic 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 ~n 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 (MlO), it can be seen from 
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Table 6 o 1 . that only potassium was found to be pre.sent 1n 

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/1 at any stage 

of this study, which is considerably less than the inhibitoryrange 

of. ·1 500 .,... 3 DOD mg/1 reported by McCarty ( MlD), and 

discussed in section 2.4.7(e). 

Sulphates were present in comparatively large concentrations 

viz. 2 BOO- 4 500 mg/l,. in the yeast·waste,: as· shown in· Table 1.1, 

Chapter 1. Consequently a typical concentration of sulphates 

in the diluted feed to the digesters was I ODD mg/1 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 digestion remained 

in solution, the concentration of sulphides would be 2 - 3 

times the toxic threshold concentration of 200 mg/1, as 

reported by Lawrence~~. (Ll). However as can be seen from 

Table 6.1, a major portion of the sulphide 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 ~ 

al. (512) indicated that sulphides had not inhibited the process. 

Nevertheless, the possibility of sulphide inhibition was not 

discounted in the present study. Sulphide concentrations in 

the digesters used in the present study were found to vary from 

50 to 150 mg/1, as shown in Table 6.1. This is below the 
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toxicity threshold value of 200 mg/1 for sulphides, as quoted 

by Lawrence~ al. (Ll). However the same writers (Ll) have 

shown that sulphide concentrations above 100 mg/1 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/1 as NaCl, at higher loading 

rates as shown in Table 6.1. These values are within the range 

of 2 000 ·- 8 000 mg/ 1 report ad as being inhibitory by Lu dzack 

and Noran (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 isolate 

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 ~aintain an overall Fe concentration of 

30-35 ppm more than the feed entering thefirst digester. The 

concentrations of Fe in the influent and effluent are clearly 

shown in Fi'gu.re· 6.1. 

As shown in Fi'gure, 6,J \!..,the effluents of both digesters 

contained approximately the same concentration of iron. 
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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 more 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. 

are shown for both digesters in Figure 6.1. 

The results 

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/1. 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 DOD 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/m3. 

feed concentration of 0,016 kgCOD/1. 

This corresponded to a 

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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~oncentration 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/1 

had been reached. K2C03 was used to increase the potassium~~ 

concentration during this part of the study. The relevant j~ 
parameters for both digesters are plotted in Figure 6.2. f~ · 

As can be seen in Figure 6.2, the performance of 

digester 4 paralleled digester 3 until a potassium concentration 

of approximately] 000 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 exertinQ 

some inhibitory effect on the anaerobic system at concentrations 

above 3 000 ppm, potassium could n6t be held responsible for 

total digester failure. 

Chlorides. 

A similar method as that used to d~termine the inhibitory 

effect of potassium, was used to investigate whether chlorides 

had any detrimental effect on the: 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 concentratiDn 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 OOO~g/1 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. 

J 
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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 

~resent 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 v~rious ions upon one 

another. 
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CHAPTER 7 

C 0 N C L U S I 0 N S A N D R E C 0 M M E N D A T I 0 N S 

As mentioned ln 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 

perfor~ance, 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 ~ent. of 

the yeast waste was not degradable. 
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(2) The reactor-clarifier type of digester used 

( 3) 

in this investigation yielded a clear effluent 

of satisfactory quality. A ~rivel experi~en~al 

(technique permitted a more rapid approach to 

~ steady state conditions. Further research on a 

lpure synthetic waste is recommended to confirm 

the validity of this method. 

Total gas production was found to be the most 

sensitive indicator to changes 1n the proces~ 

environment. 

(4) The values of the kinetic parameters evaluated 

in this study were within the range reported 

by other workers in the literature, with the 

exception of the cell decay rate constant 

which was considerably less than any other 

reported value. 

( 5} Attempts to relate the ·presence of inh~ibiitory· 

substances to a limiting feed concentration 

were unquccessful. Furth~r res~~rch is 

recommended on eyntheti6 ~ubstrai~s to 

evaluate· the antagonistic and synergistic 

effects of the anions. and cations comm'only 

present 1n industrial waste systems. 
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APPENDIX A 

. N 0 M EN.C L AT U R E 

As mentioned in Chapter 5, the sy~tem of nomenclature 

used in this thesis, .is based as closely as possible pn that 

recommended by Fencl (F2), following the Symposi~m on 

Continuous Fermentation held in Czechoslovakia in 1967. 

Symbol Description 

F Feed rate 

kd Specific decay rate 

Ks Limiting substrate concentration at 
+maximum specific growth rate; 
(saturation constant) 

S Substrate concentration 

t 

v 
w 
X 

y 

]..1 

~ 

Time 

Volume of reactor 

Waste underflow rate 

Sludge concentration 

Yield coefficient 

Specific growth rate 

Maximum specific growth rate 

e Hydraulic residence time 

8' Sludge age (solids retention time) c 
1 Subscript denoting.reactor effluence 

0 S·u b s c rip t den o t in g rea c tor in f 1 u en t 

Units 

mass/volume 
-1 time 

mass/volume 

mass/volume. 

volume/time 

mass/volume 

-1 
time 

-1 time · 
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APPENDIX E 

M E T H 0 D S 0 F A N A L Y S I S 

0 P E R A T I N G D A T A 

Table E,l compares the results obtained for the analysis 

of volatile acids by the methods of Dilallo and Albertson (Dl) 

and Montgomery, Dymock and Thorn (M22) respectively. 

TABLE B.l. Comparison of concentrations of volatile acids 

determined by titrometric and calorimetric methods. 

TITROMETRIC METHOD (Dl) CALORIMETRIC METHOD ,(M22) 

580 550 

610 620 

1 110 1 050 

1 420 1 350 

1 680 1 810 

2 270 2 BOO 

Table E.2 contains a summary of the operating conditions 

used during the analysis of digester gas by gas/liquid 

chromatography, 

TABLE B.2. Data psrtaining to analysis of digester gas by 

g/1 chromatography. 

Column: 

. Temperature: 

Carrier Gas: 

Bridge Current: 

Recorder: 

Chart Speed: 

Sample Size: 

Syringe: 

Attenuation: 

9' x 3/16" O.D, stainless steel packed 
with Porapak S, 80 - 100 mesh 

Oven 
Injection Part 
Detector 

-100°C 
- 25°C 
- 25°C 

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 varlous cations 

by atomic absorption spectroscopy • 

Element Wave Length . ( /..) Slit Width Lamp Current 
(NM) (NM) (rna) 

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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TABLE C.L 

Day 
Feed 
Cone. 

- c 1 -

A P P E N D I X C 

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

Effluent C02 
Cone. 

Volatile Acids Gas Prod. 
Content 

(mg/1 COD) (mg/1 COD) (mg/1 CH3 COOH) (1/day) % 

·1 10 ODD 439 20 

2 10 000 590 2,73 26 

3 10 DOD 4 270 1 220 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 10 000 1 OlD 2,03 34 

10 10 DOD 3 610 . 1,99 35 

11 10 ODD 893 1,94 33 

12 10 000 3 730 1,98 33 

13 10 DOD 802 2,01 31 

14 10 DOD 2,10 33 

15 10 000 3 780 782 2,09 34 

16 10 DOD 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 10 000 3 520 646 2,02 31-
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TABLE C.2. 

Day Influent 

- C2 -

Values of the parameters used to monitor digestion during 
a change in the steaqy state conditions applying to the 
system. 

Effluent 
Gas C02 Volatile Waste Sludae Cone. 
Prod. Content Ac.ids Stream Total Volatile 

I 
(mg/1 COD) (mg/1 COD (1/day) (%) mg/1 

(CH3COOH (1/day) (mg/1) (mg/1) 

0 6 943 2 580 9,39 28,1 310 0,070 13 300 ll 300 

1 7 243 9,84 29,4 0,072 

2 7 543 9 '8 6 32,2 0,075 

3 7 843 10,01 31,9 0,071 
I 

4 8 143 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 10 050 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,],24 
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TABLE C.2. Continued. 

Day Influent Effluent 
Gas C02 Volatile Waste Sludce Cone. 
Prod. Content Acids Stream Total Volatile 

(mg/1 COD) (mg/1 COD) (1/day) ( %) mg/1 
(CH

3
COOH) (1/day) (mg/1) (mg/1) 

28 10 050 15,01 0,122 

29 10 050 14,98 0,128 

30 10 050 15,03 0,130 12 60[ 10 600 

31 10 050 3 610 15,09 30,2 530 0,132 

32 10 050 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 ll 400 

' 37 10 050 15,13 0,130 
I 

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 

44 10 050 3 530 14,90 28,8 410 0,137 12 900 11 000 

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 '1'31 

50 10 050 3 500 15,01 28,9 420 0,133 12 700- 11 DOD 

I 



""" u 

e 
(days} 

1,70 

1,45 

3153. 

Gas Pro-
duct ion 
(R./day/R.) 

-· 

0,~85 

. 1,063 
-

1,250 

2 006 

2,830 

. 31680 

01765 

],1140 

11 361 . 

2,132 

21645 · 

2 960 

015<1,9 
o,685 

0,936 

11640 
/ 

11890 .. 

119 3-8 

Table C. 3. 

Volatile 

Sununary of steady state values obtained during 

thi$- investigation 

- "· s s1 C02 
s1. 

0 Degradable X 
Acids· so (Total) Content (mg/R. 

CH3COOH) (%) (mg/R.COD) {~g/R.COD) {mg/R. COD) {mg/R.COD) (.mg/R.). 
-

-
402 26,3 5 574 2 210 4 035 671. 13 500 

405 27,6 6 207 2 174 4 767 734 12 800 

277 28,3 6 943 2 $9i3 5 132 787 13 000 

450 29,1 10 050 3 540 7 688 1 178 13 000. 

1 236 31,2 16 100 6-092 12· 300 2 292 13 ·500 

1 250 32,0 19 302 6 302 14 300 2 300 13 400 

117 25,3 4 252 1 814 2 922 484 12 000· 

408 2711 6 177 2· 152 4 725 700 13 000 

296 27,5 8·330 2 75fJ - 6 372 800 13 100--

416 29,9 5 230. - r 966 3 786 516 12 000 

731 3219 10 287- 3 754· 7 940 1 407 11 500 

l. 400 32;6 13 600 5 150 10 550 2 10~- 11 500 
--· 

.. .. 

162 2516 6 491 2 758 4 136 403 14 100 

284 2715 7 563 2 663 5 360 460 14 soo 

280 28,6 10 390 3 9 35 7 067. 612 i4 000 
! . . 

428' 30 i 4 13 3~9 3 956 10 189 1 125 14 200 

i . 461 3215 16 4~0 4 735 12 810 ~ 125. 1) _-Goo· 
-· .. -. 

1· ~60 35,7 19 320. 6 943 l.:4· 780 2 ... 40-3 1~- o.oo: 
. :,. ,. - ' 

--

-f ..... 

X 
(Volatile) w 

. (mg/£) {R./day) 

11 500 0,059 

10 800 0,063 

11 200 0 072 

11 100 0' 133 

11 500 0,212 

11 300. 0,293 
-

10 2oo 01041 

11 100 0,105 

11 400 0~138 

10 000, 01079 

9 500 01180 

9 600 0,265 

.. 

11 ~00. 01028 

12 200 01034 

12 100 01053 

1.1 6~0 01116 
~;. 

11 200. 0-1138 

11 doo 0' 16'3. 
, ... 

'- ,_ 

\ ,\ " 
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TABLE C.4. Data pertaining to the possible toxic effects of sulphide, 
chloride and potassium on digestion. 

Feed Gas Volatile 
,,... e c:;; n c en t rat ion Concentration 

Day Digester Cone. Prod. Acids II nf luent Eff lu.en i s= K+ Cl -

mg/1 COD) (1/day' mg/1 (ppm) (ppm) (ppm) , (ppm) (ppm) (CH CdOH) 3 : 

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 16 000 2,81 820 6 250 

42 1 18 100 2,95 960 
2 18 100 2,93 1 OlD 
3 16 000 2,80 2 100 4 500 
4 16 000 2,76 2 100 
5 16 000 2,73 6 500 

43 1 1~ 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 2 100 4 500 
4 16 000 2,78 2 lOP 
5 16 000 2,83 - 7 000 

45 1 19 900 3,04 11 1 1114 
2 19 900 3,03 45 2 70 
3 16 ooo 2,70 2 100 4 500 
4 16 000 2,71 2 250 
5 16 ooo 2,79 7 250 

46 1 20 500 3,09 1 320 
i 

2 20 sop 3,01 1 350 
3 16 000 2,69· 840 2 100 4 500 
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 2,79 850 7 750 

48 1 21 700 3,10 12 2 
2 21 700 3,11 46 2 
3 16 000 2,71 2 10@ 4 500 
4 16 000 2,69 3 000 
5 16 000 2,71 8 DOD 

4,9 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 
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TABLE C.4. Continued. 

Feed Gas .Volatile 
Fe Cohcentration Concentration 

Day Digester Cone. Prod. Acids Influent Effluent s- K-r Cl 

(mg/1 COD) 1 1/day) mg/1 , {ppm) (ppm) (ppm) (ppm) (ppm (CH COOH' ·3 

50 1 22 900 3,28 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 3 500 
5 16 000 2,75 8 500 

51 1 23 500 3,25 2 070 13 2 138 2 950 
2 23 500 3,13 2 130 47 2 107 2 780 
3 16 DOD 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 2"900 
3 16 000 2,71 2 100 4 500 
4 16 000 2,49 4 0.00 
5 16 000 2,79 9 000 

53 1 23 500 2,16 3 190 
2 23 500 2,19 3 350 
3 16 000 2,65 2 100 4 500 
4 16 000 2,42 4 250 
'5 16 ODD 2,71 9 250 

54 1 23 500 2,03 3 370 
2 23 5HD 1,99 3 510 
3 16 000 2 '·6 9 2 100 4 500 
4 16 ODD 2,49 4 500 
5 16 000 2,74 9 500 

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 
3 16 000 2,63 710 2 100 4 500 
4 16 ono 2,45 1 190 4 500 
5 16 ODO 2,76 950 9 750 




