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ABSTRACT 

A study of  the occurrenc e of Chromatiac eae in wast e t reatment 

lagoons was made. To det ermine the important factors l eading to their 

dominance ,  an invest igation of  the  effect of various environment al 

paramet ers on the grovrth of a Chromatium species was made. 

Chromat ium minuti ssimum was i solat ed and ident ified from an 

anaerobic lagoon treat ing meatworks effluent . An experimental 

design was used to screen the effect s of temperature, pH, sulphide 

and ac etat e  conc ent rations and light int ensity on the batch growth 

of thi s bact erium in pure culture . Empirical models were developed 

which described the maximum population �Dd the exponential growth 

rat e as a function of these variables .  Comparison o f  these models 

wi -'.;h lagoon data indicat ed that they provided a conservative 

estimat e  of the exponenti al growth rat e and maximum population under 
lagoon condit ions and that , under the rru1ge of environmental condi

tions expect ed in New Zealand , the hydraulic ret ent ion t ime i s  o f  

major  importanc e i n  limiting the d evelopment o f  thi s phototrophic 

bact erium in lagoons . The developed models may possibly be used to  

charact eri se  the growth of other Chromatiaceae. 

To study the  growth of the Chromatiac eae in mixed culture various 

lagoon samples were incubat ed in daylight . A succ ession from anaerobic 

non-phototrophic bact eria to phototrophic bact eria t o  algae was 

observed in these  batch cultures . Thus , in addition to low hydraulic 

ret ention t imes preventing the growth of the Chromat iac eae , compet ition 

from the algae precludes their dominanc e at longer ret ent ion t imes .  

S even l agoon syst ems in which the Chromatiac eae were known to  

occur were then investigat ed. The lagoons studi ed ranged from 

facultative to anaerobic. The wast es t reat ed vari ed from domestic 

sewage to st rong industrial and agricultural effluent s .  A succ ession 

from non-phototrophic anaerobes to Chromatiaceae to algae was observed 

in many instances and a three stage succession theory was formulat ed. 



Thi s theory was used t o  explain the occurrence of the Chromatiac eae 

in all the lagoon syst ems studi ed and it may be used to design 

lagoons in which the dominanc e of the Chromatiac eae i s  favoured or  

prevent ed . 

The study o f  the lagoon syst ems indicat ed the pot ential of the 

Chromat i ac eae for t reating effluent s containing reduc ed sulphur 

compounds .  In N . Z. , fellmongery effluent is  the most important 

sulphide-bearing effluent . Experiment s were therefo re performed to 

develop crit eria for the design of anaerobic lagoons using the 

Chromat i ac eae to t reat fellmongery effluent . Experiment s were con

duct ed to  det ermine the effect s of t emperature and sulphide 

concentration on the performanc e of .088 m3 laboratory lagoons , in 

which Thiocapsa ros eopersicina was dominant , treat ing a synthetic 
0 0 fellmongery effluent . Temperatures from 10 C to 25 C and influent 

sulphide concent rations of 200 mg/l to 1 , 500 mg/l were studi ed. Good 

treatment was obtained under a wide range of condit ions although 

inhibiti on of growth occurred at influent sulphide conc entrations of 

approximat ely 900 mg/1. Concent rat ed fellmongery effluent s may 
therefore  be t reat ed by these lagoons . COD removals vari ed from 

66. 1% - 87 .1% and sulphide removals from 89. 5% - 98 . 4%. 

iii 

Design equations which described the performance of the laboratory 

lagoons were developed. To confirm the accuracy of these equations , 

pilot scal e  experiment s were conduct ed on a 5·74 m3 lagoon syst em 

treating actual fellmongery effluent . A good degree of  t reatment was 

again achi eved and the laboratory-developed equations provided a good 

estimat e of the pilot-scal e  effluent over the range of conditions 

studied.  Suitable  c rit eria have therefore been developed for the 

design of anaerobic lagoons using the Chromatiac eae to t reat fellmongery 

effluent . 
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CHAP'rER 1 

PRELUDE 



1 PRELUDE 

The occurrence of the Chromatiaceae, the purple sulphur bacteria 

in lagoon systems has frequently been observed. However, there is 

little information describing the reasons for their prevalence or 

outlining possible methods for their control or utilisation. This 

thesis seeks to rectify this situation. 

, 

The Biotechnology department first became involved with the 

Chromatiaceae when a local meat works was accused of discharging blood 

directly to an adjacent river. The works' management protested that 

the red colouration of the effluent was due to some organism which had 

become the dominant microflora of their anaerobic lagoons, changing the 

supernatant liquor from its usual mud-brown colour to a red-pink. 

Preliminary work demonstrated that the Chromatiaceae were the organisms 

causing the colour. 

Subsequent research indicated that the occurrence of these 

bacteria was quite widespread. They were observed in lagoons treating 

a variety of effluents under widely varying climatic conditions. 

However, n o  general theory explaining their occurrence had been 

developed. Much of the research contained in this thesis was performed 

to solve this problem. 

To gain insight into the factors favouring the growth of the 

Chromatiaceae, a Chromatium species was isolated and subjected to an 

experiment to determine the effects on it of several environmental 

parameters believed to be important in such lagoons. This work is 

described in Chapter Three. 

The results of this experiment and the observation of the 

Chromatiaceae in actual lagoon systems led to the development of a 

general theory to. account for the survival and growth of the bacteria 

in waste treatment lagoons. As their prevalence is often unintended 

and, in some instances, undesirable due to the colour they impart to 
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the effluent, this theory provides for the control of the appearance 

of these organisms by indicating the important parameters which should 

be manipulated. Chapter Four outlines the development of this theory. 

However, it was believed that the ability of the Chromatiaceae 

to oxidise sulphur compounds under anaerobic conditions could be 

exploited in the treatment of certain effluents. In New Zeala�d, 

this is most applicable to the fellmongery industry in which sheep 

pelts are treated producing a noxious, sulphide-bearing effluent. The 

research described in Chapters Five and Six was , performed to elucidate 

' this area of w aste management. 
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CHAPTER 2 

LITERATURE REVIEW 



2 .  LITERATURE REVIEW 

2 . 1  INTRODUCTION 

Thi s  lit erature revi ew seeks initi ally to out line the probl ems 
caused by the di scharge of effluent s containing sulphur compounds 
and to demonstrat e the nec essity for adequat e treatment prior t o  
their  discharge. 

The suit abi lity of the conventional biological t reatment t ech
niques for t reat ing such effluent s will then be ass essed.  Lagoon 
treatment using the Chromatiac eae will be shown to be pot entially 
feasible .  In thi s thesi s ,  a lagoon is defined as any natural or 
artificial body of  st ill  wat er used specifically as a wast e treatment 
process .  A pond i s  a natural , small body of sti ll wat er not us ed 
int entionally for any wast e treatment purposes.  

To study the possible  effect s of the Chromat iac eae in lagoons 
their sulphur and carbon metabolisms and their ecology will b e  
revi ewed. 

The pot ential for applying these bact eria to the treatment of  
sulphur-bearing indust ri al wast es in New Zealand will  be  assessed .  
It will be  shown that fellmongery effluent i s  the most import ant 
sulphur-bearing effluent in New Zealand and this effluent and it s 
current t reatment methods will be  out lined.  

Thi s  revi ew therefore delineat es the problem of  sulphur-bearing 
wast es, outlines the charact eri stics  of the Chromati aceae and provides 
a survey of current fellmongery t reatment t echnology with which t o  
compare the pot ential of  the photosynthetic bact erial lagoon. 

2 . 2 THE TOXICITY OF SULPHUR COMPOUNDS 

2 . 2 . 1  Introduction: 

The quality of  rec eiving wat ers m� be detrimentally affect ed 
in various w�s. For example,  if an excessive organic discharge 
occurs,aerobic micro-organisms will uti lize  oxygen at a rat e 

great er than c an  b e  replenished by surface re-aeration.  Anaerobiosis  
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results. Also, inorgru1ic compounds can chemically react with oxygen 

resulting in an additional immediate oxygen demand. Further, the 

discharge of toxic chemicals may result in the destruction of 

aquatic life. 

Effluents containing reduced sulphur compounds may cause 

oxygen depletion in all three modes described above. It is 

essential that these effluents be adequately treated prior to 

discharge. 

2.2.2 Toxicity of Sulphur Compounds to 
Multicellular Organisms: 

This section is concerned with the effect of sulphur compounds 

on organisms present in receiving waters. Sulphate-sulphur accumu

lates in nature because of its stability to oxidation and its 

concentration in natural waters varies from 10 - 10, 000 mg/lSO�- .,Sea 

water contains 800 - 900 mg/l SO�- (Lambert 1972) . For health 

reasons and to maintain a palatable taste, the Committee on Water 

Quality Criteria, United States Environmental Protection Agency 

(Rooney 1973) , recommends that sulphate in public water supplies 

does not exceed 250 mg/l and the W.H.O. recommenr1s a maximum level 

of 500 mg/l (Appleyard and Shaw 1974) . 

In water, the sulphite ion is a transitory intermediate species 

which is readily oxidized to sulphate (Lambert 1972) . Sulphite is 

less toxic than sulphide with a TL of 203 mg/1 in lOO hours being m 
reported for Daphnia magna (Dowden and Bennett 1965). The median 

tolerance limit TLm, or TL50, represents the concentration which kills 

50% of the test organism within a specified time span, usually 96 

hours. In Switzerland, public water must not contain more than l mg/1 

sulphite (IULCS Effluent Commission 1972) . The toxic effect of 

sulphite-containing effluents has also been investigated. For 

example, the threshhold mortality for salmon is 500-600 mg/l of 

sulphite waste liquor (Neale 1958) .  

Thiosulphate also exerts a toxic effect although such data 

is relatively sparse. Daphnia magna showed a TL of 805 mg/l in m 
lOO hours in the presence of Na2s

2
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Sulphides ,  especi al ly hydrogen sulphide (H2s ) are very toxic .  

Hydrogen sulphide i s  soluble  in wat er t o  the ext ent of 41 000 mg/l 

at atmospheric pressure and 20°C ( Rooney 1973 ) . Upon solution it  

di ssociates according to  the following equations 

H2S HS - H+ + 

HS 
- 2- H+ s + 

The relative proportions of the three sulphur moi eti es vary with 

pH as shown in Fig. 2 . 1 .  Sulphide solutions are more toxic in 

acid conditions as the concentration of H2S is  then increased 

(Hynes 1963 ) . 

For human beings H2S is  a particularly insidious poison. It 

i s  perc eptible  in air at a conc entrat ion of . 002 mg/l as an odour 

of rott en eggs (Kl ein 1959 , St echer 1968 )  but higher levels may not 

b e  det ect ed as the sense of smell is then impai red ( St echer 1968 ) . 

Toxic threshhold conc ent rations for humans are in the range 10-14 mg/l 

( Christ ensen 1973 ,  Sax 1968 ) .  Exposure to 800 - 1 , 000 mg/l may b e  

fatal i n  30 minut es and high conc entrations are instantly fat al . 

Hydrogen sulphide poisoning may occur more rapidly than poisoning 

from exposure to a similar conc entration of hydrogen cyanide. 

Much of the avail able  dat a  on the toxicity of sulphide to  

aquatic organi sms i s  inadequat e. Many studi es used extremely short 

exposure periods and fai l ed  to give adequat e account to the effect 

of environment al factors such as t emperature, pH, di ssolved oxygen 

and dissolved salts  (Hynes 1963 ) . Consequently, whereas early dat a 

suggest ed that 0 . 3  - 4 . 0  mg/l H2S allowed fish to survive more 

r ec ent studi es have demonstrat ed sulphide t oxicity at lower conc en

t rat ions ( Oseid and Smith 1974, Rooney 1973,  Smith and Oseid 1970 ) .  

Recommended total sulphide l evels are . 002  mg/l in fresh wat er and 

0 .005 mg/l in salt wat er ( Rooney 1973) . 

2 . 2 . 3  Toxicity of Sulphur Compounds to Micro-organisms 
in Biological Treatment Syst ems : 

2 . 2 . 3 . 1  Int roduction : 

Many compounds exert a toxic effect on biological treatment 

p rocesses and inhibit ion may b e  partial or compl et e  depending upon 
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the substanc e  and its  conc ent ration.  The toxic conc entrat ion is 

influenc ed by factors such as the t emperature, the nature of the 

organism and the availability of food ( Ingols 1955) . 

Some organi sms may acclimat i z e  to c ertain levels of toxic 

substances . This  may result from a neut ralisation of the toxic 

mat erial by microbial metabolism or the growth of sel ect ed organisms 

which may or may not be able  to metabolise the toxic subst anc e 

( Eckenfelder and O ' Connor 1961 ) .  

2 . 2 . 3 . 2 Activat ed Sludge : 

Activat ed sludge syst ems are capable  of operating effectively 

at influent sulphide conc entrations in the vicinity of 20 mg/1 

( Aul enbach and Heukelekian l955a7 Bai ley 1971 ,  Leafe et al 19727 

Ludvik et al 1973 ) . Data  on the effect of higher concent rations 

are difficult to int erpret due to the various operating and influent 

charact eristics  of the syst ems us ed. Conc entrations of 50 - 250 mg/1 

sulphide may b e  tol erat ed for bri ef periods (Bai ley 19717 Ludvik et 

al 1973) but ext ended loading results  in floc di spersion ( Aulenbach 

and Heukelekian l955a) . Under such conditions syst em recovery is  

slow and pretreatment for sulphide i s  advised to  prot ect the unit 

( Leafe et al 1972 ) . Batch loading does not have so pronounc ed an 

effect as continuous (Coe 1952 ) .  However tol eration of higher 

influent sulphide levels of 300 - 444 mg/1 s2- has b een report ed 

( Rawlings et al l975 c ,  Villa 1969). 

2 . 2 . 3 . 3  Biofiltration :  

The biological filt er is more resistant to toxic wast es than 

the activat ed sludge syst em and it al so recuperat es more rapidly 

from shock loadings ( Gurnham 1955 ) . For this reason it i s  usually 

preferred for the t reatment of st rong industrial wast es and many 

authors report successful treatment of sulphide-bearing effluent s 

by this syst em. 

A lab-scal e  syst em t reating synthetic  fellmongery effluent 

gave complet e  sulphide removals for influents cont aining 60-150 

mg/1 s2- (Hill  1972 ) .  With screened fellmongery effluent , the 
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sulphide removal rat e was proportional to the recYcle  ratio and 

sulphide conc entrations great er than lOO mg/1 resulted in decreased 

COD removals (Ryder 1973) . Average removals of 47% COD and 40% 

BOD were obtained on a pilot plant biofilt er treat ing fellmongery 

effluent averaging 80 mg/1 s2- (Hicks and Mart in 1973 ) . 

A laboratory-scale  biofilt er loaded at 9 . 6  x 10-2 m3 /m2 . d  

with neutral t annery effluent withstood up t o  440 mg/1 s2- ( Green 

1960 ) .  Shock loads were i rregularly endured. Doubling the 

hydraulic ret ent ion time reduc ed the tol eranc e to b elow 90 mg/1 . 

Biofiltration of  a 40% sewage/60% tannery effluent mixture cont ain

ing 82 mg/1 s2- result ed in a 90% BOD reduction and complet e 

sulphide removal ( Rosenthal 1957 ) .  

Domestic sewage containing 180 mg/1 s2- was successfully 

t reat ed on full-scal e  filt ers ( Bailey 1969 ) . The effluent averaged 

2 mg/1 s2-. 

2 . 2 . 3 . 4  Aerobic Lagoon Syst ems : 

Because of their high oxygen demand , indust ri al sulphide wast es 

are seldom treat ed in aerobic or aerat ed lagoons . 

Sulphides and the proliferation of sulphat e-reducing bact eria 

are c ommonly associat ed with failing aerobic lagoons (Brockett 1975,  

Kendl er and Donagi 1971 ) .  Conc entrations of 7 mg/1 s2- are toxic 

to some algae ( Espino and Gloyna 1967 ) .  

2 . 2 . 3 . 5  Anaerobic  Processes : 

Under anaerobic condit ions , oxidiz ed sulphur compounds b ecome 

reduc ed to sulphide which may result in digest er fai lure. Sulphide 

sel ectively inhibit s the Methanobact eriaceae ( Aul enbach and 

Heukelekian 1955 b , Rudolfs ��d Amberg 1952 ) . Gas product ion ceases 

and vol atile  acids accumulat e. The concentration at which 

inhibition occurs vari es from 109 mg/1 to great er than 200 mg/1 s2-

( Aulenbach and Heukelekian 19551:J, Lawrence et al 1966, Orford 1958 , 

Rudo lfs and Amberg 1952)  with the sensitivity to sulphide increasing 

with decreasing pH (Bannink and Mull er 1951 ) .  Such inhibition 
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may be restrained by adding heavy metals to control the level of 

soluble sulphides and form insoluble metal/sulphide precipitates 

( Lawrence and McCarty 1965, Lawrence et al 1966). 

With open anaerobic systems an important problem is that of 

odour • . In the U.S.A., 73% of the lagoons had odour problems 

( Forges and Mackenthun 1963) with sulphides being identified as one 

of the most important constituents of such odours ( Dague 1972, 

Hovious et al 1973). 
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2. 2. 4 Conclusions : 

Reduc ed sulphur compounds cause severe problems when di s

charged into a rec eiving water. It i s  therefore imperative that 

effluent s cont aining these compounds are adequat ely treat ed prior 

to di scharge. 

Aerobic biological treatment syst ems have been shown to b e  

susc eptible  t o  sulphide toxicity, with the  biofilt er being more 

resistant to upset than the activat ed sludge proc ess . 

Anaerobic digestion is also inhibit ed by sulphide. 

Thus,  influent s cont aining high concentrations of  sulphur 

compounds are difficult to treat using the conventional biological 

treatment proc esses. However, some phototrophic bact eria have 

been periodically observed in lagoon syst ems and as these micro

organisms may withst and high sulphide concentrations (Lopanit syna 

and Novozhilova 1969, Yakoleva and Novozhilova 1969) and provide 

effective deodori sation (May and St ahl 1967, Meredith and Pohland 

1970) they should be  able  to provide a suitable  biological treatment 

syst em for reduc ed sulphur compounds.  In vi ew of this pot ential ,  

the role  o f  these bact eria in the sulphur cycl e will b e  studi ed 

and then the growth and physiology of these organisms wil l  be  

elabo rat ed. 

2. 3 MICROBIAL TRANSFORMATIONS OF SULPHUR COMPOUNDS 

2.3.1 Int roduction: 

The major pathways in the t ransformation of sulphur compounds 

in nature are outlined in Fig. 2.2. Due to its  importanc e in 

anaerobic lagoons emphasis will  b e  placed upon the anaerobic sub

cycle  involving the phototrophic bacteria and di ssimi latory sulphat e 

reduc ers , such as D esulfovibrio .  This  sub-cycle  has b een t ermed 

a sulphuretum (Baas-Becking 1925). 



Fig u r e 2 . 2 :THE S U L P HUR C Y C L E  

( A d a p t e d  f r om P fen nig 1 9 7 5 , P f e nnig a n d  B ie b l 1 9 7 6 ) 
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WhUe the aerobic portion of the cycle  i s  unimportant in  
the  above cont ex:t 1 it i s  of significance in  some aerobic treatment 

syst ems. The thiobacilli are oft en the most important organi sms 

under these conditions (Kreye et al 1973 ru1d 1974, Ryder 1973) 

and their charact eri stics  have been document ed (Trudinger 1967, 

Vi shniac 1974). 

2.3.2 Aqaerohig Oxidat�on of Sulphur Compo��ds 

The phototrophic bact eri a, the Rhodo spiri lla1es , are aquatic 

organisms inhabiting marine and freshwat er environment s .  Unlike 

oth er phototrophs ,  their photo synthesis only occurs under anaerobic 

conditions and without oxygen evolution (Pfermig 1967). The gram 

negative c ells  cover a wide morphological range and possess 

bact eriochlorophyll and carot enoid pigments (Pfennig and Truper 

1974). Their photosyuthetic metabolism i s  dependent upon the 

presenc e of oxidi sable ext ernal el ectron donors such as reduc ed 

sulphur compounds ,  molecular hydrogen and organic compounds. 

(Kondrat ' eva 1965). Some genera are therefore abl e  to oxidi s e  

reduc ed sulphur compounds under anaerobic conditions . 

The classificat ion of the phototrophic bact eria is  shoh� in 

Fig. 2. 3. 

2.3.2.1 Rhodospiri llineae 

The Rhodo spirillineae (purple phototrophic bact eria) cont ain 

bact eriochlorophyll a or  b as the main bact eriochlorophyll . Various 

carotenoids are also present . The photopigment s are locat ed in  

int ernal membrane syst ems cont inuous with the cytoplasmic membrane 

(Pfennig and Truper 1974). 

2.3.2.2 Rhodospirilliac eae 

The phototrophic development of the Rhodospirillaceae (purpl e non

sulphur bact eria) i s  d ep endent upon simple organic compounds which are 

photo-assimilat ed or  serve as electron donors fo r C02 assimil at ion 

(Pfennig and Truper 1974). 
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Fig. 2. 3 Classification of The Phototrophic Bacteria (Truper 1976) 
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These bact eria are general ly microaerophilic but many spec i es 

may g row at ful l  atmospheric t ension in either the l ight or the 

dark . Under aerobic  condit ions photopigment production is inhibit ed 

and an aerobic respiration functions (Elsden 1962, Elsden and 

Omerod 1956) . Under anaerobic conditions , co2 is  fixed via the 

reductive pentose phosphat e cyc l e  and an anaerobic l ight-depend ent 

tricarboxylic acid cycle  functions (Pfennig 1967) . 

Hydrogen donors and carbon sourc es used by the Rhodospiri l l ac eae 

have been l ist ed (Pfennig and Truper 1973). 

Three genera and twelve sp ec i es of thi s fami l y  are recogniz ed 

(Pfennig and T�per 1974) . Although earlier research indicat ed 

that no speci es were abl e  to  uti lize  sulphide, more rec ent work has 

cont radict ed thi s .  Rhodopseudomonas palustris (Hansen and van 

Germerden 1972) and Rps. sulphidophila (Hansen and Veldkamp 1973) 

are abl e  to oxidi se sulphide to sulphat e without the accumulation 

of intracellular sulphur. Rp& sphaeroides, Rps . capsulata  and 

Rhodospiril lum rubrum are capable  of oxidising sulphide onl y  to 

sulphur which is d eposited ex:t rac el lularl y (Hansen and van Germerden 

1972) . Under conditions of competition for sulphide these latt er 

orgru1isms do not compet e succ essfully  with other phototrophic 

bact eri a (Pfennig 1975) . 

' 
As all spec i es are unab l e  to uti lise el emental sulphur, thi s  

crit erion may b e  us ed to differentiat e  between the Rhodospiri l lac eae 

and the Chromatiac eae (Hru1sen and van Germerden 1972, Pfennig and 

Truper 1974) . 

2.3. 2. 3 Chromatiaceae 

Ten genera and twenty-six speci es of the Chromatiac eae (purple  

sulphur bact eria) are recogniz ed (Pfennig and Truper 1974) . Not all 

have been isolat ed in pure culture. Most speci es are· strictl y  

anaerobic and obligat ely phototrophic .  All are capable  o f  photol itho

trophic co2 fixation in the presence of sulphide. Under these 

conditions sulphur accumulat es inside or out side the c el l s  with 

sulphat e being the final oxidation production. Further detail s  are 

present ed in S ection 2.4.1. 
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All species photoassimilate a number of simple organic sub

strates of which acetate and pyruvate are the most widely used. 

All forms are therefore potentially mixotro�hic (Pfennig and Truper 

197 4) 0 

2. 3. 2. 4  Chlorobiineae 

The Chlorobiineae (green phototrophic bacteria) contain 

bacteriochlorophylls c, d or e as the major bacteriochlorophyll 

components and various carotenoids. The photopigments are located 

in the chlorobium vesicles which underlie, and are attached to, 

the cytoplasmic membrane (Pfennig and Truper 1974, Truper 1976). 

2.3. 2. 5  Chlorobiaceae 

Five genera and nine species of the Chlorobiaceae (green 

sulphur bacteria) have been recognized (Pfennig and Truper 197 4) . 

These organisms are strictly anaerobic and obligately phototrophic. 

All species are capable of photolithotrophic C02 assimilation in 

the presence of sulphide. Under these conditions elemental sulpLur 

accumulates outside the cells and is further oxidised to sulphate. 

A number of simple o�ganic compounds are photoassimilated. 

The Chlorobiaceae are therefore potential mixotrophs. 

2. 3. 2. 6  ChlorQflexaceae 

The Chloroflexaceae (green flexiform bacteria) contain bacteria

chlorophylls c, d or e besides bacteriochlorophyll a. The cells 

exhibit a gliding motility, the cell walls are flexible &Jd growth 

is filamentous (Truper 1976) . 

One genus and one species, Chloroflexus aurantiacus, is 

recognized. Pending pure culture studies, the genus Chloronema and 

its two species .Q.. giganteum and C. spiroideum have n ot been included 

in this classificatibn. 
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Although �· aurantiacus prefers photo-organotrophic growth 

conditions and exhibits a capacity to grow aerobically in the 

dark, these properties have not been elevated to the family level 

( Truper 1976). 

2. 3. 3 Anaerobic Reductior. of Sulphur Compounds 

2. 3. 3. 1 Desulfovibrio: 

Five species of the genus Desulfovibrio are recognized (Pos�atB 

1974). These bacteria are strictly anaerobic chemo-organotrophs 

which obtain their energy from anaerobic respiration reducing various 

sulphur compounds to sulphide. Lactate, pyruvate and usually malate 

are oxidised to acetate and co2• 

These bacteria can tolerate high sulphide concentrations (Miller 

1950) and are important in anaerobic treatment processes. 5 x 1 04 

cells/ml of �· desulphuricans have been reported for sludge from an 

anaerobic digester (Toerien et al 1968). These numbers increased 

if the level of sulphur compounds in the waste rose. Tests of 

sulphur compounds reduced by Desulfovibrio have been reported in 

the literature (Baas-Becking 1925, Postgate 1959). Sulphur is 

reduced non-enzymically only under limited conditions' (Postgate 1959). 

Ecologically Desulfovibrio are more abundant and more active in 

sediments thar" in overlying waters (Le Gall and Postgate 1973). 

The effect of the sulphide produced by these organisms in 

anaerobic processes has been described in Section 2. 2. 3. 5. 

2.3. 3. 2 Desulfotomaculum: 

One genus and three species of Desulfotomaculum are recognised 

(Campbell 1974). Members of this genus may be differentiated from 

the Desulfovibrio by their ability to sporulate and their peritichous 

flagella. The biochemistry of the two genera is very similar. 
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2 . 3.3.3 Desulfuromonas: 

One genus and one species of Desulfuromonas are recognized 

(Pfennig and Biebl 1976) . These bacteria may be differentiated from 

Desulfovibrio and Desulfotomaculum by their ability to use elemental 

sulphur as an electron acceptor for its anaerobic respi1·ation. 

Acetate is completely oxidised to C02 . 

The ability of these organisms to form syntrophic cultures 

with Chlorobiaceae is ecologically important. 

Thus the phototrophic bacteria and the sulphate reducers occupy 

simil�r environments and possess complementary sulphur metabolisms, 

allowing the completion of the sulphur cycle under anaerobi,c 

conditions. 

As the oxidation of sulphur compounds under anaerobic conditions 

is of more importance to this research, the metabolism of sulphur 

and carbon compounds by the phototrophic bacteria will now be out

lined. 

2 . 4  TlliLWSFORMATI ONS OF SULPHUR AND CARBON COMPOUNDS 
BY PHOTOTROPHIC BACTERIA 

2.4.1 Metabolism of Sulphur Compounds: 

T".-10 forms of sulphur metabolism may be distinguished in the 

phototrophic b acteria. Quantitatively, dissimilatory utilisation, 

in which the sulphur compounds provide electrons for the functioning 

of the photosynthetic electron chain, is more important. Assimilatory 

sulphur metabolism supplies the sulphur necessary for the synthesis of 

cell material. 

All Chromatiaceae and Chlorobiaceae (Pfennig and Truper 1974) 

and several Rhodospirillaceae (Hansen and Van Germerden 1972, Hansen 

and Veldkamp 1973, Hashwa 1975, Rolls and Lindstrom 1967) exhibit a 

dissimilatory sulphur metabolism. All Rhodospirillaceae and some 

Chromatiaceae are capable of assimilatory sulphate reduction while the 

Chlorobiaceae lack this ability ( Pfen..Ylig and Truper 1974 , Truper 1975) . 
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The present state of knowledge of the sulphur metabolism of 

the phototrophi c bacteria is outlined in Fig. 2. 4. Important 

enzymes in the dissimilatory metabolism of sulphur identified in 

Chromatiaceae are given in Table 2 . 1. From this Table, a lack of 

metabolic coupling between sulphide, or sulphur, and sulphite is 

evident. The presence of a sulphur-oxidizing enzyme has never been 

demonstrated in the Chromatiaceae (Truper 1975) . However, hetero

trophically and autotrophically grown cells of Chromatium vinosum 

have been shown to contain sulphite reductase (E. G .  1. 8.1 . 2) 

(Peck et al 1974) . The enzyme catalyses the following reaction 

so3
2- + 6e- + 6H+ s2- + 3H2o 

Although Peck et al (1974) imply its use in assimilatory 

metabolism the occurrence of this enzyme in autotrophically grown 

C. vino sum and Chlorobium limicola, \vhich is incapable of assimilatory 

reduction (Pfennig and Truper 1974) , suggests a role for this enzyme 

in dissimilatory sulphur metabolism. 

The occurrence of sulphur as an oxidation intermediate is 

therefore unlikely. The formation of intracellular sulphur is more 

probably a storage side reaction which can be used as a sink for 

electrons under anaerobic conditions in the dark (Van Gemerden 

l968b) .  (See Section 2. 4. 2 .• 2. ) .  Such a postulate is reinforced by the 

following evidence : 

(i) Those Rhodospirillaceae capable of oxidising sulphide 

form either elemental sulphur or sulphate , (Hansen and 

Van Gemerden 1972, Hansen and Veldk�np 1913) . 

(ii) Fractionation of sulphur isotopes by a Chromatium spp. 

led Kaplan and Rittenberg (1964) to conclude that 

elemental sulphur was not an intermediate in the oxida

tion o f  sulphide to sulphate. 

As this evidence is at present indirect, two alternative pathways 

for the oxidation of sulphide to sulphate have been included in Fig. 

2. 4. 
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Figure 2 . 4 : Pathways of  Sulphur Metabol i sm in 
Phototrophic Bacter�a . 

( Reproduced with permis s ion from Truper 1 9 7 5 )  
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TABLE 2.1 

in the Chromatiaceae 

Reaction 
Number Enzyme 

l Sulphide oxidizing 

2 Thiosulphate reduc-
tase 

3 APS reductase 

4 .ADP sulphurylase 

Reaction 
Catal ysed 

s2- ---f> S0 +2e-

2- - 2- 2-s2o
3 +2e -----!;?- S +S03 

2- -so3 + AMP ---1?' APS+2e 

APS + Pi ra .ADP+SO 4 
2-

Reference ke;y: 

l Hashwa and Pfennig (1972) 

2 Smith and Lascelles (1966) 

3 Thiele (l968b) 

4 Truper (1964) 

5 Truper and Peck (1970) . 

6 Truper and Pfennig (1966) 

7 Truper and Rogers (1971) 

8 Truper and Schlegel (1964) 

The reaction numbers refer to Figure 2.4. 

Reference 

4, 8 

1, 2, 6 

3, 5, 7  

3 

1 6  . 



The Chromatiac eae vary in their ability t o  perform assimilatory 

sulphat e reduction. · Only those  organi sms possessing this charact eris

t ic are capable of uti li sing organic compounds in the absenc e of 

reduced sulphur compounds (Pfennig and Truper 1974 ) . This  property 

will  therefore be of importanc e in det ermining the bact eria present 

in an environ�ent devoid of sulphide. 

The fact that dissimilatory sulphur met abolism is  common to all 

Chrornatiaceae but only a limit ed number of species are capable  of 

assimi latory uti lisation suggests that , at some point , different 

enzymes are involved in the two pathwa;>rs .  

Sulphur compounds play an important rol e  in selecting the 

phototrophic bact eria mo st suit ed to  an environment . This wil l  be  

considered in Section 2 . 5. 2. 1 . Prior to this ,  the associat ed 

transformations of carbon compounds by these bact eria will b e  revi ewed. 
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2 .4.2 Metabolism of carbon compounds 

Phototrophic bact eria are capable of obtaining the carbon 

nec essary for c ell grovrth from diverse subst rat es such as co2 and 

simple  organic compounds (Doel le  1969, Kondrat ' eva 1965, Wei ssner 

1970). In anaerobic lagoons, co2 and volatile  acids (Holm and 

Vennes 197 0) are present in significant quantit ies ,  with ac etate  

being the  most important int ermediat e for methanogenesis (Jeri s and 

McC arty 1965, Smith and Mah 1966). 

The t ransformation of  carbon c ompounds by the phototrophic 

bact eria is important in det ermining how the organic component of 

an effluent is stablised in lagoons in which these bact eria are 

dominant . In lagoons, di spersed growth occurs and the organisms 

present are di scharged with the effluent . The cells  will therefore 

exert a BOD on the rec eiving wat er and ultimat e st abilisation of the 

organic component of the effluent only occurs through di scharge of 

gaseous products  from the lagoon. 

Such a situation m ay be compared to the activated sludge and 

biofiltration syst ems where the majority of the cells  are removed 

from the effluent prior t o  discharge and subsequent ly stabi l i s ed, 

oft en by an ar1aerobic process.  

It i s  not eworthy that the c ell yi eld from the anaerobic 

processes is l ess than from aerobic processes (Eckenfelder 197 0) 

and therefore l ess biomass will be present in the effluent from an 

anaerobic proc ess than from a comparable aerobic process. 

Although all phototrophic bact eria possess an active reductive 

pentose phosphat e cycle  (Pfennig 1967), further pathways of c arbon 

metabolism are more diverse. The Rhodospirillaceae, typifi ed by �· 
rubrum, possess a complet e  t ricarboxylic acid (TCA) cycle  (Truper 
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1964) which allows the nearly quantitative conversion of organic 

compounds to co2 and H2 (Gest et al 1962). Chlorobium thiosulphatophilum 

possesses a carbon reduction cycl e  which i s  effect ively a reversal of 

the TCA cyc l e  (Evans et al 1966) while the Chromat iac eae t est ed lack 

a TCA cyc l e  but possess a glyoxylat e  cycl e  (Truper 1964, Full er 1969). 



Also, the metabolic fate of c o2 and organic compounds is 

dependent upon the stage of growth of the bacterium, its carbon 

requirements and i ts environment (Fuller 1969, Weissner 1970). 

Thus, in the presence of J:i trogen compounds, an actively growing 

cell diverts most of its carbon into amino acid synthesis and 

minimises the transformation of organic compounds into storage 

products. The presence of organic compounds can lead to the partial 

inhibition of co2 fixation pathways. 

While generalisati ons concerning metabolic pathways are 

difficult to nake and it is possible that alternative pathways exist 

in organisms yet to be investigated, the present knowledge on the 

metabolism of c o2 and organic compounds by the Chromatiaceae can be 

summarised. 

2. 4. 3. Carbon Metabolism of the Chromatiaceae: 

2 . 4 . 3 . 1 Carbon Dioxide Fixation:  

BeL�g photosynthetic orga�isms , carbon dioxide fixation is one 

of the fundamental reactions of the Chromatiaceae . 

The investigation of Chromatium ·enzymes and the tracing of 

labelled intermediates has demonstrated a functional reductive pentose 

phosphate cycle in these bacteria (Fuller and Anderson 1957, Fuller 

et al 1961, Smillie et al 1962) . The enzyme catalysing the c o2 
fixation reaction in this path, ribulose diphosphate (RuDP) carboxylase 

(E.C. 4. 1. 1. 39 ), is an important metabolic control point. In the 

Chromatiaceae, the activity of this enzyme is greatest in autotrophi

cally grown cells (Asami and Akazawa 1975a,  Fuller e t  al 1961 , 

Hurlbert and Lascelles 1963). Photo-organotrophic conditions lead 

to a rapid decrease in RuDP carboxylase concentration (Table 2 • . 2) . 

A change to mixotrophic conditions partially restores the activity 

of this enzyme (Hurlbert and Lascelles 1963). 

Although in the Rhodospirillaceae RuDP carboxylase is inhibited 

under aerobic conditions and its specific activity is inversely 

proportional to the light intensity (Lascelles 1960) ,, in at least 

one species of the Chromatiaceae RUBP carboxylase is not inhibited 

by oxygen (Kondrat 'eva et al 1976a) . 
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TABLE 2.2 

Partial Inhibition of Ribulose Diphosphate Carboxylase by 
Organic Compounds. 

(�uDP carboxylase activity as a %  of autotrophic level) 

Organism Chromatium vino sum Str.D Thiocapsa* 

� Hurlbert As ami Hurlbert 
and Fuller and and 

Lascelles et al Akazawa Lascelles 
(1963) (1961) (1975a) (1963) e 

acetate 41 42 31 45 

malate 37 11 36 77 

fumarate 46 - - 68 

succinate 86 - - 41 

pyruvate 25 - - 60 

propionate 65 - - lOO 

lactate 39 - - 55 

*This organism was identified as Thiopedia by Hurlbert and 

Lascelles (1963) but was subsequently re-identified as Thiocapsa 

(Pfennig 1967) .  

Under photoautotrophic conditions, the reductive pentose 

phosphate cycle operates as the main carbon assimilation pathway. 

If simple organic compounds are present in the environment, they 

are preferentially metabolised. Such control has probably evolved 

to minimise the expenditure of ATP and NADH2 • Thus, the RuDP 

carboxylase of bacteria in anaerobic lagoons will be under partial 

inhibition resulting in less C02 fixation via the pentose phosphate 

cycle. 

Possible pathways for the linking of autotrophic and hetero

trophic metabolism in Chromatium spp. are shown in Fig. 2.5. 
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Other co2 fixation reactions also occur. Kinetic isotope analysis 

of 14co2 fixation in growing cells of Chromatium vinosum strain D 

(hereafter called Chromatium D )  shows aspartate as an early metabolic 

product (Fuller 1969). A primary carboxylation occurs in the 

reductive pentose phosphate cycle and a second carboxylation of 

phospho-enol pyruvate (PEP) occurs as shown below (Fuller 1969) : 

Ribu l o s e  

diphospha te 

+CO� Ph o spho- Phospho-enol 
� __ .,._ 

·· glyceric a c i d  pyruv a t e  

+C07 Oxaloace t a t e  

� � +NH3 
Aspar t a t e  

In Chromatium okenii two possible secondary carboxylations 

exist, via either PEP carboxykinase (E. C. 4. 1. 1. 32) or pyruvate 

carboxylase (E. C. 6. 4. 1. 1. ) ,  (Truper 1964) .  

Also, particulate fractions of Chromatium spp. have been shown 

to catalyse the synthesis of p yruvate from acetate and C02 (Buchanan 

et al 1964, Evans and Buchanan 1965) . The significance of this 

reaction will be considered in the section on the metabolism of 

organic compounds. 

The pattern of co2 incorporation has also been studied. 

Chromatium D grown in a hydrogen atmosphere incorporate co2 into the 

following compounds (Arnon et al 1963) . 

metabolic intermediates (mainly alanine) 36 - 57% 

proteins 31 - 43% 

polysaccharides and nucleic acids 

poly-p-hydroxybutyrate (PHB) 

16 - 21% 

0. 6 - 0. 8% 

The major storage product formed during autotrophic growth is 

therefore a polysaccharide which res been identified as a glycogen/ 
amylopectin polymer (Hara et al 1973) . Glycogen synthase has also 

been isolated (Hara and Akazawa 1974) . 

2. 4. 3. 2 Metabolism of Organic Compounds 

The ability of the Chromatiaceae to grow on simple organic 

substrates in the absence of reduced sulphur compounds was first 

demonstrated by Van Niel (1931) . Subsequently Muller (1932) 
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confirmed these results and indicated that the organic substrates 

were virtually completely converted to cell material and c o2 • These 

observations were explained by the postulate that compounds which 

were more oxidised than cell material evolved co2 during assimilation. 

Such compounds included acetate, lactate, malate and succinate. 

Compounds more reduced than cell material, such as butyrate lead to 

the uptake of c o 2 •  

Also Gaffron (1933 , 1935) interpreted his study of the organic 

metabolism of the Rhodospirillaceae as the direct light dependent 

conversion of organic carbon into cell constituents. 

Despite this evidence, it was believed until the late 1950 ' s  

that organic compounds served solely as hydrogen donors for 

photosynthesis (Foster 1951) . This was a direct result of Van Niel' s 

unitary theory of photosynthesis (Van Niel 1935 1 1936 ,  1941). 

Stanier et al (1959) finally dispelled such thoughts by demonstrating 

that direct photoassimilation occurred in Rhodospirillum rubrum. 

Comprehensive lists of organic substrates utilised by the 

Chromatiaceae have been published (Holm and Vennes 1970 , Hurlbert 

and Lascelles 1963 , Pfennig and Truper 1971,  Thiele l968a) o Possible 

pa.thways for the metabolism of some substrat es will be considered to 

demonstrate how the Chromatiaceae may stabilize organic matter. 

Whereas the Rhodospirillaceae possess a complete TC A  cycle 

(Elsden and Ormerod 1956 , Stopanni et al 1955) which also functions 

under anaerobic conditions in the light (Gest et al 196 2) , the 

Chromatiaceae tested lack 2-oxoglutarate dehydrogenase (E.G. 1 . 2.4. 2) 

(Fuller et al 1961 ,  Losada et al 1960 , Truper 1964) . They are 

therefore unable to generate C02 and reduced pyridine nucleotides via 

this cycle. In this family, the glyoxylate cycle (Truper 1964) , or 

a modified glyoxylate cycle (Fuller et al 1961 ,  Losada et al 1960) , 

is used to generate the intermediates essential for amino acid 

synthesis (Fig. 2.5) . Chromatium D lacks malate dehydrogenase 

(E. G.  1 . 1 . 1 . 37) which is necessary for the glyoxylate cycle (Fuller 

et al 196� Fuller and Kornberg 19611  Sisler and Fuller· 1959) . In 
this bacterium, malate is converted to oxalacetate via pyruvate 

.. : · · using malate dehydrogenase (decarboxylating, NADP) (E.G. 1 . 1. 1 . 40) 
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and pyruvat e c arboxylase (E.G . 6. 4. 1. 1. )  (Full er et al 1961). 
However, a ful l  complement of  glyoxylate cycl e  enzymes is present 

in Chromatium okenii (Truper 1964) • 

. The glyoxylate  cycl e is important in  transforming and 

maint aining a pool of essential metabolic int ermedi ates . The 

purpo se is therefore assimilato ry and it do es not directly evolve 

C02• Limit ed information is available on the importanc e of this 

cycle  in the Chromatiac eae and further enzymatic analysis is required 

to prove its significanc e in genera other than Chromatium. 

To demonst rat e  the interactions of the pathways shown in 

Fig.  2. 5 and to study possible C02 - evolving reactions, the 

metabolism of ac etat e and pyruvat e will  be studi ed.  These are the 

only two organic compounds ut ilised by all speci es of Chromatiac eae 

(Fost er 1951). 

2.4 . 3. 3  Met abol i sm of Ac etat e  

Ac etat e m ay  b e  metabolised in the absenc e of C02 ( Losada et 

al 1960) but its  assimil ation is light dependent ( Losada et al 

1960, Mull er 1932). 

The first st ag� of ac et at e met abolism is  its activation by 

ac etyl CoA synthetase  ( E . G .  6 .2. 1. 1. ). Further pathways are 

dependent upon the c ell ' s  environment and the st age of growth. In 

the presenc e of nitrogen compounds, actively growing cells  incorporat e 

most of the ac etat e  carbon into amino acids, espec ially glut amat e 

(Losada et al 1960, Wei ssne r 197 0). The glyoxylat e cycle , which 

requires a supply of acetyl C oA, ensures a ready supply of the 

nec essary int ermedi at es (Fig. 2. 5). 

In resting c ells ,  much o f  the acetat e carbon appears in poly-r
hydroxybutyrat e (PHB ) . This transformation requires both ATP and 

NADH ( Starri er et _al- �97 1, ._ We;i.ssner 1970). As Chromatium spp .  lack 

the TCA cycle  they are unable  to generat e NADH in thi s manner and 

therefore PHB i s  only synthesised in the presenc e of ext ernal hydrogen 

donors (Arnon et al 1963, Bucha.nan and Bachofen 1969, Buchanan et al 
1964, W�9-_y�_ et al 1965). Thus cells of Chromatium D grown in a 
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hydrogen atmosphere incorporat ed 74% of the labelled ac etate  into  

PHB and only 19% into prot ein. In  an argon atmosphere only 7% 

was incorporat ed into PHB and 64% into prot ein (Eisenberg 1955) . 

The Rhodo spirillineae are one of the few groups of bact eria 

capable of  synthesi sing the two o rganic reserve mat e_rials ,  PHB and 

polysaccharide ( St ani er et al 1971 ) .  Al so the Chromatiac eae studied 

possess a full compl ement of Embden - Meyerhoff - Parnas path�ay 

enzymes (Fig. 2 . 5 . ) .  Exogenous substrat es such as ac etat e  may 

therefore be convert ed to either storage product (Wei ssner 1970 ) 

and one organic reserve mat eri al may be convert ed to the other. 

This  is particularly important for energy generation in darkness. 

With Chromatium spp . an average of 0 . 17 moles of co2 are 

evolved per mol e  of  acetate  consumed (Muller 1932) . That is  

approximat ely one mol e  of C02 produc ed per six moles of ac etat e  

met aboli sed although the figure could b e  expected t o  v ary with the 

growth and the environment of  the c el l .  The metabolic pathways 

outlined in Fig. 2 . 5 indicat e  the alt ernative rout es available  for 

ac etat e assimilation. Some involve the fixation of co2 such as the 

conversion of ac et at e  to pyruvat e and some involve the direct 

assimil ation of acetat e as in the formation of aspartat e via the 

glyoxylat e  cycle .  Others involve the evolution of co2 as indicat ed 

by t he formation of  glutamat e via i soci trat e and 2-pxoglut arat e .  

A study of these pathways only d emonstrat es the physiological 

feasibi lity of such reactions . It fails to indicat e the bal anc ed 

operation of the pathways under different environmental conditions. 

This  is what wil l  det ermine whether the c ell evolves or assimilat es 

2 . 4. 3 . 4  Metabolism of Pyruvat e 

As with acet at e , several alt ernative pathways a re available  

for the metabolism of  pyruvat e depending upon the organism , the  

environment and the  phase of growth (Weissner 1970 ) .  

The ability of Chromatium D t o  convert pyruvat e into PEP using 
PEP synthetas.e. has . been demonst:tat ed (Buchancn and Evans 1966) . In 
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�· rubrurn, PEP may be  used to  form org� 1 ic acids as precursors to 

amino acids (Evans et al 1966 ) or, under conditions favouring the 

accumulation of storage compounds ,  it may be used in the synthesi s 

of  polysaccharides ( Stani er et al 1959 ) . Simi lar reactions could be  

expected for the  Chromat iaceae. 
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Under autotrophic conditions , a supply of acetyl CoA must be 
generated to allow the glyoxylate cycle to fQ�ction (Truper 1964 ) . 
Essential aminoacids may then be formed.  The decarboxylation of 
pyruvate via the pho sphoroclastic reaction allows the generation of 
acetyl CoA Q�der such conditions (Ee��ett et al 1964 ,  Eennett a�d 
Fuller 1964 , Eucha�a� and Arnon 1965 , Euchana� et al 1964 ) . In this 
reaction either acetyl phosphate or acetyl CoA may be formed (Racker 
1 965 ) with the latter compoQ�d being L� the probable product Chromatium 
(Eucha�a� et al 1964 ) . The reaction , which is shown below , is  catalysed 
by pyruvate synthetase (Eva�s and Eucha�a� 1965) . 

Pyruva t.e + CoASH �=:::::::::: 
+Ferridoxin 

OX 

Acetyl CoA +C0
2 

+ Ferridoxin 
d re 

The importanc e of this react ion in the metabolism of organic 

compounds is shown in Fig. 2 . 5  and r einforc ed by the following 

observations 

( i ). The incorporation of ac etat e carbon into cell polysaccharide 

requi res co2 • The incorporation of acetate  into PHB do es not 

( Stanier et al 1959 ) . 

( ii ) The conversion of stored PHB into polysaccharides and 

nitrogenous constituent s requires C02 ( Stani er et al 1959 ) . 

( iii ) Lab elling experiment s with g. rubrum grown on acetat e 

indicated that the addition of co2 to ac etat e  to yi eld pyruvat e was 

an important st ep in amino acid formation (Cutinelli et al l95la, b ) . 
' 

( iv) Such a reaction explains the ability of  Chromatium to  

convert stored c arbohydrat e to PHB and C02 under anaerobic  condit ions 

in the dark (Van Germerden l968b) . This  t ransformation i s  import ant 

as it allows the c ell  to generat e energy by substrat e  phosphorylation 
under those conditions where photosynthetic energy is not available .  



This  wil l  be  considered in the following section . 

2 . 4 . 3 . 5  Anaerobic Dark Metabolism 

The exist enc e of a maint enanc e metabolism under dark/anaerobic 

conditions was first examined by Gaffron ( 1933,  1935 ) who c oncluded 

that an oxidation of a reserve mat erial coupled to a reduction of  

sulphat e to sulphide occurred . Subsequent research (Roelofsen 1935 ,  

Van Niel  1936 ) fai l ed to  d emonstrat e such a sulphat e reduct ion and 

Van Ni el ( 1936) indicat ed that sulphur was the precursor of sulphide. 

Thi s  observation has been confirmed for Chromatium D (Hendley 1955 ) ,  

�· okenii ( Truper and Schlegel 1964) and Thiocapsa roseopersicina 

( Truper and Pfennig 1966 ) .  In addition to sulphide ,  Chromatium D 

formed varying proportions of ac etate  and· C02 under these conditions 

(Hendl ey 1955) . Also , �· okenii grown photo-het erotrophical ly on 

ac etat e  and containing PHB granul es, produc ed l ess sulphide under 

dark anaerobic condit ions than c ells  grown photoautotrophically on 

sulphide ( Truper and Schl egel 1964) . 

To explain these observat ions it has been postulat ed that under 

anaerobic condit ions in the dark, el emental sulphur acts  as an 

el ect ron acceptor in the conversion of storage polysaccharide to 

PHB and C02 as shown by the following equations (Van Germerden 

l968b) : 

(c6H10o5 )n  + nH20 

3nS + 6nLHJ 

6nL"HJ ---- ( 1 )  

--- ( 2 )  

The degradat ion o f  polypaccharide via the Embden-Meyerhoff-

Parnas pathway to PHB vi a acetyl CoA ( see Fig 2. 5) yields 2 moles of ATP 

per mol e  of glycosyl residue degraded. This  energy would then b e  

available  t o  maintain the cell  structure under condit ions unsuit abl e 

for photosynthesis .  

With Chromatium strain 6412 used to  verify thi s �othesis no 

acetat e  production was det ect ed (Van Germerden l968b) .  However, 
two mol es of C02 were produc ed per mol e  of glycosyl residue degraded ,  

demonstrating that some organic matter may be  ultimat ely stabili s ed 

by this means . 



Subsequently, it has been report ed that Ectothiorhodospi ra 

shaposhnikovii (Kondrat ' eva 197 4)  and Thiocapsa roseopersicina 

strain BBS (Bogarov 1974, Krasil ' nikova et al 1975) are capable 

of growing, rather than maintaining themselves , under anaerobic 

conditions in the dark . With T.  ro seopersicina strain BBS 

significant growth only occurred with glucose as a substrat e  

(Krasil ' nikova et al 1975 ) .  Small quantities of pyruvat e accumulat ed 

in the medium . Thi s  st rain of T .  roseopersicina lacks the enzymes 

required for the phosphoroclast ic c leavage of pyruvat e (Krasi l ' nikova 

and Kondrat ' eva 1974)  and is therefore incapable of coverting pyruvat e 

to ac etyl CoA by thi s path. 

Thus , although Chromatium st rain 6412 does not produc e organic 

compounds under anaerobic conditions in the dark, other genera may 

do so . The implicat ions of such a metabolism for a lagoon . . syst em 

are that whereas co2 evolution may be  considered beneficial ,  the 

production of sulphide and organic acid.s are d etrimental as they 

will result in an increased BOD and COD .  

2 .4 . 3 . 6  Aerobic Metabolism 

The effluent from an anaerobic photosynthetic lagoon is  highly 

coloured and, under most circurnstanc es , wil l .require further t reatment . 

Algal lagoons are the most practical method of decolourisat ion and the 

effect of oxygen on the metabol i sm of the Chromatiaceae is therefore, 

worthy of further consideration. 

The Chromatiac eae were originally believed to be strict anaerobes, 

requiring both l ight and absenc e of oxygen for growth (Van Niel 1931 , 

1936 ) .  Some spec i es have been shown to be  negatively aerotactic 

(Kondrat ' eva 1965 ) , and this plays an important rol e  in det ermining 

the distribution of these bact eria in nature ( see Section 2 . 5 . 2 . 3) . 

Chromatiurn vinosurn strains ( Asarni and Akazawa l975a1 Breuker 

1964, Hurlbert 19 67, Smith and Lasc ell es 1966 ) oxidise  .reduc ed sulphur 

compounds and fix co2 under aerobic  conditions . However, oxygen 

partially inhibit s the oxidat ion of  intrac ellular sulphur and the 
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metaboli sm• of pyruvat e by Chromatium D (Hurlbert 1967 ) .  Oxygen also 
affect ed the patt ern of acetat e  assimilation in this bact erium. 

Under aerobic conditions PHB was the major product wh ereas in an 

anaerobic envi ronment the acetat e  was more evenly distribut ed 

throughout the c ell fractions . 

Although , in the presenc e of oxygen, Chromatium D can maintain 

it s viability1 mot i lity and ability to metabolise both organic and 

inorganic compounds ,  it i s  unable to grow at a significant rat e 

( Gibson 1967 , Hurlbert 1967 ) .  No definite physiological explanation 

has been formulat ed to account for this inability. 

Under aerobic conditions in the light , autotrophically grown 

c ells  of Chromatium D exhibit a prototype of photorespiration (Asami 

and Akazawa 1974) . Glycolic acid is excret ed. The phenomenon i s  

similar t o  the Warburg effect (Warburg 1920 ) demonstrat ed by green 

plant s and algae under a high partial pressure of oxygen and a low 

C02 partial pressure ( Tolbert et al 1967 , Jackson and Volk 1970 ) .  

No glycolate  i s  produced under anaerobic conditions ( Asami and Akazawa 

l975a) . The path o f  glycolat e  ferment ation has yet to be fully 

elucidat ed, although int ermediat es of the r eductive pentose phosphat e 

cycle  are beli eved to  be  involved (Asami and Akazawa l975b , Lorimer 

et al 1976 ) .  

Althoug� the aerobic met abolism of Chromatium D i s  typical of 

most Chromatiaceae , some spec i es exhibit growth under aerobic 

conditions (Kondrat ' eva et al l976a) . Thiocapsa roseopersicina 

(Kondrat ' eva et al 1975,  Kondrat ' eva et al l976b ,  Petushkova and 

Ivanovskii 1976, Pfennig and Truper 1974) and Amoebobacter roseus 

(Gorlenko 1974 ) are capable of chemoautotrophic growth wi�h sulphide, 

sulphur or thiosulphat e as subst rat es .  Ebtothiorhodospira 

shaposhnikovii i s  c apable  of growth on the above sulphur compounds 

if simple organic acids ( e. g. ac et at e, pyruvat e) are present 

( Kondrat ' eva et al l976b ) . 

Of these organisms, !• roseopersicina has rec eived the most 

study. Under these growth conditions the reduced sulphur compounds 

act as electron donors for aerobic respiration (Kondrat ' eva et al 
l976b ,  Petuskova and Ivanovskii 1976)  generating suffici ent energy 
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for growth . C arbon dioxide assimilation proc eeds primarily vi a 

the reductive p entose phosphat e cyc le  (Kondrat ' eva 1975, l976a) . 

1· roseopersicinia therefore exhibits  an anaerobic/light 

phototrophic metabolism and an aerobic chemoautotrophic metabolism. 

Although the l at t er conditions are l ess favourable for growth 

(Kondrat ' eva et al 1976a) , such a metabolism may be important for 

the survival of  these bact eria in the absenc e of light and 

uti lisabl e organic compounds . It also impli es these bact eria 

would be  capable  of growth in an aerobic lagoon provided suitable  

reduced sulphur compounds were present . 

2 . 4 . 4 Conclusions : 

It is important to det ermine the fat e of  the sulphur and 

carbon compounds in any wast e treatment process .  

It has been shown that all Chromatiaceae are capable  of 

di ssimi latory sulphide oxidation, with sulphat e being the final 

oxidation product . The m etabolic reactions for such pathways have 

yet to be fully elucidat ed. 

Tre carbon metabolism is  more complex .  As photosynthetic 

organi sms, the Chromatiac eae may be expect ed to increase the BOD 

of the effluent due to co2 fixation. Carbon dioxide is  photo

assimi lated primari ly through the reductive pentos e  phosphat e cycl e  

in  which RuDP carboxylase i s  a key enzyme� However, RuDP carboxylase 

i s  partially inhibit ed by low mol ecular weight organic compounds 

such as those  found in anaerobic lagoons . Under these conditions , 

co2 fixation via this cycl e  will be  impaired and the Chromati ac eae 

wil l  exhibit a mixotrophic metabolism. 

Organic matt er may then be  stabilised by various co2- evolving 

reactions. However the Chromatiac eae do not possess a complet e 

complement of  TCA cycle  enzymes and cannot perform the decarboxylation 

reactions as-soci at ed with thi s cyc l e. The glyoxylat e  cycle ,  which 

does not involve any decarboxylations , is the major means of generating 

essential metabol ic int ermediates .  

29 



However, co2 may be  evolved by other reactions . The most 

important of these i s  the phosphoroclastic c leavage of pyruvat e 

to yi eld ac etyl CoA. Thi s  i s  a key reaction in the conversion of 

storage polysaccharide to PHB under anaerobic conditions in the 

dark with 2 moles of C02 being produc ed per mole  of glycosyl 

residue degraded . Thus , alt ernation of light and dark plays an 

important ro le  in the stabili sation of organic compounds by the 

Chromatiac eae under anaerobic condit ions . 

2 . 5  THE ECOLOGY OF THE PHOTOTROPHIC BACTERIA. 

2 . 5 . 1 Introduction: 

Two groups of organi sms may be considered to be mast ers of 

the anaerobic environment . Both operat e at the end of a seri es 

of anaerobic respi ratory and fermentative activities and 

effectively recyc l e  met abolic end-product s  which would otherwi se 

accumulat e (Pfennig 1967 ) .  

Firstly, the Methanobact eriac eae use co2 as a hydrogen 

acceptor for their metabolism of highly reduc ed compounds (Bryant 

1974) . 

Secondly, the photot rophic bacteria metabolise reduc ed sulphur 

compounds and simpl e organic compounds. Because these bact eria 

obt ain much of their energy under anaerobic conditions in the 

light by photophosphorylation, they function more effici ently .than 

the Methanobacteri ac eae . 

The natural eco logical niches of the phototrophic bact eria 

are defined by their major met abolic r equirement s. Therefore, they 

thrive in anaerobic environment s exposed to the light ," with typic al 

ha�tat s  being st rati fi ed lakes , stagnant ponds and wast e t reatment 

lagoons . In any given niche, many environment al factors are 

important in sel ecting for the various families ,  genera and speci es 

of the Rhodospiril lales . By examining the physiological requirement s 
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Figure 2 . 6 : The Two Patterns of  Vert ical Distribution of  Phototrophic Sulphur 
Bacteria in Lake s (Reproduced from Takahashi and Ichirnura 1 9 70 ) . 
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of the bact erial types occurring in their different locations an 

understanding of  these environmental paramet ers may be obtained 

and a knowledge of  the occurrenc e, and the rol e , of Chromati ac eae 

in lagoon syst ems may be gained . 

2 . 5 . 2 Phototrophic Bact eria in Lakes : 

Large numbers of photot ro phic bact eri a f requently inhabit 

the chemocline of  lakes. They form st able  populations in meromictic 

lakes (Pfennig 1967 ) but normal ly only occur in holomict ic lakes 

during the summer stratification (Takahashi and Ichimura 1970 ) .  

The patt erns of vert ical di stribution may be  differentiat ed 

(Fig. 2 . 6 )  (T�ahasi and Ichimura 1970 ) .  

Patt ern I i s  charact eristic of holomictic lakes and shows an 

increase in bact erial numbers with depth early in the summer 

stagnat ion. Collins ( 1960 ) has outlined the microbial event s 

occurring during this period. They are as follows . 

Aft er stratification, the activity of the facultatively aerobic 

organisms in the mud reduc es the oxygen t ension allowing the sulphat e 

reducing bact eria to become active. The resulting sulphide diffuses 

into the overlying wat er creating an anaerobic  zone suitabl e for the 

growth of many anaerobic phototrophic bact eri a. 

As the st agnation -proceeds , the zone of anaerobiosi s ,  and the 

associated phototrophic bact eria, ext end further into the overlying 

wat er until a di st ribution approximating that of patt ern II reveals 

itself.  

In the autumn, the lake ' s  cont ent s become thoroughly mixed 

and these microbial zones are di spersed.  

Patt ern II  i s  charact erist ic of meromictic lakes and the 

predominant biomass is restricted to a narrow layer between the 

oxidat ive and reductive zones . Because of the st ability of  these 
z ones in such lakes , patt ern II has been more commonly recorded 
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( Caldwel l  and Ti edj e 1975 , Culver and Brunskil l  i969 , Genovese 

1963, Hutchinson 1957 7 Ruttner 1963 ) .  

Caldwell and Ti edj e ' s  ( l975b) detailed study of two meromictic 

l akes reveal ed two dist inct communit i es in the upper l ayers of 

the hypol imnion. The l ayer nearest the surfac e was turbid, red 

and cont ained Chromatiac eae whi l e  the layer immediat ely below 

contained Chlorobiaceae. Microstratification of various g enera 

occurred within each of these communit i es ( Tabl e  2 . 3) . Popul ations 

of Rhodo spiril lac eae have been occasional ly report ed as overlying 

the purple  and green sulphur bact eria (Collins 1960 , Pfennig 1967 ) . 

Significant seasonal fluctuations are observed in the numbers 

of phototrophic bact eria in such plat el ets .  Maximum populations 

occur in the l at e  summer (Culver and Brunskil l  1969 , Takahashi and 

Ichimura 1970 ) . 

As the light int ensity and the concentrations of sulphide, 

oxygen and organic compounds vary significantly across the chemocl ine, 

it i s  apparent that the selection of various genera of photot rophic 

bact eria at different l evels within a lake is  governed by these four, 

and possibly other, variables. These variabl es wil l  now be  

considered in  detai l .  

2 . 5 . 2 . 1 The Effect o f  Sulphide :  

The sulphide tol erance of the  phototrophic  bact eria vari es 

widely. The Chlorobi ac eae tol erat e the highest sulphide conc entra

t ions of 128 256 mg/1 whil e  the Chromatiaceae withstand 

conc entrat ions of  26 - 1 28 mg/1 and the Rhodospirillaceae 13 - 64 mg/1 

( Pfennig 1975 ) . Higher toleranc es have been report ed with growth of 

Chromat ium spp . observed at 700 - 900 mg/1 (Yakol eva �d Novozhilova 

1969 , Lopanit syna and Novozhilova 1969 ) .  

The observed stratification of these famili es of bact eria in 

lakes may be explained partly by thei r varying tol erance to sulphide • 
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TABLE 2 . 3  

Microstratificat ion o f  Photot rophic Bact eria in Two Meromictic Lakes in Michigan, U . S . A. (C aldwell and Ti ed je  1975 b) . 

- Burke Lake Wint ergreen Lake 

Family Depth ( m ) Organism % of Population Depth( m) Organism 

8 . 5  Thiospirillum 50 2 . 6-3 . 5  Thiopedia 

Chromatiac eae 8 . 6  Chromatium 4 3 . 3-3 . 5  Thiocystis 

8 . 7-9 · 0  Thioc;ysti s  40 

9 . 0-9 . 1  Pelodict;yon 50* Prosthecochlori s 
Chlorobiac eae 3 . 3-5 . 5  

9 . 0-9 . 5  Chlorochromatium 35* C lathrochlori s 
--� 

* estimat ed from the authors 1 data. 

% of Population 

90% 

4% 

80% 

8% 

VJ VJ 



The sulphide conc ent ration is  also capable  of sel ecting 

different genera and species within a fami ly. In a continuous mixed 

culture of Chromatium and Thiocysti s ,  Chromatium exhibit ed the fast er 

growth rat e at low sulphide concentrations whi le Thiocysti s  predominat ed 

numerical ly at higher conc entrat ions (Van Germerden and Jannasch 197 1 ,  

Veldkamp and Jannasch 197 2 ) . 

Those o rgani sms cont aining gas vacuol es app ear to have a 

selective advantage at low sulphide conc entrations (Pfennig 1975 ) . 

Ex:amples among the Chromatiaceae are Lamprocystis, Thiodictyon and 

Thiopedia. 

Also various Rhodospirillac eae , notably Rhodopseudomonas 

sulphidophila and Rps . capsulat a, are capable  of growing at sulphide 

concentrations tolerat ed by the Chromatiac eae . 

2 . 5 . 2 . 2 The Effect of Light Int ensity: 

The light int ensity is important in sel ecting the genera which 

predominat e in any niche. The moti l e  phototrophic bact eria exhibit 

a positive phobophototaxis .  Kondrat ' eva ( 1965 ) provides a revi ew of 

this sub j ect . This  characteri stic  allows these bact eria to  grow in 

the maximum light int ensity within the restrictions imposed by other _ 
paramet ers . 

The in vivo absorption of the various bact eriochlorophyll s  in 

the near infra-red is also ecologically significant as photosynthetic 

eucaryotes do not absorb significantly at these wavel engths ( Stani er 

and Cohen-Bazire 1957 ) . Photot rophic bact eria may therefore grow 

under l�ers of algae (Naguib 1959 ) or aquatic  plants such as Lemna 

(Kaiser 1966 ) . 

However, near infra-red l ight is  absorbed very strongly in 

pure wat er whil e  blue and blue-green light (450-550 nm) penetrat es 

t o  the great est depths (Wetzel 1975 ,  Jerlov 1951 ) . C onsequently, 

in deep, c lear environment s such as cl ear l akes where plat es of 
phototrophic bact eria have been found at depths of up to 50m (Ruttner 
1963 ) , the photosynthetic rol e  of the carot enoids becomes important . 
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These pigment s sel ectively absorb in the blue and blue-green regi ons 

of the spect rum ( St ani er and Cohen-Bazire 1957 ) and their photosynthetic 

effici ency vari es from 98% to 30-40% depending upon the bact eria 

(Go edheer 1959 ) . Thus , carotenoid-rich speci es oft en inhabit regions 

of lakes (Pfennig 1967 , Truper and Genovese 1968 ) .  

I n  w at er cont aining dissolved and particulate  organic matt er, 

the light absor,ption pattern changes markedly. Although the absorpt ion 

by particulat e  matter is virtually independent of wavelength, dissolved 

organic matt er absorbs  selectively at wavelengths less than 600 nm 

(Wetzel 1975 ) . C arat enoid.-rich organisms possess few advantages 

under such situations and would therefo re not be expect ed to be 

dominant in wast e t reatment syst ems .  

The rat e of oxidation of  sulphide is  light dependent up t o  a 

critical int ensity ( Truper and Schl egel 1964) . Beyond this int ensity 

light saturation occurs and substrat e removal is strictly dependent 

upon the density of the bact erial suspension. The value at which 

light saturation occurs is  dependent upon the organism and it s 

environment (Truper and Schlegel 1964, Lippert and Pfennig 1969 , 

Shaposhnikov et al 1961 ,  Takahashi and Ichimura 1970 ) .  For Chromatium 

grown in artificial culture a value of 2 , 000 lux is commonly report ed 

(Takahashi and Ichimura 1970 , Truper and Schl egel 1964) . 

Also the bact eriochlorophyll cont ent of the cells and their 

photo synthetic effici ency is inversely proportional to the light 

int ensity. (Full er et al 1963,  Takahashi et al 1972 ) . This  appears 

to b e  a natural response to allow growth under poorly il luminat ed 

conditions . 

Various light intensiti es ,  in conjunction with other variables ,  

have been used to favour the growth of different Chromatiaceae by 

selective enrichment techniques (Van Niel 197 1 ) . 

The duration of  the photoperiod i s  also important in selecting 

the dominant organism. With int ermitt ent light/dark i lluminatio� 
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Chromatium vinosurn SMG 185 and Chromatium weissei SMG 171  showed a 

bal anced co-exi st enc e when grown in continuous c ulture. The st eady 

stat e  abundanc e of  C .  vinosum was positively correlat ed with the 

l ength of the light period and that of C .  weissei to the l ength of 

the dark period (Van Germerden 1974) . 

2 . 5 . 2 . 3  The Effect of Oxygen : 

The di ssolved oxygen conc entrat ion plays an important rol e  in 

det ermining the phototrophic bact eria present in aDy niche .  

Many Rhodospirillaceae exhibit an aerobic metabolism ( Pfennig 

and Truper 1974) while ,  of the Chromatiaceae only Thiocapsa roseoper

sicina ( Pfennig and Truper 1974, Kondrat ' eva et al 1975,  Kondrat ' eva 

et al l976a) and Amo ebobacter ro seus (Gorl enko 1974) are capable  of 

growth in the presenc e of oxygen. The Chlorobiaceae are st rict 

anaerobes ( Pfennig and Truper 1974) . 

Under poorly i lluminat ed conditions, the motile  Rhodo spiril laceae 

exhibit a positive aerotaxis. Thi s  response becomes negative under 

high light int ensities ( C layton 1958 ) .  Such action ensures that 

these organi sms maintain themselves within the optimum environment 

availabl e for growth. 

The strictly anaerobic phototro phic bact eria only exhibit a 

negative aerotaxis (Kondrat ' eva 1965 ) .  

2 . 5 . 2 . 4  The Effect of Organic Compounds : 

The effect of organic compounds in sel ect ing organisms is  more 

difficult to asc ertain than the three previous paramet ers . 

Numerous o rganic compounds are uti lised by the phototrophic 

bact eria and a vari ety o f  metabo lic pathways are available  for 

t ransformation of these molecul es. These topics  have been di scussed 

in Section 2 . 4 . 3. 2 . However, these data have been obtained from 

pure culture studi es in synthetic  medium and there i s  a dearth of 
i nformation on the selective rol e  of  organic compounds in a natural 
environment . 
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2 . 5 . 3  Phototrophic Bact eria in Ponds : 

The photot rophic b act eria are widespread in st agnant ponds. 

In a survey of 37 ponds and canal s ,  Kaiser ( 1966 ) demonst rat ed 

Chlorobiac eae , Chromatiac eae and Rhodospirillac eae were present in 

vi rtually every pond sampled even if there was no visibl e evidenc e 

of their presenc e. Blooms of these bact eria only occurred in the 

more pollut ed environment s and, under these situations , the 

Chromatiac eae and the Chlorobiac eae predominat ed . Growth of the 

Chlorobiac eae was favoured by slightly acid conditions , whi l e  the 

Chromat iac eae preferred slightly alkaline conditions. 

Chromat iaceae have al so been shown to occur under a cover of 

Lemna in a 20 cm deep pond ( Schlegel and Pfennig 1961 ) .  Although 

these bact eria are present throughout the year they regularly bloom 

from April to July . A succ ession of species has been not ed, with 

the Chromatium okenii initially being dominant . As the sulphide 

conc ent rat ion is reduc ed this o rgani sm is replac ed by Thiospirillum 

jenense.  

Large populations of Thiopedia  have been found covering the mud 

surfac e of shal low marl ponds (Hirsch 1969 ) .  

The rol e  of the phototrophic bact eria in ponds i s  similar to 

that in lakes, recycling fermentation end-product s and reduced 

sulphur compounds . 

2 . 5 . 4 . Phototrophic Bacteria in Wast e Treatment Lagoons . 

2 . 5 . 4 . 1 Introduction : 

The presence of phototrophic bact eria in facultative or anaerobic 

wast e t reatment lagoons has quit e frequently been observed as the  red 

colour produc ed is  quite  striking .  However, few det ailed studi es have 

been made of this phenomenon. 

37 



Table  2. 4 outlines some of these studies and indicat es that 

the Chromatiac eae are the most common family of photot rophic bact eria 

occurring in such lagoons . 

2 . 5 . 4 . 2 Common Genera of the Chromatiac eae in Lagoons : 

Chromatium and Thiocapsa are the most common genera of the 

Chromatiac eae observed in wast e t reatment lagoons . 

Table 2 . 4  impli es that Thiopedia i s  also a common genus . It is 

b eli eved that in  some circumstanc es Thiocapsa has been misidentifi ed 

as Thiopedia. The primary reason for this error is  the desc ript ion 

of Thiopedia given by the definitive t ext s of the time ,  Breed et al 

( 1957 ) and Skerman ( 1967 ) . Insuffici ent emphasis was plac ed on the 

presenc e of the readily observable  gas vacuol es in the c ells  of 

Thiopedia. The more rec ent classification of Pfennig and Truper 

( 1974) has clarifi ed the differenc es b etween Thiocapsa and Thiopedi a. 

The probability of such a mi s-identification i s  reinforc ed by 

studying the photo-micrographs of Green ( 1966 ) and May and Stahl 

( 1967 ) .  No gas vacuol es are apparent and , on morphological grounds ,  

the  organism i s  probably Thiocapsa. 

However, C ooper ' s  ( 1963) photo-micrograph of b act eria from a 

lagoon t reating rendering plant wast es does t end to confirm his 

identification of Thiopedi a. 

Sletten and Singer ( 1971 )  report ed observing Rhodothec e in 

three lagoons t reating pig, poultry and feed lot wast es respectively. 

The organism was desc ribed as b eing unic ellular ,  spherical , occurring 

singly, in pairs or in short chains . It was non-motile .  Breed et al 

( 1957 ) and Skerman ( 1967 ) stat e  that Rhodothece contain gas vacuoles .  

Pfennig and Truper ( 1974) do  not recognise Rhodothec e _as a genus, 

classifying such organisms as Amo ebobact er which al so contains gas 

vacuoles.  

It i s  therefore most likely that the bact eria described by 

S l etten and Singer belong to the genus Thiocapsa. 
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TABLE 2 .4 

Summary of  Data on the Observation of Chromatiaceae in Lagoons . 

BOD Lagoon Dimensions Hydraulic BOD Perm a-
1!llC3:11liP l e loading Effluent Ret ent ion Removal Dominant nent - (kg/ha. d )  Area( ha) Depth (m)  Time (days ) (%) No . Location Treat ed genus ** Bloom 

1 Melbourne, Aust . 1850 Sewage 3 . 76 1 . 35 3 . 8  81 Chromatium No 
2 California, U . S . A. 644 Poultry Wast e 0 .  30 1 .  70 infinity - Thioc;ysti s  Yes 

3 Melbourne, Aust . 334 Elcample . l  4.00 1 . 57 4 · 7 54 Chromat ium No 
effluent 

4 North Dakota, U . S . A. 270* Sewage and 28 . 3  l-1 . 5 - - Chromatium No 
Potato Wast es ThiocaEsa 

5 California, U . S . A. 255 Rendering o. 23 2. 1 160 88 ThioEedia No 

6 Mo erewa, N . Z .  170 Fellmongery 2. 2 1 .  74 lOO 75 Thioc aEsa Yes 

7 C alifornia, U . S . A. 60 Petroleum 58 . 3  1 . 4  9-45 39 Chromatium No 

8 Washington Stat e , U. S . A. - Rat Wast es 0 . 025 o .  70 - - ThioEedia No 
Chromatium 

* The potato  season last s from Sept emb er to June and the wast es produc ed result in the loading quoted .  
During the rest · of the  year the loading averages 17 kg BOD/ha. d .  

** The generic names are those  used by the original authors . 

Referenc e Key : l .  Cooper et al ( 1975)  
2. Cooper ( 1963) 
3 .  Cooper et al ( 1965 ) 

4 .  Fi l lipi and Vennes ( 1971)  
5 .  Green ( 1966 ) 
6 .  Holm and Vennes ( 1970 ) 

7 •  May and Stahl ( 1967 ) 
8 .  Parker ( 1962) 
9· Stahl and May ( 1967 ) 

Refer-
enc e 

8 

3 

8 

4 , 6 

3 

l 

2 , 3 

5 , 7 , 9  

VJ 
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The confusion of such classification during the 1960 ' s  i s  

typifi ed by Pfennig ' s  ( 1967) reidentification o f  Hurlbert - and 

Lasc ell es ( 1963 ) Thiopedia as Thiocapsa. 

2 . 5 . 4. 3  The Occurrenc e of Chromatiaceae in Lagoor1s : 

The Chromat iac eae become the dominant population in a wide 

vari ety of  wast es t reat ed by anaerobic lagooning. Some of these 

effluent s possess no obvious properties which select for these 

organi sms .  Under these circumstanc es, physical and environment al 

paramet ers must favour their growth. Some such treatment syst ems will  

now be  considered .  

In Washington State , U . S . A. , a lagoon syst em treating rat wast es 

was studi ed ( Green 1966, May and St ahl 1967 , Stahl and May 1967 ) .  

The second of three lagoons contained a seasonal bloom of "Thiopedia" . 

The rapid growth o f  this bact eria was associated with increasing 

lagoon t emperature and the maximum number of 109 cells/ml was 

obtained at the end of July and the beginning of August . A slight 

decrease in BOD was observed with the onset of the bloom (Green 1 966) . 

Neel ( 1963 ) identifi ed Chromatiaceae in a lagoon syst em treating 

milk wast es. ,Chromatium and Thiospirillum were dominant during the 

spring while  Thiopedia and many unidentified rods and spiri lla were 

prevalent in the autumn. 

In Melbourne,  Australia, Chromatium spp . were identifi ed in 

heavily loaded lagoons treating domestic sewage (Parker 1962 ) . During 

the summer months they were the dominant population in the first two 

lagoons in a seri es of eight . Populations of 7 x 103 c el l s/ml and 

7 . 1  x 106 c ells/ml were observed in the first and second lagoons 

respect ively . Concomitant BOD removals were 81% and 54% 

C ertain effil..uent s. · do, . .. .however, appear to be selective for the 

growth o f  Chromat i ac eae. For example,  the anaerobic lagoon treatment 

of effluents containing a significant l evel of  sulphat es can result in 

these organisms cont ributing subst antially to  the lagoon population. 
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Espino and Gloyna ( 1967 )  studi ed sulphide production in a pilot 

scal e lagoon and demonst rat ed that the lagoon ' s  sulphide conc entra

tion was direct ly proportional to the influent sulphat e concent ration. 

The presenc e of  reduc ed sulphur compounds in the influent could be 

expect ed to affect the model developed .  Chromatium spp. predominat ed 

in this lagoon. 

A seri es of studi es ( Hovious et al 1973) indicated that a 0 . 7m 

deep lagoon loaded at 14-16 kg COD/ha. d t reat ing petrochemical wast es 

cont aining a high concentration of  ac etic acid could tol erat e as much 

I 2-as 4 , 000 mg l S04 without inhibitory concentrat ions of sulphide 

being produc ed . Such lagoons cont ained well developed populat ions of 

Chromatium and possessed a significant profile of sulphides ranging 

from 10 mg/1 at the surfac e to 150 mg/1 at the sludge int erface .  

Samples were incubat ed i n  these lagoons under ambi ent , diurnal 

light and t emperature conditions . Near the surface the photot rophic 

bact eria were act ive with significant removals of COD ,  volatile  acids 

and sulphide occurring. Bottles incubat ed at a depth of 0 . 915  m 

showed no signifi cant differenc e between light and dark samples .  

Light transmission was presumed to be  insuffici ent for photosynthetic 

activity at thi s depth .  

Cooper and eo-workers ( 1963 ,  1965) report ed on a pet roleum 

refinery lagoon which originally contained Euglena as the dominant 

organi sm and poss essed a l iquor D . O .  of 6-10 mg/1 . The addition of 

a wast e stream containing sulphonat es rapidly affect ed the flora of 
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the lagoon. I t  shortly turned bright pink and a microscopic examinat ion 

revealed the presenc e of Chromatium spp. The average BOD loading in 

thi s lagoon was 5 . 8  g BOD/m2 . d .  

Over a p eriod o f  2 3  weeks the number of Chromatiaceae ranged 

from 1 x 104 c ells/ml to 1 . 5  x 107 c ells/ml . 

A Chromat i ac eae count 

lagoon appearing pink.  An 

a Chromatiaceae count l ess  

in exc ess of 106 cells/ml result ed in the 

algae count great er than 104 c el l s/ml and 
6 than 10 c ell s/ml result ed in the lagoon 

app earing green. The former conditions were associat ed with BOD 

loadings higher than average and the latter with below average loadings .  



Cooper et al ( 1975)  describe a lagoon loaded at an average of  

17 . 0gBOD/m2 . d  t reating sett led fellmongery effluent . The lagoon '· 
influent contained approximat ely 95 mg/1 sulphide and a pH of 12 . 5 .  

When the lagoon was first commissioned, i n  the off-season of 1972 ,  

it was lightly loaded and colonis ed by Chlamydomonas and a diatom 

similar to Est erionella. 

Once loaded with fellmongery effluent the lagoon turned red 

with patches of green algae and, aft er two months , was a brilliant 

red. Little odour was evident at thi s time and the dominant organism 

was identifi ed as Thiocapsa ro seopersicina at a l evel of 3 .4  x 107 

c el l s/ml . 

Chromatiaceae also occur in the anaerobic zones of facultative 

lagoons ( Green et al 1963) and their appearanc e as the dominant 

population in such lagoons has b een associat ed with seasonal fluctua

tions in the algal populat ion and lagoon overloading ( Brockett 1975 ) . 

Thus , the Chromatiac eae occur in lagoons treating a vari ety of 

wast es . In some situations they form a stable  dominant populat ion 

and, in others,  their pre-eminenc e is  of a more transient nature. In 

thi s thesis (Chapt er 4) a theory will be developed to account for the 

occurrenc e of these bact eria in different lagoon syst ems . 

2 . 5 . 4. 4  The Effect of  Chromatiac eae on Effluent Quality :  

As outlined in Section 2 . 4. 2 . 2 . , the Chromatiac eae are capabl e 

of metabolising low mol ecular weight organic acids . This is  

essentially a direct assimilation of organic carbon into cell mat erial .  

Thi s  characterist ic associat ed with their abi lity to fix C02 indicat es 

that the growth of these o rgani sms could be det rimental to the quality 

of the lagoon ' s  effluent . 
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Green ( 1966) has st at ed that although the Chromatiaceae are 

significant in reducing odours ,  their presenc e is d etrimental to the 

t reatment capability of lagoons . These conclusions were based primarily 

on data  obtained from the growth of pure cultures of Chromatium and 

"Thiopedia" in a synthetic wast e medium. However, in the lagoon 

situation, · no increase in BOD was evident during the period of the 

bloom of "Thiopedia" . 



Neel ( 1963 )  not ed a decrease in BOD and coliform removal s when 

the Chromatiaceae were dominant in a lagoon t reating milk wast es. 

Whi l e  the purpl e sulphur bact eria were preval ent the BOD removal was 

75% and the col iform removal was 96%. When algae predominat ed, the 

removals were 9 2% and 99 - 99% respectively . 

Other authors have not ed a decrease in BOD during blooms of 

Chromatiaceae. Vennes. · and eo-workers (Fillipi and Vennes 1971 ,  

Holm 1 969 , Holm and Vennes 1970 , Ols en et al 1968 ) observed a 

rapid decrease in BOD from 700-1000 mg/1 to lOO mg/1 while Thiocapsa 

and Chromatium were preval ent in a lagoon t reating sewage and potato 

processing effluent . 

Cooper and eo-workers ( 1963 , 1965 ) indicat ed that a lagoon 

t reating petrol eum refinery wast es operat ed more effici ently when 

Chromatiaceae rather than algae , were the dominant population. When 

the lagoon was pink the average BOD removal was 48 . 7% and when green 

it was 26. 5%-

The int erpretation of  the role  of the Chromatiaceae in such 

lagoon syst ems i s  difficult due to the presenc e of mixed populations . 

It i s  l ikely that other organisms, not ably the Methanobact eriac eae, 

st abilise  signific ant amounts of organic mat erial . The effect of the 

Chromatiaceae i s  therefore somewhat difficult to establish .  

2 .6  TRMTMENT OF INDUSTRIAL EFFLUEl�TS CONTAINING 
REDUCED SULPHUR COMPOUNDS . 

Section 2 . 2 . 3 outlined some limitations of the t raditional aerobic 

biological treatment proc esses in t reating reduc ed sulphur effluent s 

and subs equent sections ( 2 . 3 . 2 , 2 .4 . 1 )  indicat ed the ability of  the 

Chromatiaceae to oxidi se sulphur compounds under anaerobic conditions . 

To investigate  the applicability of a t reatment syst em �tilizing these 

o rgani sms,  indust rial sourc es of reduc ed sulphur effluent s and their 

t reatment methods will  be  bri efly considered.  
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Reduc ed sulphur compounds may be an import ant and noxious constituent 

of effluent s from the fol lowing industries : -



( i )  

( i i )  

( i i i )  

( iv) 

(v) 

Chemical pulping of wood ( Kl ein 1959 , Wil son 1960 )  

Pet roleum refineri es ( Beychok 1967,  West on et al 1961 ) 

Gas treatment plants (Hodge 1961 ,  Moyes and Wilkinson 1974) 

Fellmongeri es and Beamhouses (Cooper et al 1975 ) .  

Sulphur dyeing of textiles ( Akhmedov and Garibov 1966 , Beach a�d 
Beach 1956 , Salmon 1976 ) 

(v) Viscose rayon ma�ufacture ( Koziorowski and Kucharski 1972 )  

(vii )  Synthetic phenol manufacture (Wilson 1960 ) 

Due to  the probl ems associ at ed with the di scharge of  sulphur 

bearing effluents ( Section 2 . 2 . 2 ) , adequat e treatment methods are 

essential .  As the effluent charact eristics  vary from one industry t o  

another, each indust ry has developed treatment syst ems t o  suit its  

particular requirement s.  However, the lit erature indicat es a 

predominanc e of physical/chemical syst ems.  This  is primarily due to 

the effect of high sulphide conc entrations on biological treatment 

syst ems ( Section 2 . 2 . 3 ) .  

I n  New Zealand, the most important of these industri es are the 

chemical pulping of wood and fellmongery and beamhouse  proc essing. 

However, in modern pulp mi lls  sulphur compounds are not a 

significant component of  the effluent . In the Kraft process ,  reco very 

of the chemical s  from the spent cooking liquor is an economic nec essity 

(Gurnham et al 1976 )  while  in the sulphit e processes chemical recovery 
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is practised to allow effluent discharge requirement s to b e  met ( Canty et al 

1973 , Scott and Willard 1973 ) . The removal of troubl esome compounds,  

such as sulphides , from the effluent allows conventional biological 

proc esses to b e  used ,  with aerat ed lagoons and activat ed sludge 

syst ems b eing the most favoured ( Johnson 1976 ) .  

Fellmongeri es and beamhouses do discharge substantial quantitiBs 

of sulphides and as few New Zealand processers possess .adequat e wast e 

treatment syst ems ( Mason 1974) , the pot ential for the photosynthetic  

bact erial lagoon treatment of these effluent s will be investigat ed. 

The following section s eeks to describe the processes carri ed out in 

a fellmongery and a beamhouse, to  consider the nature of the effluent s 

produced and to  present bri efly the available t echnology for treating 
such wast ewat ers. 



2 . 7  TREATMENT OF FELLMONGERY AND BEAMHOUSE EFFLUENTS . 

2 . 7 . 1 Depilatory Processes: 

Three stages may be discerned in the processing of animal skins . 

Initially a depilatory proc ess removes the hair or woo l . The skins 

are then conditioned in preparation for the final stage which i s  

t anning. 

Depilation and conditioning of lamb and sheepskins are performed 

in a fellmongery, cattle  hides in  a beamhouse. In N . Z . , fellmongeri es 

are usually att ached to an export meat works and pelt s are oft en 

export ed in a s emi-processed st at e  for subsequent �anning .  This  

di ffers from overseas practice in which fellmongeri es are oft en an 

integral part of a tannery.  

The 38 fel lmongeries in N . Z . , produc e 28-35 million pelts 

annually (Mason 1974,  New Zealand Offical Yearbook 1975)  ranking 

this country the third largest producer of pelts (Aloy et al 1976 ) . 

The 9 beamhouses proc ess approximat ely 200 , 000 c attle hides per 

year (Mason 1976,  New Zealand Offic ial Yearbook 1975) . 

In a fellmongery,  depilat ion i s  commonly accompli shed by 

applying a l ime/sulphide paint to the flesh side of the washed skin. 

During overnight storage, the chemicals  diffuse through the skin and 

the sulphide attacks the disulphide bond of the cystinyl residues of 

keratino These bonds are weakest in  the incomplet ely kerat inised 

wool  root s and their c leavage allows the recovery of the valuable  

wool . This  i s  removed manually the following d�. 

Lime suppli es the alkalinity nec essary for this nucleophilic 

attack by sulphide which occurs only at a pH above 12 (Oldfi eld 1970 ) .  

It also provides the visco sity nec essary for the paint to adhere to  

the skin. 



The depilated p elts are then subj ect ed to a seri es of 

conditioning operations. During liming, overnight agitation in 

a lime/sulphide solution removes any remaining wool , plumps the 

collagen and opens the fibres to allow good penetration of the 

t anning chemical s .  D eliming follows in which the pelts are agitat ed 

in a weak acid solution, usually (NH4) 2so4, NH4C l  or H3Bo3 • Exc ess 

lime is removed from the pelts reducing their pH to a value between 

8 and 9 .  Pancreatic enzymes are us ed in the bating stage to open 

the fibre st ructure more fully and cl eanse the grain of detritus 

loo sened in previous proc esses . Final ly , pickling with NaC l and 

H2so4 preserves the pelts during t ransportation. 

Beamhouses are usually associated with tanneri es . They rec eive 

hides covered with salt and other preservatives (Oldfi eld 1970 ) . 

Soaking removes thes e chemicals  and any attached dirt and blood . 

Hai r  recovery is  uneconomic and i s  not practi sed .  Depilation is  

accompli shed in the l iming stage in one of two ways. The hair 

burning proc ess uses a high sulphide conc entration to total ly 

solubilise the hair.  A lower sulphide concentration is used in the 

hai r saving proc ess which partially degrades the keratin .  Hair can 

then be removed from the effluent by screening, thereby reducing 

the BOD load .  Subsequent proc esses are similar to those practised 

in fellmongeri es .  

2 . 7 . 2  Effluent Charact eristics :  

Effluent s from beamhousep have been more frequent ly charact eri sed 

than those from fellmongeri es . The available  data has been reduc ed 

to a common form to i llust rat e the ext ent to which each proc ess 

contribut es to the total effluent ( Tables 2 . 5. 1 - 2 . 5. 4) .  It i s  

apparent that the l iming effluent dominat�s the characteristics  o f  

the total effluent . 

Soaking produc es a relatively large volume of  moderat ely strong, 

neut ral effluent . It contains blood , soluble prot eins , naphthal ene ,  

NaC l  and Na2co3 (Anonymous 1969 ) .  The liming proc ess yi elds a 

relatively large volume of a st rong alkaline wast e .  This effluent 

contains sulphide , bi sulphide, Ca2+ , dissolved albumin, mucoids , 
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TABLE 2 • .  5 

Compo sition of Fellmongery. and Beamhouse Effluent s : 

Process Contributions as Percentages of Total Load : 

2 .5. 1 Volume 

Reference Volume discharged (v/w %) 

' 
Process l 2 3 4 A Bl 

soaking 43 35 47 37 47 52 

unhairing 54 36 35 42 26 24 

deliming/bating 3 i4. 5 l l .  5 14 18 16 

pickling - 14. 5 6 . 5 7 9 8 

2 .  5 • 2 BOD I cOD 

5 *  

Bl 6 

46 26 

32 37 

15 26 

7 l l  

w w 
BOD ( /w %) COD ( /w %) 

Referenc e 
* 5 7 

Proc ess l 2 3 4 Al A2 Bl B2 6 l , 
soaking 20 26 20 14 30 26 28 29 19 37 

unhairing 76 63 54 78 54 60 56 68 68 50 

deliming/bating 4 4 13 8 l7 14 16 12 6 8 

pickling - · 7 4 - - - - - 7 5 

*A :::. o lder t echnology ( as defi...YJ.ed by USDI 1968 ) 

B = preval ent and newer t echnology ( as defined by USDI 1968 ) 

l = hair saving 

2 = hair burning 

2 

20 

73  

4- 5 

2 . 5 
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TABLE 2 . 5 (cont 'd )  

C omposition of  Fellmongery and Beamhouse Effluent s : 

Process Contributions as Percentages of 'I'o tal Load :  

2 .  5-3  Total Solids 

w/w % 
Referenc e 

* 
5 

Proc ess l 2 3 Al A2 Bl 

soaking 30 22 37 50 40 50 
unhai ring 69 38 45 39 50 40 

deliming/bating l 3 5 7 6 6 

pickling - 37 13 4 4 4 

� s l 2 8 6 

soaking 7 · 45 6 . 1  7 . 2 6 . 2 

B2 

34 

59 

4 

3 

unhairing - 11 . 6  ll . l-12 . 1 l l-12 

deliming/bat ing 6 . 7  8 . 2 8 . 8  8 

pickling - 2 . 4  - 2 . 5  

* 
A = older t echnology ( as defi.."led by USDI 1968 ) 

6 

16 

46 

5 

33 

B preval ent and newer t echnology ( as defined by USDI 1968) 

l hair saving 

2 hair burning 

Referenc e key: 

Referenc e No . Referenc e 

l Riffenberg and Allison ( 19.41 )  
2 Sutherland ( 1947 ) 
3 Masselli et al ( 19 58) 
4 Eckenfelder ( 19 70 )  
5 U . S .D . I . ( 1968 )  
6 D el Pezzo and Simoncini ( 1958 )  
7 Van Vlimmeren and Van Meer ( 1974) 
8 Tomlinson et al ( 1969 ) ' 
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mucopolysaccharides , keratin, dissolved and emulsifi ed fats and 

insolubl e o rganic and ino rganic compounds (Cooper et al 1974 ) . 

Del iming and bating produc e a moderat e volume of a slightly alkaline, 

medium strength wast e. Thi s  effluent contains Na2so3 , ammoniacal 

salt s and mineral or  organic acids (Anonymous 1969 ) .  Pickling 

produc es a small volume of  a dilut e ,  acidic effluent . In some 

beamhouses no pickl e liquor is di scharged. If produc ed, it will 

contain NaC l  and mineral or ' organic acids . 

Table  2 . 6 compares some typical fellmongery effluent s .  However, 

proc ess modifications will  alt er the effluent charact eristic s . Some 

workers (Folachier 1975 ,  Miller 1970 , Money and Adminis 1974) have 

shown that l ime liquors may be recycl ed up to twenty t imes with no 

adverse effect s on the pelts  or hides. A reduc ed volume of 

conc ent rat ed effluent result s.  

Due to the effluent p robl ems c reat ed by the lime/sulphide process,  

alt ernative depilatory t echniques have been investigat ed (Frendrup 

1974) . In New Zealand , it i s  unlikely that these alt ernative methods 

wil l  be used widely in the near future (Mason 1972 ,  Vivian 1972 ) . 

2 . 7 . 3  Treatment Technology: 

Methods of t reating fellmongery and beamhouse effluent s are 

revi ewed in a chronological order to demonstrat e  the significant 

t echnological development s .  It will  b e  shown that although research 

indicat es a t rend towards biological t reatment methods ,  physical/ 

chemical t reatment syst ems current ly predominat e .  

2 . 7 . 3 . 1  Precipitation with Metal Salt s :  

C ertain metal salts  m ay  b e  used t o  prec ipitat e  sulphide from 

solution. Traditionally , ferrous sulphat e is used. The pH i s  

r educed from l l  - 1 2  to  8 - 9 mainly through the removal of 

alkalinity due to the sulphide-hydrosulphide equilibrium (Oger and 

Lassere 1969 , Scholz 1957 ) .  
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TABLE 2 . 6  

Composition of Total Fellmongery Effluent 

�e Sawyer 1965 Cooper et Cooper 1973 

r al 1975 

H 

pH 1 1 . 7-12 . 1 1 2 . 6  1 2 . 0-12 . 3  

BOD 640-1 , 670 2 , 290 1 , 224 

COD - 6 , 311 6 , 109-12 , 202  

Total Solids - 14, 360 7 , 853-18 , 100 

Suspended Solids 400-1 , 660 3 , 800 1 , 560-1 , 9.30 

Sett l eable Solids - 56 12-23 

Grease 120-340 384 196-254 

Total Nit rogen - - 243-420 

Sulphide - 97 52-93 

Chloride - 105 1 , 675-1 , 833 

BLMRA 
1975 

12 . 0-12 . 5  

2 , 000 

3 , 750 

-

1 , 700 

-

350 
-
150 

. 2 ,  500 

Ryder 1972 

9 · 5-12 . 4  

1 , 100-2 , 400 

760-5 , 920 

-

7 ' 360-15 , 097 

539-1 , 457 

-

40 

10-150 

3 , 000 

Vl 0 



Na2S + H20 NaHS + NaOH ( i )  

NaHS + NaOH + Feso4 .... �======:?' FeS + Na2so4 + H20 ( i i )  

Some alkalinity due to lime i s  also removed by atmo spheric carbona-

tion. 

The major  disadvantage of thi s method is that the precipitat ed 

FeS i s  colloidal , flocculating only within a narrow pH range ( Scholz 

1959 ) . Lack of control results in the black FeS imparting a residual 

colour to the effluent . The result ing sludge i s  bulky and difficult 

to dewat er ( Oger and Lassere 1969 ) .  

These probl ems were parti ally overcome by adding ferrous 

bicarbonat e to the effluent from the ferrous sulphat e process. Thi s  • 

allowed the control of the pH between 6 .0 and 8 . 5 . Below pH 8 . 2 

many effluent prot eins become insoluble  due to  i so-el ectric effect s ,  

giving an increased removal of organic compounds. These precipitat ed 

prot eins adsorb the FeS and, aft er sedimentation, a cl ear effluent 

i s  produc ed. However, very large volumes of a sludge which i s  

difficult to dewat er are produc ed. �hi s method i s  used successfully 

in the t reatment of 5000 m3 /day of chrome t anning effluent ( Scholz 

l963a) . 

A further development was the oxidative Feso4 process. 

Suffici ent Feso4 i s  added to achi eve a neutral soluti on. The 

effluent i s  then passed to  an aerat ion unit where part of the Fe2+ 

i s  oxidised to  Fe3+. Thi s  result s in the oxidation of sulphide to 

elemental sulphur which i s  adsorbed onto the surface of the air 

bubbl es .  These rise to the surfac e where the sulphur i s  removed. 

Another oxidation product , Fe(OH) 3 , also aids in the flocculat ion 

process ,  reducing the volume of the s ludge and m aking it easi er to  

dewat er ( Scholz  1959 ,  1967 , Wolff 1970 ) .  Scholz ( 1959 )  describes 

a plant using thi s  proc ess to t reat 11 ,000 m3 /day of  tannery effluent . 

4 ,  200 kg of FeSO 4• 7H20 are consumed daily a.11d 250 m3 /dczy of  s ludge 

3 are produc ed. On drying, thi s  sludge i s  reduc ed to - 13 m • 
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The economic s  of  the ferrous salt proc esses are bec oming l ess 

favourable  as Feso4, once available as a cheap by-product of the 

st eel industry, i s  becoming increasingly expensive (Scholz 1959 , 

Wolff 1970 ) .  

A12 ( so4 ) 3 may b e  used as a flocculant but only with prior 

sulphide removal sinc e it s hydrolysi s results in the evo lution of 

H2S (Oger and Lassere 1969 ) .  Munt eru1u and Weiner ( 1963) describe a 

plru1t using such a proc ess to t reat a mineral tanning effluent . This 

method proved expensive and produc ed a poor sludge. 

2. 7 .  3 .  2 Chemical Oxidation : 

Various agents may be  used to oxidise  the sulphide present in 

lime liquors. Air is most commonly used,  superceding so2 availabl e 

in flue gas . Although laboratory t ri al s  appear promi sing (Zehender 

1970 ) ,  no commercial applications of chlorination have been report ed. 

2. 7 . 3 . 2 . 1 Sulphur dioxide : 

When flue gas is bubbled through lime liquors the fol lowing 

seri es of reactions occur (Scholz 1967 ) .  

C a(OH ) 2 + C02 

2Na2S + C02 + H20 

Na2co3 + C02 + H20 

NaHS + C02 + H20 

2H2s + so2 

C aco3 + H20 

Na2 co3 + 2NaHS 

· 2NaHC03 

NaHC03 + H2s 

· 3S + 2 H
2
0 

( i ) 
( i i ) 
( i i i ) 
( iv) 
(v) 

Reaction ( i ) occurs almost instantaneously removing the 

alkalinity due to  l ime by prec ipit�t ing C aco3 • Reaction ( i i ) , in 

combination with reaction( iv) , removes the alkalinity due to  sulphide. 

This  neut rali sation result s in the evolut ion of H2S which i s  oxidiz ed 

by so2 ( reaction (v ) ) . The resulting liquor has a high concent ration 

of Na2co3 and NaHC03 which exerci ses a strong buffering act ion which 

i s  useful for neut ralising other tannery effluent s. 
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This proc ess was int roduc ed in the early 1960 ' s  to minimi se 

the sludge handling problems associ at ed with the Feso4 proc esses 

( Scholz l963b ) . The charact eristics  of  one plant report ed are given 

in Table 2 . 7  ( Agapoff 1969 ) .  Similar result s are reported by other 

authors (earning and Robinson 1972 ,  D egermann 1970 , Scholz l963b ) . 

Friar  to discharge ,  biological t reatment (Agapoff 1969 ) o r  a 

substantial dilution with other wast e streams (Degermann 1969 ) i s  

nec essary . 

As no chemical s  need be  added, thi s proc ess has a relatively 

low operating cost provided corrosion can be minimised. Thi s  may b e  

achi eved by use of non-co rro sive coatings on all metal surfac es 

(Degermann 1970 ) but even so the l ife of such reacto rs is 6 - 8 years .  

Also � the capit al co st o f  a flue gas t reatment plant is  high (Agapoff 

1969 ) . 

Because o f  corrosion, foaming and odour problems, a French 

t annery has rec ently ab��doned it s flue gas plant in favour of  a 

catalytic oxidation syst em followed by biological treatment (Vullier

met and Aloy 1974) . 

TABLE 2 .7_ 

The effect of F lue Gas Treatment on Lime Liquors (Agapoff 1969) . 

Paramet er (mg/1 exc ept pH) 

pH 
Sulphide 

Suspended Solids 

Settl eable  Solids 

COD 

BOD 

Nitrogen 

Before Treatment Aft er Treatment 

11 . 5-12 . 5 7 - 5-8 .0  
1 , 000-1 , 100 300-400 

23 , 000 18 , 400 

5 , 400 7 , 700 

13 , 200 9.1 500 

2 ,  760 2 , 330 

709 578 
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2 . 7 . 3 . 2 . 2  Oxygen: 

Aeration is the most common method of int roducing oxygen to  

the effluent . Alternative proc ess es include the addition of ozone 

(Eye and C lement 1972 )  and hydrogen peroxide ( Aloy et al 1976 , 

Ral eigh 1975 ) . Although succ essful both are l imit ed by the high 

cost of operation. 

The uncat alysed oxidation of sulphide solutions by air i s  

slow and exhibits a complex reaction mechanism, the stoichiomet ry 

of which vari es with t emperature ( Murray 1959 ) , pH (Chen and Morri s 

1972)  and initi al sulphide (Bowers et al 1966 ) and oxygen concentra

tions ( Chen and Morri s 1972) . To explain these observations Chen 

and Morri s  ( 1972)  po stulat ed
.
an autocatalytic reaction based upon 

polysulphide under sl ightly acid o r  alkaline conditions. Other wo rk 

support s  these observations (Bowers et al 1966 ,  Cooper 1974, Murray 

1959 , Tsuchiya and Johnson 1972 ) . Initial ly sulphide reacts  with 

oxygen to form polysulphides. A subsequent chain reaction involves 

the reaction of polysulphides to form sulphat e via thiosulphat e and 

sulphat e ( Chen and Mo rris 1972 ) . 

As the oxidation of sulphide solutions by air i s  so slow, 

catalyst s are added to r ender the process a viable w ast e t reatment 

method. The first practical applicat ion of the syst em was in 1933 

when nickel �nd copper salts  were used in conjunction with pH 

adjustment and aerat ion to reduc e the level of  soluble sulphides in 

the bl eed wat er from sulphur wel l s  ( Schwab and Butt erworth 1933 ) . 

Subsequently the British Leather Manufacturers Research Associat ion 

applied this principle to the t reatment of beamhous e and fellmongery 

effluent s (Bai l ey and Humphreys l966a, l966b ,  1967 , Pepper 1966 ) .  

D evelopment in South Africa  (Berg et al 1967 ), Franc e and Holland 

(Van Vlimmeren et al 1967 ,  1969 ) followed rapidly unti l  1973 when a 

sati sfacto ry st age of development was report ed . At t�is  time 49 

plant s  were operating in Europe with capaciti es of 4 - 1 , 200 m3 /day 

(Bai l ey and Van Meer 1974) .  

Of the catalyst s investigat ed, most b elong to the fourth 

p eriod t ransition el ement s. Their activity in beamhouse effluent 
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has been r��ed in decreasing order : 
2+ 2+ 2+ 2+ 2+ ( . Mn 1 Co , Ni Fe , , Cu Bal l ey and Humphreys l966a, 1967 ) .  

Thi s order vari es slight ly with pH and catalyst concentrations in 

aqueous sulphide solutions (Chen and Morris 1972, Krebs 1929 ) . 

Manganese salt s also have the advantage of  low toxicity and 

have gained wide acc eptanc e as the preferred catalyst . The r elative 

performanc e of Mnso
4

, KMno4, MnC l2 and Mno4 have been investigat ed 

( Eye and C l ement 1972 )  with KM nO 4 b eing the most effective catalyst . 

However, Mnso4 is oft en used because of its lower cost (earning 

1976 , Eye and C l ement l972, Rawlings et al 1975b ) . 

Only a small proportion ( 4  - 11%) sulphide i s  catalyt ically 

oxidi sed to  sulphat e (Bai l ey and Humphreys l966a, 1967 ) .  Partial ly 

oxidi sed int erme�i ates are produc ed with thio sulphat e the most 

con�only report ed (Bai l ey and Humphreys l966a, 1967 ) .  Elemental 

sulphur i s  not usually a significant product although it s presenc e 

has been recorded (Bailey and v�� Meer 1974, Zehender 1970 ) .  

C atalytic  oxidation using diffused aeration syst ems g enerally 

proved unsati sfactory ( Bailey and Humphreys l966b , 1967 ,  Berg et al 

1967 , Eye and C l ement 1972,  Van Vlimmeren and Van Meer 1974) . In 

alkaline solut ions, Mn2+ is principally present as the insoluble 

hydroxide which may be adsorbed onto either hai r  particles or  air 

bubbl es and carri ed to the surfac e .  I t  i s  then retained in  the 

surface wool  mat , effectively lowering the conc entrat ion of catalyst 

in solution (Berg et al 1967 , Van Vlimmeren and Van Meer 1974) . 
Mechanical aeration syst ems have been used succ essfully a s  they 
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minimise  this effect ( IULCS Effluent Commission 1973 ) . Syst ems inve_si;;i-:

gated include paddle aer�to�s ( Berg e t  al 1967 , V a...'Yl Vlimrneren et _ c:W- 1969) , 

surface aerators (Aloy 197� , Bailey 1970: , Baile�,r and Robinson .19-99 , 

Vulliermet a...�d Aloy 1 974 ) , modified beamhouse drums ( Va"YJ. Vlimmeren et  al 

1969 , fixed spiral aerators ( Corni.."YJ.g l976) , ��d jet pumps ( Coming 1976) . 

In Europe , surface aerators are the most popular system ( Coming 1976 ) . 

Catalytic oxidation during the latter stages ot 1iming has 

also been studied ( Berg et al 1967 , V �"YJ. Vlirnmeren et al 1969 ) . 

Although offering significant capital savings in effluent treatment 



equipment , thi s practic e i s  impractical as oxidation rat es are lower 

than those  achi eved by post-liming oxidation (Berg et al 1967 ) .  

Thi s  l eads to ext ended liming times and adversely affect s  the 

avai lability o f  pro c essing equipment . ( IULCS Effluent Commi ssion 

197 2 ) . 

Table 2 . 8 present s operating conditions and oxidation rat es 

of catalytic  oxidation syst ems calculat ed from published dat a. 

There i s  a great variation in rat es and the multiplicity of  syst ems ,  

cat alyst s ,  effluent s and operating paramet ers makes a detai l ed 

analysis  difficult . 

The preval enc e of full-scal e syst ems at the bottom of the 

Table  and laboratory-scal e  syst ems at the top indicat es that 

aeration may be l imit ing in the former case .  Agitation and aeration 

is likely to be  more effic i ent in labo ratory syst ems and henc e higher 

oxidation rat es wi ll result . It is possible  that the importanc e of 

these paramet ers is being ignored in the scale-up of aeration syst ems . 

A wide range of catalyst conc ent rations i s  also used .  The 

Mn2+js2- ratio  allows the most meaningful comparison of  catalyst s 

and a ratio of 0 . 10 has been shovm to  give the most economic catalyst 

us e (�e and Cl ement 1972 ) . Situations with a high Mn2+js2- ratio  

and a low oxidation rat e  indicat e that aeration i s  limiting.  Thi s  i s  

most cl early demonst rat ed by the data  o f  Thorst ensen ( 1976 ) . Although 

an Mn2+js2- ratio of  approximat ely 0 . 50 i s  used the oxidat ion rat e i s  

only 55 mgS2-/l . hr .  

2 . 7 . 3 . 3  Acidificat ion Proc esses : 

The acidifcation of  lime liquors result s in the evolution of 

hydrogen sulphide gas ( Arnould 1969 ) : 

Ca(OH) 2 + H2so4 CaS04+ 2H20 

Na2S + H2so4 Na2so4 + H2s 

2NaHS + H2so4 Na2so4 + 2H2S 
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TABLE 2 .  8 

Summary of Operat ing Paramet ers and Oxidation Rates for the Treatment 

of  Fellmongery and Beamhouse Effluents by Catalytic Oxidation Syst ems . 
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! 
Catalyst Aeration [S2-Ji Oxidation Rat e i Refer- · 

Type Concn .  (mg/1 ) Syst em Scal e 
(mg/1 ) (mgS2-/L hr) 

KMn04 476-572 D . A. L 4, 400-5 , 650 3 , 500-7 1 300 

KMno4 lOO S . A. L 2 , 000 1 , 440 

MnC12 lOO D . A. L 2 , 600 420-2, 170 

Mnso4 70 P . A. p 1 , 900 1 , 200 

Mnso4 lOO S . A. L 2 , 000 98o 

MnCl2 50-200 D . A. p 2 , 590-3 , 01.()  420-1, 040 

MnCl2 100-200 D .  A. p l ,  040-2 , 43{) 180-670 

Mn2+ 44 S .  A. L 2 , 000 500 

MnCl2 38-200 D . A. p 560-805 100-330 

Mnso4 20-400 P. A. p 1 , 500-3 , 000 80-300 

Mnso4 28-350 ..... L 2, 060-3 , 500 19-270 
- - D .  A. F 1 , 300 200 

CoCl 2 40 S .  A. F 583 80 

Mnso4 500 D . A. F 233 55 

MnS04 25-100 D . A. L 870 15-20 

Mnso4 50 D . A. F 120-160 1 2-15 

A zero - order oxidation rat e is assumed for the above table .  

Key : D . A. = diffused aeration 
P . A. 
S . A. 
L 
p 
F 

paddl e aeration 
surfac e aeration 

= laboratory scal e  
= pilot scal e  

full  scal e  

[S2-J. � initi al sulphide conc entrat ion 

Referenc e Key : 

l .  Aloy ( 197 4)  
2. Bail ey and Humphreys ( 1967 ) 
3 .  Berg et al ( 1967 ) 
4. Corning ( 1976)  
5 · De ( 197 3 )  

6 .  Eye and Cl ement ( 1972)  
1 ·  Rawlings et al . ( l975b )  
8 .  Thorst ensen ( 1976 ) 
9 .  Van Meer ( 1973 )  

10 . Van Vlimmeren et al ( 1969 )  
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This  can them be  recovered by passage through an alkaline solut ion 

to yi eld a mixture of HS- 2-and S . 

H2S + 2NaOH -- Na2s + 2H20 

H2s + NaOH NaSH + H2o 

H2S Na2s - 2 NaSH + 

Acidification, although sloHer than cat alytic oxidation, 
result s in a great er reduction in Perma�ga�ate Value due to the vol atilisation 

of H2S (Rawlings et al l975a) . C atalytic oxidation forms sulphur 

oxyanions which still  possess an oxygen demand. 

Only l ime liquors are treat ed by this pro c ess (Arnould 1969 , 

Grosj ean 1970 ) .  Aft er sedimentation t o  remove exc ess lime, they 

pass to  the react ion vessel where the ret ention time i s  l - 2 hours 

and the pH i s  r educ ed to 5 . 0 .  Recyc l ed air i s  passed through the 

liquor to strip out the H2S. The gas st ream carri es the sulphide to 

an absorption column where it is st ripped into a sodium hydroxide 

solution. The resulting solution may be used for liming. Sulphide 

recoveri es  of 50 - 97% are report ed ( Arnould 1964, Gro sj ean 1970 , 

Harenb erg and Heidemann 1974) . 

Acidification may al so result in the precipitation of  prot eins . 

Pret reatment or  recovery of the sulphides i s  nec essary. Initially 

thi s t echnique was conc eived sol ely as a w ast e treatment proc ess 

and the acidification of  the lime liquor to pH 3.5 result ed in a 

90% COD reduction(Van Meer 1973) . Subsequent workers (Happich et 

al 1974, Shivas 1976 )  purifi ed the precipitat es aiming to market 

this product as a feedst1ufo Such a process has not proven economic 

( Shivas 1976 ) . 

2 . 7 . 4  Biological Treatment Pro c esses : 

The high pH and sulphide conc entration of  fel lmongery effluents 

were responsible for the beli ef that biological treatment of such 

wast es was impractical (Scholz l963b ) , and resulted in  the subsequent 

development of the numerous physical/chemical syst ems outlined. 



More rec ent wo rk has indicat ed the potent ial of various biolo

gical t reatment proc esses . 

2 . 7 .4. 1  Activat ed Sludge : 

Although activat ed sludge syst ems are difficult to cont rol  and 

are sensit ive to the shock loads charact eri stic  of  fellmongery 

di scharges , their application to these effluent s has evolved from 

the catalytic  oxidation proc ess.  

Acclimat ed biomass increased the oxidation rate of sulphide in 

the presenc e of manganese (Hill  1972, McDougall et al 1972 ,  Ryder 

1973) and in a neut ralisation syst em ( Shuttleworth et al 1974) , a 

reduction in p ermanganat e value ( P .V . ) great er than could b e  

account ed for sol ely by the oxidation o f  sulphide was observed . 

As count s of  2 . 9  x 109 c ells/ml were indicat ed and the pH in the 

aeration unit was approximat ely 7 . 0 ,  some bact erial oxidation of 

organic compounds could be po stulat ed. The importance of  mic ro

organisms in  the oxidation of fel lmongery effluent was confi rmed by 

the aeration of  a chemically st eri l i sed and an unst erilised effluent 

over a period of four days (Rawlings et al 1975b ) .  The unst eril i sed 

effluent showed a 7 5% decrease in P.V .  while  a 27% reduction was not ed 

for the st erilised effluent . 

The act ivat ed s ludge treatment of fellmongery effluent without 

pretreatment has only rec ently been investigat ed. Using laboratory 

scal e  equipment , the effect of varying the dilution of the effluent 

at a ret ention t ime of two days and a sludge age of five days was 

studi ed ( Rawlings and Wood 1976 ) .  Provided the P . V .  of the influent 

was maint ained b elow 1500 mg/1 the syst em operated effectively giving 

P.V .  reductions o f  great er than 7 2%, complet e  sulphide removal and 

pH reduction from 1 2 . 3  to 8 . 3 .  The influent sulphide conc entrat ion 

was 884 mg/1 at a P.V. of 1500 mg/1 

Further work (Every et al 1976 )  investigat ed the effect o f  

varying sludge ages  and ret ent ion times using a dilut e fellmongery 

effluent (BOD 500 - 540 m g/1 , P .V. 520 mg/1 ) .  A sludge age of  
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five days and a one day ret ention t ime gave 80% reductions in BOD 

and P.V. 

1 . 0 mg/1 . 

The sulphide conc ent ration was reduc ed from 440 mg/1 to 
Varying the sludge age from two to twenty days at a 

liquor ret ention time of two days did not affect the proc ess 

significantly. 

The effect of lower ret ention times has al so been investigat ed 

(Cooper et al 1976 ) . Using a lime liquor dilut ed 20� 1 ,  a laboratory 

scale  syst em was operat ed for a few days at a ret ention time of t en 

hours , a mixed liquor suspended so lids conc entration of 3 , 000 

3 , 900 mg/1 and a sludge age of 0 . 74 - 0 .96  days . The result s 
obtained are present ed in Tabl e 2 . 9 . 

Laboratory-scal e activat ed sludge syst ems are therefo re capabl e 

of treating relatively dilut e  fellmongery effluent . Research with 

larger scal e  equipment is r equired to investigate  sui tab l e  operating 

conditions ru1d the long-t erm st ability of such syst ems more closely. 

The microbiology of the pro c ess ,  in which the thiobacilli  could 

be expect ed to  play a dominant role ,  also requires elucidation.  

TABLE 2 .  9 

Activat ed Sludge Treatment of Dilut ed Lime Liquor (Cooper et al 1976). 

Paramet er (mg/1) Influent Effluent % Removal 

BOD 1584 289 85  

Suspended Solids 1 228 7 1  94 

Total Nit rogen 228 89 6 1  

Organic Nit rogen 195 36 8 2  

Sulphide 175  14 9 2  

COD 2219 370 8 3  
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· 2. 7 .  4 .  2 Biofil tration 

Much of the work published on this topic has been performed in 

N .Z. Table  2 . 10 records the data from a pilot-scal e Flocor tower 

operat ed by a meat works (Ha11iburton 1972 ,  Hicks and Martin 1 973 ) .  

Batch operat ion of a pilot-scale  stone-packed fi lt er has also 

been investigat ed (Ryder 1973 ) . COD loadings of 0 . 94 - 1 . 57 kg/m3 . d  

were appli ed using an eight-hour day and a five day week .  The recycle 

rat io ( RR) was vari ed from 5 : 1 to 34. 5 : 1 .  The results  obtained are 

shown in Tabl e 2 . 11 �  Continuous loading of 2. 23 kg COD/m3 . d  at 21°C 

and a recycl e  ratio  of 12 . 2 : 1 gave an average COD removal of  53% 

and an average sulphide removal of  90 . 3%. The effluent pH averaged 

8 . 20 .  Maximum COD removals occurred when the influent sulphide 

conc entration was in the range 90-110 mg/1 (Melc er and Ryder 1975 ,  

Ryder 1973 ) . 

TABLE 2 . 10  

Perfoma..YJ.ce of  a Pilot Scale Floco.r Biofil t.ru; Treating Fellmonge:r:y 
Effluent (Halliburton 1972, Hicks aud MartLYJ. 1973) . 

Paramet er Influent Effluent 
(mg/1 ex-
c ept pH) Range 

pH -
BOD 1 , 100-2 , 400 

COD 760-8 , 640 

s 2- 40-150 

The operating conditions were 

organic l oading 

hydraulic  loading 

recycl e  ratio  

Average Range 

- 8.4-11 . 3  

l ,  57 1 600-l ,  700 

3 ,  208 680-3 , 750 

80 0-10 

4. 5 kg BOD/m3 . d  

43 m3 /m3 . d  

8 : 1  

Average 

9 . 0  

943 

1 , 766 

3 - 7  

Removal 
(%) 

-
40 .0  

45.0  

95 - 4 
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TABLE 2 J_l 

Performanc e of a Batch-Loaded Stone-Packed Biofilt er Rec eiving 

Screened Fellmongery Effluent (Ryder 1973) . 

Para
met er 

COD 

s2-

pH 

2349-3919 

66-95 

9 - 85-11 . 45 

5 : 1  

53 - 3  

9 - 3  : 1  

64. 5 

93 . 8  

8 . 42 

14- 5 : 1  27 . 7 : 1  

67 . 7  

97 - 1  

8 . 63 

The figures in Tabl e 2 . 11  are % removal exc ept for pH 

34 - 5 : 1  

lOO 

8 . 36 

A study of the microbiology of the filt er showed that Thiobaci l lus 

thioparus was the major organi sm responsibl e  for sulphide oxidation. 

Chromatiaceae were also i solat ed from the inside of a c l ear plastic  

recirculation line (Ryder 1973 ) . 

A high-rat e pilot-scal e Flocor tower has also b een used to up

grade pretreat ed fellmongery effluent (Bailey et al 1972) . The 

plant was initially operat ed for a year at a 3 : 2  recycl e  ratio  and 

a hydraulic l oading of 4 .0m3 /m3 . d  with the influent averaging 673 

mg/1 BOD and a pH of 7 . 4. The - BOD removal averaged 37% at an appli ed 

loading of 2 . 84 kg BOD/m3 .d .  The recycl e  ratio was then reduc ed to  

1 : 1  alt ering the  hydraulic load to 6 . 0  m3 /m3 . d , 43% of the  appli ed 

BOD was removed at a loading of  4 . 10 kg BOD/m3 .d .  The increased 

performance at higher loadings �as due to plant modificat ions resulting 

in increas ed ventilation. 

2. 7 .  4. 3 Lagoons : 

There i s  lit t l e  information available  on the lagoon treatment 

of fellmongery and b earnhouse effluents .  An anaerobic lagoon 
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rec eivi ng settl ed fellmongery effluent , in which Thiocapsa ros eopersicina 

was dominant has been described (Cooper et al 1975) .  Operating at 
an average hydraulic ret ention t ime  of 100 days, the s edimentation 

tank/lagoon syst em achi eved a remarkable  degree of t reatment : 



91% COD removal , 89% BOD removal , 99% sulphide removal , 62% 

removal of total solids and a pH reduction from 1 2 . 5  to 7.5. 

Populations of 3 . 4  x 107 cells/ml of  Thiocapsa were recorded .  

Also the occurrenc e of Chromatiac eae in some aerat.ed lagoons 

t reating tannery effluent has b een observed (Aloy et al 1976 ) . 

Thi s  lack of information of the lagoon t reatment of fellmongery 

effluent stimulat ed much of the research described in thi s  thesi s .  

2 . 7 . 5  Conclusions : 

Limitations exi st with the physical/chemical treatment methods, 

their major  func tion being the removal af sulphide and reduction of 

alkalinity prior to biological t reatment or sewer discharge.  All 
of these plants require quite large capital expenditure and the 

catalytic oxidation, acidification and metal salt precipitation 

proc esses have significant operating cost s ,  primarily due to 

chemical addi tion. Acidificat ion partially defrays this expense 

by sulph{de recovery and, possibly in the future, prot ein recovery. 

In many instanc es, major operational problems also exi st . 

Biological treatment syst ems require further research but 

indicat e pot ential . Activat ed sludge syst ems give adequat e t reat-' 
ment of di lut e fellmongery effluents but the long t erm stability 

and ease of operation of this proc ess has yet to be confirmed. Bio

filtration has been performed succ essfully on fellmongery effluent s 

containing less than 1 10 mg/1 sulphide .  Ho;vever, lagoons containing 
Chromatiac eae also give adequat e t reatment with the advantages of 

cheapness and ease of op eration. Further investigat ion of thi s 

proc ess i s  therefore warranted. 

2 . 8  GENERAL CONCLUSIONS FROM LITERATURE SURVEY : 

Thi s  lit erature- survey has indicat ed three aspect s  of the 

occurrence of the Chromatiac eae in wast e t reatment lagoons which 

require further elucidation. 

Firstly,  the effect s of various environmental paramet ers on 

the · growth of these bacteria must be det ermined. The importanc e 
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of these paramet ers may be assessed by using an experimental 

design to screen the variables . Such an investigation i s  

present ed i n  Chapt er 3 .  

Further, a det ail ed study of the  occurrenc e of  these bact eria 

in lagoon syst ems i s  required.  The genera and species which 

develop in such lagoons may thus be det ermined and a general theory 

for their occurrenc e formulat ed . Such a study is  present ed in 

Chapt er 4 .  

Finally , the ability of the Chromatiaceae t o  oxidis e  reduc ed 

sulphur compounds under anaerobic conditions i s  worthy of  

exploitat ion. In  New Zealand, anaerobic photosynthetic lagoons 

are most applicable to the t reatment of fellmongery effluent and 

experiment s performed to det ermine design data for such lagoons 

are present ed in Chapt ers 5 and 6 .  
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CHAPTER 3 

STUDIES ON THE GROWTH OF CHROM.ATIUM 
MINUTISSIMUM IN BATCH CULTURE 



3 .  STUDIES ON THE GROWTH OF CHROMATIUM MINUTISSIMUM IN BATCH CULTURE 

3 . 1 Int roduction: 

A survey of the rel evant lit erature (Chapt er 2 )  has indicat ed 

a dearth of informat ion on the effect s and int eractions of 

environmental paramet ers on the growth of those Chromatiac eae which 

occur in wast e t reatment lagoons . Therefore a spec i es of  

Chromatiac eae was i solat ed from a lagoon in which they were known 

to occur, and subsequently identifi ed .  Assuming thi s bact erium 

was typical of those  occurring in such lagoons , a screening 

experiment was p erformed to det ermine the environmental factors 

important for their growth and any int eraction between these para

met ers . 

Thi s  study uti lised a Chromatium spec i es ,  one of the two 

important genera of Chromatiac eae occurring in the lagoons . Further 

experiments must be conduct ed to determL�e if the results obtaL�ed 

are applicable to the other genus Thiocapsa. 

The effect s of t emperature ,  pH, sulphide and ac etat e  
a� \�Lt ln.-t:R.<\S'.tij 

conc ent rationsAwere the environmental factors considered to be  

worthy of  invest igation. Chromatiac eae i solat ed from anaerobic  

lagoons had a t emperature optimum of 25-30°C (Holm and Vennes 1970 , 

Meredith and Pohland 1970 ) .  Little  investigat ion of the grov�h 

rat e has been made at the lower t emperatures likely to prevail in 

New Zealand during the cooler months . 

The optimum pH for Chromat iac eae l i es in the range 6 . 5  to 8 . 0  

(Ho lm and Vennes 1970 , Meredith and Pohland 1970 , Pfennig and 

Truper 1974 ) . In vi ew of the int ended use of these bact eria to 

t reat alkaline fellmongery effluent s ,  the investigation of their 

growth under more alkaline conditions was warranted. - Acid 

conditions were considered l ess  important as below pH 6 .0  substantial 

vol atilisation of H2S occurs (Figure 2 . 1 ) . 



The sulphide toleranc e of  the Chromatiac eae has already been 

considered ( Section 2 . 5 . 2 . 1 ) .  In this experiment , high concent ra

tions were investigat ed to assess  the feasibility of using this 

bact erium to t reat concentrat ed fellmongery effluent which may 

contain in exc ess  of 1 7 000 mg/1 sulphide. However, to det ermine 

growth rat es at conc entrations typical of lagoons , low l evels were 

also studi ed. 

As ac et at e is metabolised by all Chromatiac eae ( Section 

2 . 4. 3 . 3 ) and i s  an important metabolic intermediat e under anaerobic  

conditions (McCarty 1964) , the effect of a wide range of conc ent rations 

of this compound on growth rat es was studi ed. 

The effect of light int ensity on the growth of the photot rophic 

bact eria has already been outlined (Section 2 . 5 . 2 . 2 ) .  A range of 

light int ensiti es from very low to above saturat ion were investigat ed. 

Emphasi s· was plac ed on studying the lower range of light int ensit i es 

occurring in wast e treatment lagoons as it is these that wi ll limit 

the photosynthet ic ability of bact eria in such situations . Above 

saturation, lit t l e  alteration in the rat e of photosynthesis should 

occur. 

The l evel s of the five independent variables s el ect ed for the 

experimental d esign are present ed in Table  3 . 1 .  (Page 69) . 

3 . 2  I solation and Identificat ion of Chromatium illlnuti ssimum 
from an Anaerobic Lagoon: 

On March 13, 1974, the supernatant liquor of an anaerobic  

lagoon t reating screened and settled meatworks effluent was sampled .  

At this t ime there was no visible evidenc e of  the  presenc e of the 

Chromatiac eae in the lagoons. 

Initial enrichment cultures of the Chromatiac eae were developed 

using Winogradsky columns as described by Van Ni el ( 1971 ) .  These 

columns were i ncubated at 30°C in a light int ensity of  1 7 000 lux 

and at 15°C in  a lower light int ensity of 250 lux. The former 
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conditions are s el ective for Thiocapsa, Thiocystis ,  Amoebobact er 

and the small spec i es of Chromatium whil e  the latter favour the 

growth of the large Chromatium species such as �- okenii and �
weissei (Van Ni el 1971 ) . 

Aft er three weeks there was visible growth in the 30°C enrich

ment culture .  Mic roscopic examination showed the dominant 

microorganism was a small ( 1  - 1 . 5� x 2 - 3� ) ,  motile  rod 

containing int rac ellular sulphur granules . The sulphur granules 

were identifi ed by their solubility in ethanol (Van Gemerden 1968a) . 

No growth occurred in the 15°C enrichment culture. 

0 Further enrichment of the small rods in the 30 C culture was 

achi eved by four s erial t ransfers through ru1 aqueous medium desc ribed 

by Pfennig and Lippert ( 1966 ) . Thi s  medium will  be referred to as 

Pfennig ' s  medium .  No cyanocobalamine was added to the enrichment 

cultures of this medium and they were incubat ed at 30°C and in a 

light int ensity of 1 , 000 lux . 

Final isolat ion of the bact erium was achi eved by four s erial 

passages through plat e  cultures of Pfennig ' s  medium containing 3% 

agar. These plat es were incubat ed at 30°C and approximat ely 1 , 000 

lux in a speci al ly construct ed anaerobic L�cubator (Figure 3 . 1 ) . 

Mic ro scopic examination indicat ed the colonies were of a small 

rod morphological ly similar to the dominant o rganism in the first 

enrichment culture .  

A single colony was then t ransferred to  the aqueous Pfennig ' s  

medium in a 100 ml screw top bottle .  Thi s  was incubat ed at 30°C . 

and 1 , 000 lux and, aft er a fortnight , micro scopic examination 

indicat ed the small rod as the only morphological type present . 

The absenc e - of  growth on nutri ent agar incubat ed both aerobically 

and anaerobically at 30°C and in sulphat e reduc er API broth (BBL 

1 1678) incubat ed at 30°C indicat ed that no contaminating bact eria 

were present . 



Figure 3 . 1  : · Photograph of the Anaerobic Persp:ex· Thcuhat·or . 

The Figure shows the incubator , the N2 / C02 cylinder and the gas flow control box 
consi sting of a manometer , a  gas flow valve (upper) and a purge valve ( lower) . 



The following observations l ed to the identification of the 

bact erium as Chromatium minut i ssimum as desc ribed by Pfennig and 

Trllper ( 1974) . 

( i ) Washed suspensions of the bacterium showed the absorptiQ� 

maxima in the near infra-red region charact eri stic of 

living c el l s  of the red photot rophic bact eria (Figure 

3 . 2 . ) Two maxima 'i'Tere observed, one at 805 nm and the 

other at approximat ely 870 nm. These maxima are typical 

of  bact eriochlorophyll a which i s  the major bact erio

chlorophyll of Chromat ium minuti ssimum (Pfen.'1ig WJ.d 

Tr.1per 1974 ) . 

( i i ) Hhen grov1ing on sulphide, sulphur was deposit ed intra

c ellularly.  Aged cultures were d evoid of such sulphur 

depo sit s  indicating i t s  subsequent oxidation . Thi s  

sulphur metabolism i s  charact eri stic of  the Chromatiac eae 

other than Ectothiorhodospira (Pfennig 1975 ) .  

( i i i ) Being a motile  rod devoid of gas vacuoles and depositing 

sulphur int rac ellularly the bact erium may be  identifi ed as 

a member of the genus Chromatium (Pfennig and Truper 1974) . 

( iv) The growth of the bac t erium in Pfennig ' s  medium containing 

O . lfi'- ac etic acid but with sodium sulphat e substitut ed for V 
sodium sulphide indicat ed t�e presenc e of assimilatory 

sulphat e redu�tion (Thi ele l968 b ) . This ,  allied with the 

small c ell dimensions ( l ' 1 . � x 2 - 3� ) result ed in 

a spec i es identificat ion of  Chromatium minutissimum. 

3 .  3 THE EFFECT OF TEMPERATURE, pH, SULPH]J)E AIID ACETATE CONCENTRATIONS 
A.""'D LIGHT INTENSITY ON T'".dE GROWTH OF CHR0r.l4.TIUM MINUTISSIMUM 

3 . 3 . 1 The Experimental Design: 

Data  was coll ect ed using a half-replicat e  25 c entral composit e  

design. The l evels of the five variables studi ed were s el ect ed to 

cover the range of condit ions expect ed in lagoons in New Zealand. 

The values chos en are present ed in Tabl e 3 . 1 .  



An orthogonal experimental design requires variabl es to be  

investigat ed at equal increments .  Therefore to study the desired 

range of sulphide and acetat e  conc entrations from 1 to 10 1 000 mg/1 

logarithmic int ervals were nec essary in each case.  Similarly, the 

light int ensity was investigat ed at half-logarithm intervals from 

3� . 6  lux to 3 , 160 lux. 

Those  variables which are used in a logarithmic form to provide 

equal increments between coded l evels are prec eded by the l et t er q .  

Thi s  indicat es a positive logarithm of a conc entration distingui shing 

thi s from the l etter p symbolising the negative logarithm of a 

conc ent rat ion, as in pH . 

TABLE 3 . 1 

D efinition and Levels of Independent Variables Selec t ed to Test 
th e Growth Response of Chromatium mi nuti ssimum. 

Coded Level 

Coded 
Independent Variable Symbol -2 -1 0 1 

Temperature ( oc )  xl 10 15 20 25 
pH x2 10 9 8 7 
Sulphide conc entration (mg/1 ) 1 10 lOO 1 , 000 

Log sulphide conc entration (=qS) x3 0 1 2 3 
Ac et at e  conc entration (mg/1 ) 1 10 lOO 1 , 000 

Log acetat e  conc entration (=qA) x4 0 1 2 3 
Light int ensity ( lux) 31 . 6  lOO 316 1 , 000 
Log light int ensity (=qL) x5 1 . 5  2 . 0  2 . 5  3 . 0  

2 

30 

6 

10 , 000 

4 

10 , 000 

4 

3 , 160 

3 - 5  

C entral composit e designs are composed o f  three set s o f  point s  

( John 1971 ) : ( i )  The cube point s  at X .  :::: :!:1 .  Five independent variables l. 
were considered and a design consisting of a half-replicat e 25 was 



chosen giving sixt een cub e  point s ( n  = 16) . c 

( ii ) The  star, or  ax:ial ,  point s  (n ) locat ed hvo per axis a a 
d . + 1 stance - a from the origin. With five indepenc.lent variabl es ,  

five axes are required and therefore a = 10 . To achi eve rotatability 

a4 = ne , thus a rotatable  half-replicate  25 c entral composit e  

design has a =  2 .  

( iii·) The c entre point s  (n0 ) locat ed at the origin. To achi eve 

o rthogonali ty, 

4 a2 (. nc+a2 ) n +n = o a ------�----

n = 10 0 

n c 

To achi eve rotat abili  ty and orthonogonali ty , this design 

required 36 t rials  as shown in Table  3 . 2 (Pages 75 ��d 76) . 

The design used offers the b enefit s of economy, orthogonali ty, ��d 

near rotat ability whil e  e st imat ing the second order effect s (Davi es 

1978 ) . Higher effect s cannot be estimat ed due to confounding. 

An empirical mathematical equation of the following form can b e  

fitt ed to the data : 

where 

of the 

the two 

of the 

y ( 3 . 1 )  

Y i s  the dependent variable ( i . e .  the measured 

growth response) 
B. i s  a constant 0 
S· i s  a coeffici ent describing the linear response l 

independent variable  X . •  l 
B· . i s  a co effici ent describing the int eraction of l J 

independent variables X .  and X . •  l J 
B . .  i s  a co effici ent describing the quadratic response ll 

independent variable  X . •  l 
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Figure 3 .2 : The Effect of Wavelength on the Absorbance of Washed Cells  
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By fitting such a model to  the observed data the response 

of the bacterium ,  within the fi eld of the independent variables 

considered ,  may be described .  

3 . 3 . 2 Experiment al Proc edure : 

Chromat ium minut i ssimum was grown in Pfennig ' s  medium and 

the c el l s  were harvest ed during the exponential growth phase .  

Aft er washing with � strength Ringer ' s  solution they were resuspended 

to give approximately 10 7 cel l s/ml . This culture ·..vas then inoculat ed 

in 2 . 5 ml aliquots  into each of  the 36 x 250 ml glass s toppered 

bot t l es containing Pfennig ' s  medium amended as required by the 

experimental design.  

Prior to  inoculation, Analar grade ac etic acid (99 . 7% minimum 
purity , BDH catalogue nurnber 10001 )  was aseptically added in 

quantiti es calculat ed to provide the nec essar;y ac etat e  conc entra

tions . The sulphide conc entrat ion was incrementall;y increased to 

the desired value by aseptically addi..YJ.g a st eri l e  solution of 

sodium sulphide. The sulphide conc entrations were det ermined using 

a sulphide specific ion electrode as described by Papp ( 1971 ) . 

Sampl es were then aseptically withdrawn and the pH measured using 

a Metrohm E 350B pH met er. If nec essary , the culture pH v1as 

adjust ed to that required by the experimental design using 5M 

NaOH or 5M HCl .  

The inoculat ed bottl es were plac ed i n  rooms or incubators 

control l ed at the desired t emperature. The required light 

int ensiti es were obtained by placing the bott l es at various distances 

from a lOO W incandesc e;1t bulb . The incident light int ensity at 

the surfac e of the bottl es was measured using a Sangamo Weston 

model S . 511 photomet er. 

3 . 3 . 3  Measurement of Growth: 

For a unic ellular population, two types of  paramet ers may b e  

used to measure growth (Stanier et al 1971 ).- : 

( i ) c ell  numbers 

( ii ) c ell  mas s .  
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Figure 3 .3 : Growth Curves for Trial 7 0 
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The viable count i s  the most sensitive t echnique for 

measuring bact erial numbers ( Stani er et al 1971 ) .  Viable cells  

may be  det ermined by performing plat e  counts .  Although time 

consuming, for batch cultures thi s t echique has the benefit of 

requiring only small sampl e volume .  For thi s reason and due to 

its wide  acceptanc e as a t echnique for quantifying bact erial grmvth ,  

the plat e  count was the  major method used to measure the  growth of 

C .  minuti ssimum. 

The c ell mass may be  assessed by det ermining the dry weight 

of c el l  mat erial in  a known volume of culture medium.  Such a 

t echnique i s  s eldom used for unicellular bact eria due to the 

insensitivity of the analysis .  Correlating the optical density to 

the mass of a c ell  suspension i s  the preferred t echnique.  However, 

such an analysi s  is only adequat ely sensitive for cultures containing 

mo re than 107 c el l s/ml ( Stani er et al 1971 ) .  

With the Chromat iac eae, optical density measurement s have been 

shown t o  be an inadequat e measurement of growth as th e deposition 

of int racellular sulphur affect s  the optical density more than 

do es  the mass of c el l s  (van Gemerden l968a) . However, the growth 

of Chromatium has been studi ed by measuring the absorbanc e of the 

c ells ' bact eriochlorophyll  (van �emerden 1968a) . Such a measurement 

should be limit ed to situations where the light int ensity i s  above 

saturation as b elow thi s value the cells adjust their bact eriochloro

phyll  concentrat ion in inverse proportion to the l ight int ensity 

( Pfennig 1967 ) .  The bact eriochlorophyll content of Chromat ium c el l s  

has also been s.:wwn to  vary with the initial sulphide concentration 

(van Gemerden l968a) and with the presenc e or absence of organic 

compounds (Ful l er et al 1963 ) .  

Despit e these di sadvantages , the in vivo measurement o f  bact erio

chlorophyll o ffered pot ential as a rapid fi eld measurement t echnique . 

The culture absorbance at 870 run ,  the wavelength which exhibited 
the strongest absorbance (Fig. 3 . 2 ) , was therefore studied to assess 
whether this could be used as a vali d growth parameter. 
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Thus , three dependent , or  response ,  paramet ers were studi ed :  

( i )  The exponential growth rat e calculat ed from the chru�ge in 

culture absorbanc e at 870 nm with t ime.  This  parameter will be 

referred to by the abbreviation�a. 

( i i )  The maximum count obs erved on plat es of Pfennig ' s  mediu� 

containing 3% agar incubat ed in  the l ight . 

( ii i )  The exponent ial growth rat e calculat ed from the plat e  

count s described i n  ( i i )  above .  Thi s  paramet er will be referred 

t o  by the abbreviated �P · 

Absorbanc es were read on an Hi tachi model 101 spectrophotomet er. 

To minimise light scatt ering a filter paper impregnat ed with paraffin 

oil  was sandwiched between two sheet s  of opal glass and plac ed 

immediat ely behind the sample in the spectrophotomet er ( Shibata 

et al 1954) . 

The plat e  counts were obtained by incubating the inoculat ed 

petri plat es for fourt een days in the perspex incubator at 30°C .  
A gas consi sting o f  90% N2 and 10% C02 was used to sparge the 

incubator and beakers containing a solution of pyrogallol ( lw/v%) 

and sodium bicarbonat e ( 3w/v%) ( Willis  1969 ) were placed in the 

incubator to ensure that anaerobic conQitions prevail ed. 

3 . 3 . 4  Analysi s  o f  Result s :  

The gro\..rth data was read into Massey University ' s  Burroughs 

B6700 comput er and analysed using the MINITAB language. 

G�owth curves were obtained for each trial by pl�tting log10 
absorbanc e and log10 plat e count versus t ime. �pical curves are 

present ed in Figure 3 . 3 for t rial 7 .  V�sual inspection of these 

curves indicat ed the phases of lag,  exponential and stationary 

growth. The maximum count was obtained from the graph and recorded 

as a base 10 logarithm. The exponential growth rat e was obtained 

by linear regression of the point s  in the exponent ial growth phase.  
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These analyses resulted in the calculation  of the three 

dependent variables and their  values for each trial are present ed 

i n  Table  3 .  2 

74 

As anticipat ed ,  a wide range of growth rat es  and maximum count s 
were observed . The maximum counts ranged from 4.06 to 8 . 81 ( Table 

3 . 2 ) . The�p values ranged from 0 .016 x 10-3 to 1 . 12 x 10-3 hr-l 

for the same t rial s  suggesting some correlation between�p and the 

maximum count . A correlation analysi s (Tabl e  3 . 3 ) confi rmed this 

surmise . The two factors are signifi cantly correlated at th e 1% 

l evel . Insignificant co rrelation was observed bet ween�a and 

ether fa�tors (Fi sher and Yat es 1963 ) . 

TABLE 3 . 3 

Correlation Coeffici ent s for the Dependent Variabl es 

/la ,/1-P I 

,.,UP . 136 -

maximum count . lOO . 528 

If the absorba�ce at 870 nm was a good est imat e  of the cell  

mass ,  ,;u-a and /LP should have been significantly correlat ed . This  

is  due to nearly all the  cells formed during the exponential growth 

phase being viable  and of a const ant siz e and, thus , the c ell mass 

and c ell  numbers increase in parall el (Stani er et al 1971 ) .  

Also , the measurement of grov1th by the absorbance at 870 nm 

revealed some unusual effect s in  some cultures . A typical example 

i s  present ed in  Fig�re 3 . 3 ( a) where a substantial decreas e in  

absorbanc e  v1as observed at the onset of the  stationary phase .  No 

dec reas e in  c ell numbers was apparent during this period (Fig. 3 . 3 (b) ) .  

No referenc e to thi s phenomenon has been found in  the l it erature and 

the reasons for such an effect are worthy of further study. 



TABLE 3 .  2 

.. The Experimental Design Used and the Responses of Chromatium minutissimum to the Independent Variables 

.. 

Coded 
Symbol 

Description 

Independent Variabl es 

Xl X2 

Temperature pH 

1 · 1 
-1 1 

1 -1 
1 1 
1 1 

-1 -1 
-1 1 -1 1 
1 -1 
1 -1 
1 . 1 

-1 -1 
-1 . -1 
-1 1 1 -1 
-1 -1 
0 0 . 

X3 

qS 
- . 
1 
1 
1 

-1 
� 
1 

-1 
1 

-1 
1 

-1 
-1 
1 

-1 
-1 
-1 
0 

X4 

qA 

1 
1 
1 
1 

-1 
1 
1 

-1 
1 

-1 
-1 
1 

-1 
-1 
-1 
-1 
0 

X5 

qL 

1 
-1 
-1 
-1 
-1 

1 
1 
1 
1 
1 
1 

-1 
-1 
-1 
-1 

1 
0 

Dependent VB.riabl€s 

Maximum 
Trial 

(h:>:>-�a
l0-2 ) 

�lp count 
Number (hr -l x 10-3) ( loglO ) 

12 . 695 .440 6 .47 
14 1 . 88 .525 5- 75 
1 1  • 310 . 091 4. 23 

.. 24 1 .40 1 . 12 8 . 81 
15 .71 2  .966 5 .86 
16 . 242 . 392 4. 16 
10 1 . 31 ._Ill 8 . 20 
2 ·119 • 223 7 . 50 
3 1 .91 . 662 8 .45 

18 o .  21 0 . 16 4.06 
6 0 .45 . 152 7.90 

21 . 692 . 332 8 . 30 
22 o018 .766 5.83 

8 . 725 . 0 26 6 . 62 
23 • 241 • 265 7 . 39 . 
1 . 0 10 ·752 6 . 84 
4 . 846 . 691 7 . 48 

Continued 

--J 
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TABLE 3 . 2  Cont inued 

' 
Independent Variables D ependent Variables 

Coded. Maximum Symbol Xl X2 X3 X4 xs Trial /Ua ,tJ-P count 

Description Temp erature pH qS qA qL Humber (hr-l x 10-2) (hr-l x 10-3 ) ( log10 ) 

0 0 0 0 0 13 .  • 242 . 603 8 .02  
0 0 0 0 0 5 . 658 .494 7. 85 
0 0 0 0 0 11 . 367 -752 8 . 16 i 
0 0 0 0 0 7 .928 1 .05 8 . 30 
0 0 0 0 0 19 • 581 .787 8 . 07 
0 0 0 0 0 9 .503 . 738 7· 85 
0 0 0 0 0 20 . 683 -744 7 . 86 • 
2 0 0 0 0 27 3 . 39 .766 7. 86 

-2 0 0 0 0 30 .968 • 704 7 . 20 
0 2 0 0 0 31 3 .59 . 450  6 . 40 
0 -2 0 0 0 34 1 . 33 . 086 4. 69 
0 0 2 0 0 35 . 751 . 1 10 4.09 
0 0 -2 0 0 36 ·542 . 137 6 . 70 
0 0 0 2 0 32 l .  58 .407 5. 65 
0 0 0 -2 0 29 2 . 0 1  . 143 6 .70 
G 0 0 0 2 33 • 746 • 362 8 .  30 
0 0 0 0 -2  25 -534 .464 7 - 15 
0 0 0 0 0 28 .520 • 2'l9 6 .  Ll8 
0 0 0 0 0 26 . 479  .508 7. 80 -- ----

-. 



The absorbanc e at 870 run was therefore a poor paramet er with 

which to study the growth of Chromat ium minutissimum and no further 

reference to thi s variable  wil l  be made. 

3 . 3 . 5  D evelopment of Growth Models :  

An empirical model i n  the form o f  equation 3 . 1 was then fitt ed 

to each of  the dependent variables ,  �p and maximum count , by performing 

mult iple  regression analyses  using the B6700 comput er and the 

MINITAB language. This involved multiple regression of the ooded 

linear, quadratic and fi rst order int eraction t erms of  the indepen-

dent variables to  the dep endent variables. Thus the five main 

effects  (Xl to  X5) ,  the t en int eract ion t erms (X1X2 to  Y4X5) and 

the five quadratic t erms ( XlXl to .X5X5) were regressed with�p 

and the maximum count respectively . 

For each regression, the comput er print out contained a 

regression co effici ent fo r each term, the standard deviation of 

regression coeffici ent and the Student ' s  t statistic . Coefficient s 

which had a t st at i stic significant at the 0 . 05 level were considered 

to fit the dat a  adequat ely and therefore contributed significa..YJ.tly 

to any model developed. In thi s manner, co efficient s with t st at i stics 

not significant at the 0 . 05 l evel were discarded and only those  with 

significant t st at i stics contribut ed to the final , ' parsimonious ' 

model . 

The parsimonious models developed for
_,/1-

P and the maximum count 

are present ed in Tables A . l .l . a..YJ.d A . l . 2 . (Appendix 1 ) . 

The adequacy of  fit o f  the models to the observed data was assessed 

using the F st at i st ic ( John 197 1 ) . In this instanc e;  

F ' = mean sum of  squares due to lack of fit . nl n2 mean sum of squares due to pure error. 

MSlof 
MS p e  
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'J;'he MSpe may b e  calculat ed by performing a one way analysi s 

of varianc e on the replicat e  c entre point result s (Trials 4, 5 ,  7 ,  

9 ,  1 3 ,  17 ,  19 , 20 , 26 , 28 ) .  The MSlof may then be obt ained by 

differenc e from the residual mean sum of squares . For exampl e ,  

with the /"UP model (Table A . l , Appendix 1 . ) 

and 

MS = .0416 pe 
residual mean sum of squares 

MSlof .0688 - .0416 

= . 0272  

.0688 

n2 degrees of freedom of replicat es 

10 - 1 

9 

nl = residual degrees of  freedom - n2 
32 - 9 

= 23 

F23 , 9  . 0 212 
.0416 

. 654 

As thi s value is  less than F23 , 9 , 0 •05  
can lack of fit at the 0 .05  l evel . 

2 . 91 there is  no signifi-

Similar calculations for the maximum count model also indicat ed 

no significant l ack of fit . 

However, the correlat ion co effici ent s ( r2 ) were 25 . 8% and 84. 1% 

for the�p and maximum count models respectively. Thi s  means that 

the /"UP model , for exampl e, explained 25 . 8% of the observed variation 

in the data point s and was therefore inadequat e. Thus a means of 

improving the fit of the�p model was sought and, while  the maximum 

count model gave an adequat e description of the data, a search for a 

b etter data fit was made. 
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Thus , the growth rat e and maximum count data  were manipulat ed 

prio r  to regression. Two manipulat ions , the natural logarithm 

and the inverse of each datum point were investigat ed. 

Manipulat ion of the�p data result ed in a substantial improve

ment in the model . The inverse�p model yi elded a correlation 

co effici ent of 85 . 7% ( Table  A. 3 )  compared to 25 . 8% for the�p 

model ( Table  A. l ) .  However, there was a significant lack of fit 

at the 0 . 05 l evel. The ln�p model was a further improvement with 

an r2 value of 86 .0% and no significant lack of fit ( Table  3 . 4) . 

Data manipulation also result ed in an improvement in fit of 

the model to  the maximum count results.  The inverse model result ed 

in an r2 value of  9 1 . 9% and had no significant lack of fit ( Tabl e 

3 . 5 ) . The logarithm model had a correlation coeffici ent of 88 . 1% 

and showed no significant lack of fit (Table  A. 4) . Therefore, both 

maximum count models adequat ely described the observed data but 

because of  its  higher r2 value,  the inverse model was preferred. 

Residual plot s for the  two sel ect ed models are present ed in 

Figures 3. 4 and 3. 5 . The random distribution of points indicat es the 

abs enc e  of any bias or t ime t rends. 

Further,  the sel ect ed models can be manipulat ed to yi eld an 

equat ion giving the predicted response using uncoded independent 

variables ( e . g. t emp erature in °C ) .  Such a decoded model i s  much more 

practical for general use .  

The decoding was performed as out lined by Belz ( 1973) using 

Tabl e  XXIII  of Fisher and Yat es ( 1963 ) . 

The d ecoded models are present ed in Tables 3 . 6  and 3 . 7 .  

3 . 3 . 6  Int erpretation of Growth Model s :  

Int erpretation o f  the developed models i s  difficult due t o  their 

complexity. The relatively large number of independent variables 

studi ed and the number o f  sigriific��t int eractions and quadratic effects  
i n  each model makes a simpl e analysis impossible .  
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TABLE 3 . 4  

Parsimonious Model and Regression Statistics for ln /UP 

Parsimonious model : 

lnY = - . 457 + . 225X2 + . 360X4 + - 575XlX2 

- . 370XlX3 - . 388XlX5 + . 460X2X3 + . 263X2X4 

- . 266X3X4 - . 443X3X5 + . 253X4X5 

- . 257X2X2 - . 375X3X3 - . 206X4X4 

Correlation Coeffici ent : 

r2 ( adjust ed for degrees of freedom ) 
Analysi s  o f  Vari anc e Summary: 

Sourc e of Degrees of 
Variation Freedom 

regressior 

residual 

total 

Test for Goodness of Fit : 

MS = . 118 pe 

13 

22 

35 

MSlof = . 0 22 

MS 

MS 
lof = . 186 

pe 

Sum of 
Squares 

32 .0  

3 .07 

35.07 

86 . 0% 

Mean Sum 
of Squares 

2 .46 

. 140 

As F = 3 .04 there i s  no significant lack of fit at . 13 ,  9 ,  0 .05  

the  0 .05  l evel . 
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TABLE 3 .5 

Parsimonious Model and Regression Stat i stics for the Inverse 
of the !·faximum Count 

Parsimonious model : 

1 = . 129 - . Ol60X2 + . 0 285X3 + . 00838XlX3 

Y - . 00696XlX4 - .0159X2X3 - . 00997X2X5 

+ . 0 105X3X4 + . Ol23X2X2 + . 0 153X3X3 

+ . 00691X4X4 

Correlation Coeffici ent : 

r2 ( adjust ed for degrees of freedom) 
Analysis  of Varianc e Summary: 

9 1 . 9% 

Sourc e of D egrees of Sum of  Mean Sum 
Variation Freedom 

regression 10 

residual 25 

total 35 

Test for Goodness of Fit : 

MS .0000924 pe 

MSlof = . 0000276 

MSlof = • 299 
MS pe  

Squares of Squares 

.0489 . 00489 

. 0030 .00012  

.0519 

As F16 , 9 , 0 •05 = 2 . 98 there i s  no significant lack of fit at the 

0 .05  level . 
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Figure 3 . 4 : Plot  of  Res idual versus Y for ln;up 
Model . 
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Decoded ln..,.up Model 7 

TABLE 3 . 6  

ln Y = -1 . 243 - .024T + . 0788pH + . 127qS 

- .0353qA + . 242qL + .00719 T. pH 
- . 00462 T. qS - .0097 T. qL + .0�87 

pH. qS + .0164 pH . qA - .0166 qS. qA 

- .0554 qS. qL + . 0316 qA. qL 

- . 0161 pH2 - .0234 qS2 - .0129 qA2 

TABLE 3 .  7 

Decoded Invers e Maximum Count Model 

1/y = . 164 - .000035T - .0112 pH + . 00785qS 

- . 00 13qA + . 00997qL + . 00010 5 T. qS 

- .000087 T. qA - .000994 pH. qS 

- .00125 pH. qL + . 000656 qS . qA + .000769 
2 . ? 2 pH + . 000956 qs- + . ooo432 qA 

Key to Tabl es 3 . 6  and 3.7: 

T Temperature °C 

pH pH 

qS log ( sulphide conc entration in mg/1 ) 

qA log ( ae'etat e concent ration in mg/1 ) 

qL log ( light intensity in lux) . 
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This  sect ion seeks to  int erpret the models as simply as possible  

to indicate  the  import ant effect s of  the  independent variables . 

Thi s  i s  achi eved by considering the i solat ed effects of the variables 

and their  int eractions. However, these t echniques result in only a 

part ial represent ation of the models and an accurate prediction of 

the growth rat e and the maximum count can only be  obtained by 

inserting the correct levels of  the independent variables into the 

equat i ons present ed in Tables 3 . 6  and 3 . 7 .  

3 . 3 . 6 . 1  Consideration o f  the I solat ed Effects  of the Variables : 

The fit of the select ed models to the observed data  and the 

nature of the responses was invest igated by plott ing the i solat ed 

effec t s  of the independent variables on the dependent variables 

(Rich ert 1972 )  (Figures 3 . 6-3 . 10). This  was achi eved by only consider

ing the effect of each dependent vari abl e on the independent vari ables.  

An example calculation for the derivation of these effects and the 

t abulated dat a  for each model are present ed in Appendix 2.  Figures 

3 . 5  to 3 . 9  are a graphical representation of these data. Such plot s 

include only a fraction of the fi eld covered by the models and therefore 

exc lude much information. They do represent /UP and the maximum 

population under the conditions considered in the · graph but it i s  

import ant t o  realise that they do not represent the optimum growth 

condit ions and that varying the l evels of the other independent 

variables will  great ly affect the observed response. Plot s of  the 

i so l at ed effects  are most useful in visualising the adequacy of fit of 

the mod.el to the observed dat a. 

From Tables 3 . 4  and 3 . 5  it i s  apparent that there are no main or  

quadratic effect s for t emperature in either of  the developed models.  

Thus , the predict ed�p and maximum count were constant across  the 

range of t emperatures studi ed (Figure 3 . 6. ) .  This  was. not as expect ed . 

It i s  usual for the growth rat e to follow Arrhenius ' law for 

much of the t emperature range over which growth is observed ( Starrier 

et al 1971 )  and such curves with optima in the range of 25-30°C have 

been observed for Chromatium (Meredith and Pohland 1970 , Takahashi 

and Ichimura 1970 ) . However the l att er authors also i solat ed a 
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3 . 6 : The  I solated Effect of  TernEerature on the 
DeEendent Variables . 
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Chromatium spp . which showed a relatively illliform rate  of photo

synthesis from 8°C to 30°C .  The observed isolat ed effect of 

t emperature in this study shows a similar response.  However, a 

study of the int eract ion t erms wi ll  demonst rat e the import anc e of 

other independent variabl es such as light int ensity, pH and sulphide 

conc ent ration in det ermining the effect of t emperature on�p .  A 

direct compari son of result s i s  therefore not po ssible as the 

previous authors have not specifi ed their incubat ion condit ions . 

Figure 3 .  7 present s the i solat ed effect of pH on the ,....-up and 

the maximum growth rat e. Quit e good agreement i s  obtained between 

the observed and predict ed�p dat a. However, the model i s  illlabl e  to  

accoilllt for the  sharp change in shape of  the observed dat a  line  at pH 

8 .0 .  Thi s result s in the observed maximum occurring at pH 8 .0 and the 

predict ed max:imum ./"Up at pH 8 . 44 ,. Also , this explains the relatively 

poor agreement b etween observed and predict ed data point s at pH ' s  

9 and 10 . Meredith and Pohland ( 1970 )  obt ained the maximum groh�h 

rate  of a Chromatium spp . at pH 7 . 5  but they observed litt l e  variat ion 

in growth rat e between pH 7 .0 and 8 .0 .  The maximum growth rat e of  C .  

minuti ssimum occurs between pH 6 . 5 - 7 . 6  (Pfennig and Truper 1974) 

although growth of the Chromati ac eae has been observed between pH 

5 . 5  ( Kaplan 1956 ) and 1 1 . 0  ( Jannasch 1957 ) .  However, variat ion in 

other paramet ers wil l  affect the pH at which the highest growth rat e 

occurs. The effect of various t emperatures sulphide and acet at e 

conc entrat ions on the optimum pH for grovrth wil l  be demonstrat ed 

shortly.  

Good agreement is also obtained between the observed and predic

ted maximum coilllt dat a, although the model has some difficulty in 

following the sharp inflexion in the observed data curve. Thi s 

results in a disparity between the observed and predict ed values at 

pH 9 and 10 and between the observed and predict ed optimum pH. The 

highest maximum coilllt was observed at pH 8 . 0  and the model predict s  

an optimum at pH 8 . 65 .  A previous study observed the highest maximum 

. coilllt s  of Chromat ium vino sum at pH 7 .8 (Holm and Vennes 1970) .  



Figure 3 . 7 : The I solated Effect of  pH on the Dependent 
Variab l e s . 
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Figure 3 B  : The I solated Effec t of  Sulphide on the 
Dependent  Variable s . 
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Figure 3 . 9 : The I solated Effect of  Ace tate on the 
Dependent Variable s . 
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Figure 3 .10 : The I solated Effec t o f  Light Int ens ity on the 
Dependent Variables . 
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The i solat ed effect of sulphide on �p and the maximum count 

i s  present ed in Figure 3 .  8 .  There is  good agreement between the 

observed and precict ed ,/"ll-P dat a. In both instanc es the maximum 

growth rat e occurs at 100 mg/1 .  This is within the  range of 26 

1 28 mg/1 sulphide tol erat ed by the Chromatiaceae ( Pfennig 1975 ) . 

The model again has difficulty in fol lowing the curvature of 

the observed maximum population data at low sulphide concentrations . 

This  results  in discrepanci es between the observed and predict ed 

maximum count s at 1 . 0  and 10 mg/1 sulphide. Also the observed dat a 

indicat e that the highest maximum count is obtained at 32 mg/1 

sulphide whil e  the model predict s an optimum at 1 2  mg/1 sulphide. 

The observed dat a  is in reasonable  agreement with that of 48-56 mg/1 

sulphide found for Chromatium vino sum (Holm and Vermes 1970 ) although 

these values will  b e  affect ed by the l evel s of the other independent 

variables .  

The model also fits  the ac et at e  data adequat ely (Figure 3 . 9) .  

The model and the observed dat a agree in predicting that both the 

maximum �p and the highest maximum count occur at 100 mg/1 ac et at e .  

Lower conc ent rations stimu�at e, and higher concentrations inhibit , 

growth.  Unfortunat ely there i s  no published dat a  with which to 

compare these results .  

As observed for the t emperature, there are no main nor quadratic 

effect s for the light int ensity in either model ( Tables 3 . 4  and 3 . 5 . ) .  

The predict ed ./UP and maximum count are therefore independent of  

the light int ensity (Figure 3 . 10 ) . A study of  the  lit erature indicat es 

that the growth rat e should be  proportional to the l ight int ensity, 

up to the saturation int ensity ( Takahashi and Ichimura 1970 , Truper 

and Schl egel 1964) with saturat ion occurring at different int ensit i es 

depending upon the conditions of  growth and the bact erial spec i es ( see 
. 
Sect ion 2. 5·  2. 2 ) . For Chromatium species ,  saturation· is most 

frequent ly observed at 2 , 000 lux and therefore an increase  in growth 

rat e up to thi s light int ensity could have been ·ant icipat ed. Thi s 

was not observed and the maximum growth rat e occurred in the vicinity 

of 316 lux ( Figure 3 . ·1 o( a) ) . 
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The highest maximum count was observed at a light int ensity 
of 3 , 160 lux (Figure 3. lO(b ) ) . However, this point is the result of 

only one observation and could be an outli er as the other data 

points  indicat e a maximum count independent of the light int ensity. 

Unfortunat ely , no maximum count data have been published in the 

lit erature with which to compare the result s of thi s study . 

The major  findings from a study of the isolat ed effect s of 

the independent vari abl es may be summarised as follows : 

( i ) No significant effects  of t emperature or light int ensity 

were observed. 

( ii ) Adequat e fit of  the models to the pH dat a was observed. 

Best growth occurred at pH ' s  in the vicinity of  8 .0. 

(iii ) The models fit t ed the observed sulphide data wel l .  

Low sulphide conc ent rations st imulat ed growth whi le high conc ent ra

tions proved inhibitory. The maximum growth rat e was observed at 

100 mg/1 sulphide and the highest maximum count occurred at 32  mg/1 

sulphide. 

( iv) Adequat e fit of the model to the acet ate  data was observed 

with low conc entrations proving st imulatory and high conc entrations 

inhibitory. Best growth was obtain ed  at lOO mg/1 ac etat e .  

(v) The above are the result s o f  considering only the i solat ed 

effect s and do not account for the effects of any int eractions 

b etween the independent variables .  Such int eractions will  affect 

the predict ed optimum growth condit ions and to demonstrat e the 

effects of the int eractions , some will now be considered. 
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Figure 3 . l l : The Isolated Temperature - Sulphide Interac tion of  the ln/Up Model 
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3 . 3 . 6 . 2  Consideration of  the Isolat ed Int eract ion of Two Variables : 

Further information on the developed models may be  obtained by 

studying the significant int eractions b etween the independent 

variables.  It wi ll be demonst rat ed that a consideration of these 

int eract ions is essenti al and that they subst ant ially affect the 

highest _../UP and maximum count s observed in the study of the 

i so l at ed effects .  

The effects  of  the int eractions of the independent vari ables on 

the response variable may be obtained by studying response surfac e 

contour plot s of the fit t ed models using a comput er programme 

developed by Dr .  S .H .  Richert (Personal Communic ation 1976 ) . 

However, there are eight int eraction t erms in the ln /UP model 

and five in the inverse maximum count model and to consider these 

int eractions would require 1625 contour plot s .  As it i s  impractical 

to inc lude these in thi s thesi s ,  only 4 of the 13 isolated L�teractions 

observed in the two models are present ed. To study these,  the 

independent vari ables not involved in the int eractions were set at 

the c entre point . For example ,  consider the XlX2 int eract ion of 

the ln ,/J-P model (Table 3 . 4) .  By sett ing X3 , X4 and X5 equal to 

z ero , the model b ecomes : 

or 
ln Y 

y 
- . 457 + . 225X2 + - 575XlX2 - . 257X2X2 
exp (-. 457 + . 225X2 + · 57 5XlX2 - . 257X2X2 ) 

and a contour plot of Y with Xl on the absci ssa ��d X2 on the ordL�ate 

c�� be obtaL�ed. Such plots are presented L� Figure s 3 . 11-3 . 14 �  

Firstly, the ln /UP model wil l  be considered by s tudying some 

contour plo t s .  It must be remembered that such plot s .are only a I 

part ial representation of the data  as , in Fig. 3 . 11 for example , the pH ,  

the light int ensity and ac etat e  concentrations have all been set at 

their c ent re point values to remove any effect they may have on�p .  

At other levels of  t�ese variables ,  a different t emperature -

sulphide contour plot would be  obt ained .  
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Figure 3 . 11 demonst rat es some int eresting effect s .  At all 

t emperatures, low sulphide conc entrations st imulat e the growth rat e 

whi l e  high conc ent rations depress it . However, the sulphide 

concentration at which the maximum growth rat e i s  predict ed ,  
0 decreases with increasing t emperature. Thus at 30 C the highest 

growth rat e i s  observed at 10 mg/1 sulphide while  at l0°C it i s  

observed at 1 1 000 mg/1 sulphide. I t  i s  int erest ing that the 

predict ed _/ll-P is the same at these two points  whil e  at 20°C and 

lOO mg/1 sulphide it i s  only two thirds of  the maximum value. Al so, 

t emperature st imulat es the growth rat e at sulphide concentrations 

l ess  than lOO mg/1 but inhibits  it at higher conc entrations . No 

evidenc e to corroborat e thi s latter fact could be found in the 

lit erature. 

This  info rmation again emphasi ses the importanc e of considering 

the effects of any int eractions when int erpreting the models ,  as the 

isolat ed effect of sulphide ( Figure 3 . 7 ) indicat ed that the maximum 

growth rat e occurs at lOO mg/1 sulphide. However, the effect of  

t emperature significant ly modifi es this response.  

The pH - sulphide i so lat ed int eract ion (Fig. 3. 12)  demonst rat es 

that at 20°C ,  316 lux and lOO mg/1 ac etate ,  the maximum g rowth rat e 

i s  predict ed to occur at pH 7 . 0 and 400 mg/1 sulphide. Thi s  informa

tion reveals a significantly di fferent optimum to  that indicat ed by 

a consideration of only the iso lat ed effect s of pH and sulphide 

(Figure 3 . 6  and 3 . 7 ) .  Thi s  indicat es the difficulty in int erpreting 

the results when only a part of  the data i s  considered .  

However, thi s  int eraction confirms that low conc entrat ions of 

sulphide stimulat e growth while  high conc entrations retard it . 

However, the sulphide concentration at which the maximum growth 

rat e i s  observed decreases  with increasing pH. Thus , at pH 10 . 0 ,  

the maximum predict ed�p occurs at 5 . 8  mg/1 sulphide whi l e  at pH 6 . 0  

i t  i s  at 1 , 060 mg/1 sulphide.  Thi s example also demonstrat es that 

the pH at which the maximum�p occurs decreases with increasing 

sulphi�e concent ration. 
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Figure .3 . 14 : The I solated pH- Sulphide Interaction of the Maximum Count Model 
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Secondly, the maximum count model wi ll be considered by 

studying some of the significant int eract ions . 

The temperature - sulphide i solat ed int eraction (Figure 3 . 13 )  

indicat es that at low sulphide concentrations ( l ess than lOO mg/1 ) 

increasing the t emperature result s in increased maximum count s .  

The predict ed maximum count i s  3 . 20 x 109 c ells/ml at 30°C and 

3 . 2 mg/1 sulphide. Also , the sulphide concentration at which the 

highest maximum count is  observed increases with decreasing 

t emperature. 

Above lOO mg/1 sulphide, t emperature has litt le effect on the 

maximum count , which is reduc ed by the inhibitory effect of high 

sulphide conc entrations. 

The i solated pH - sulphide int eraction shows a simi lar shape 

for both the inverse maximum count (Figure3. 14) and the ln�p . 

models (Figure 3 . 1 2 ) . However, the highest maximum count i s  

observed at a lower sulphide conc entrat ion ( 1 2 . 5 mg/1 compared to 

400 mg/1)  and a higher pH (8 .00 compared to 7 .06 ) . Thus the 

maximum count is more readily reduc ed by high sulphide conc ent rat ions 

than is the growth rat e. 

3 . 3 . 6 . 3  Consideration of the Combined Effect s of More Than Two 
Variables : 

The i solat ed int eractions considered in Figures 3 . 1 1  to 3 . 14 

only present the effect s of two independent vari ables on a growth 

paramet er whil e  the other three variables are held at their c ent re 

point s .  Thi s  parti al represent ation of the data  is nec essary due 

to the inability to visually represent a five dimensional space. 

However, the indep endent variables not considered may have an 

impo rt ant effect on the int eract ion. An example of this i s  present ed 

in Table 3 . 8  where the sulphide - acetat e  int eraction i s  considered 

at various pH l evel s .  Decreasing the pH increases the predict ed 

maximum�p whil e  increasing both the sulphide and ac etat e 

conc entrations at which thi s maximum�p occurs . The magnitude 

of these shift s i s  substantial and so whil e  the isolat ed int eractions 

are useful as they indicat e  the general t rends caused by the 



TABLE 3 . 8  

Summary of  the Effect of pH on the Sulphid.e-Ac etat e Int eract ion 
of the ln fop Model 

7 

I 
Maximum /UP predicted at Predicted 

pH sulphide (mg/1 ) ac et ate  (mg/1 ) maximum �p 
(Xlo-3h- ) 

6 400 6 , 000 1 . 0 2  

7 103 2 , 500 . 985 

8 25 1 , 030 · 776 

9 10 650 . 5Q l 

10 4 320 • 264 

independent variables ,  a truly quantitative prediction of the growth 

rat e and maximum population can only be obtained by insert ing the 

correct levels of the independent variables into the equat ions 

present ed in Tables 3 o 6 _?11d 3 o 7 • 

3 . 4  Application of  the Models to \'Jast e Treatment Lagoons : 

The aim of thi s exp�riment v1as to provide an insight into 

conditions causing the growth of Chromatium minut issimum in wast e 

t reatment lagoons and, to this end, models predicting the growth 

rat e and maximum count have been devel.oJWd. To make use of these 

equations, the exp ected l evels of the independent variables in 

typical lagoon syst ems must be  det ermined.  · 

Lagoon temperatures m� range from 5°C to 30°C depending upon 

the lat itude and the season. 

Lagoon pH ' s  vary widely but lagoons in which the Chromatiac eae 

are dominant do not exhibit the l arge diurnal pH fluctuat ions 

charact erist ic of facult ative lagoons . The pH of Chromatiac eae 

lagoons usually fal l s  in the range 7 . 1 - 9 . 1  (Chapt er 4) . 

90 



The sulphide conc entration in such lagoons also vari es widely 

and i s  dependent upon the charact eristics of the effluent being 

treat ed . Conc entrations of 0 mg/1 to 6 2 . 4  mg/1 sulphide have been 

observed ( Chapt er 4) . 

A wide range of  acet ate  conc entrat ions has been observed in 

anaerobic  syst ems with values of 30 - 1 , 900 mg/1 having been 

report ed (Hindin and Dunstan 1960 ) .  However the ac et at e  conc ent ration 

most frequent ly falls  within the range 30 - 300 mg/1 (�kenfelder 1970 , 

Hindin and Dunst an 1960 ) .  To a c ertain extent the ac etat e  conc ent ra

tion wil l  be dependent upon the sulphide concentration, with soluble 

sulphide concent rat ions of 200 mg/1 inhibiting methanogenesis and 

resulting in increased conc ent rations of  volatile  acids . 

In the vicinity of Palmerston North, N .Z . , the daily average 

light int ensity vari es from 1 1 , 000 lux in July to 43 , 000 lux in 

Jam�ary (De Li sle 1966 ,  Kimball 1924) . Ho1vever, in lagoons, the 

amount of light t ransmitt ed decreases rapidly with depth and typical 

extinction co effici ent s which have been observed in lagoons are 

present ed in Table  3 • .  9 . These co effici ent s indicat e  that a light 

int ensity of 31 . 6  lux may be obt ained at a depth of . 418 m in the 

wint er and . 814 m in the summer. So the range of l ight int ensit i es 

investigat ed in thi s study may be  expect ed to  occur in the upper 

TABLE 3 . 9 

Extinction Coefficients Observed in Five Wast e oons 
in North and South Dakot a Bartsch and Al lum l 

season range of co effici ent average coefficient 

spring 9 - 9 - 46 . 0  21. 4 

summer 5- 9 - 10 . 8  8 . 80 

autumn 10 . 8  - 22 . 9 17 . 1 

regions o f  a typical lagoon. 

The extreme values of the independent variables which would be 

anticipat ed for a New Zealand lagoon, and which fell within the range 
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of the experiment al design, were substitut ed into the developed 

models .  There were 25 , o r  327 combinations of the independent 

variables cnd these,  along with the calculat ed growth rat es and 

maximum count s ,  are tabulat ed in Appendix 3 . The range of d ependent 

variables predict ed and the conditions under which they occur are 

present ed in Table  3 . 1 0. 

TABLE 3 . 1 0  

Range of the D ependent Variables Predict ed Under Extreme 
Lagoon Conditions. 

Independent Variables 

Dependent Temp . sulphide ac etat e 
Variable ( oc )  pH (mg/1 )  (mg/1 )  

lowest /UP 
(hr-l x l0-3) . 362 10 9 - l l 30 

highest ,/'l-P 
. 840 30 9 . 1 62 . 4  

(hr-l x l0-3 ) 1 , 900 

lowest maximum 2 . 72  10 7 10 7 . 1  62 . 4  1 , 900 count 0ells/ml ) X 

highest maximum 8 
count (cells/ml ) 9 . 10 X 10 30 9 - l l 1 , 900 

light 
( lux ) 

3l o 6  

31 . 6  

3 , 160 

3 , 160 

There i s  therefore nearly a hundred-fold variation in t.r"e predict ed 

maximum count s and approximat ely a 2. 5-fold variation in the predict ed 

grovrth rat e. 

The growth rat e calculations indicat ed that washout of C .  

minut i ssimum would occur at ret ention t imes between 50 days and 115 

days. These values are higher than might be expect ed under fi eld 

condi h ons (Chapt er 4)  and may be explained by the fol lov1ing :  

( i )  the organi sm was grown in  pure culture. Changing from 

pure culture to mixed culture may substantially alt er the growth 

charact eristic s o f  a bact erium with the nature of the change being 
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dependent upon the relat ionship between the organisms (Pirt 1975 ) . 

As syntrophic growth has been demonstrat ed for some of the photo

trophic bact eria (Bi ebl  and Pfennig 1978 ) more rapid growth in 

mixed culture than in pure culture may be ant icipated .  

( i i ) the use of a synthet ic culture medium. There will  be a 

substantial di fferenc e between the media in which thi s experiment 

was conduct ed and the lagoon environment . Such a differenc e may 

significant ly alt er the growth charact eri st ics  of the bact erium . 

( iii ) only one speci e-s o f  the Chromat iaceae , .Q_. minuti ssimum ,  

was studi ed .  Although i solat ed from an anerobic lagoon, it has not 

been frequently observed in such situations (Sect ion 2. 5 . 4 . 2 and 

Chapt er 4) and further research is  required to det ermine whether 

it s growth charact erist ic s are similar to those bact eria frequently 

inhabit ing such environment s .  

Thus,  the point s covered i n  ( i ) and ( i i ) above are likely t o  

result i n  increased growth rat es and, as indicat ed by point ( i i i ) , 

other Chromatiaceae may have the genetic capability for fast er 

growth than c �  minut i ssimum. 

The models developed are l ikely to result in a conservat ive 

prediction of the growth rat e and populations of Chromatiaceae 

observed in wast e t reatment lagoons . 

The maximum count calculat ions (Appendix 3 ) indicat e  that , 

under the range of environmental conditions expect ed for lagoons 

in New Zealand , substanti al populations of C .  minutissimum would 

occur at ret ention t imes above washout . As red lagoons have been 

observed at populat ions as low as 2 x 106 c ells/ml , a highly 

coloured effluent would be produc ed. The calculations also indicat e 

that manipulat ion of  the environmental paramet ers would not provide 

control over the occurrence of thi s bact erium. Only by reducing the 

hydraulic ret ent ion time below the washout point will  it s dominanc e 

be  prevent ed. 
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3 .5 Conclusions : 

Two models which adequat ely described the growth of C .  

minuti ssimum in pure culture in synthetic medium were developed. 

These models yi eld a conservative prediction of the growth rat e 

and maximum count of thi s bact erium in a wast e t reatment lagoon. 

The models indicat ed that high populations of these bact eria 

would develop in lagoons under the range of envi ronmental 

conditions l ikely to prevail in N . Z .  and that their  prevalence  could 

only be prevent ed by reducing the hydraulic ret ent ion t ime below 

that at which washout would occur. 

However, this is a s impli stic explanation of what will  occur in 

a wast e t reatment lagoon as these experiment s were performed on pure 

cultures and any competition by other organi sms for the niche 

occupi ed by the photot rophic bact eria is ignored. It will be shown 

in Chapt er 4 that at relatively long ret ention t imes and low organic 

loading rates green algae successfully compete for the upper 

reaches of the lagoon. This generally restrict s the dominance of 

Chromatiaceae to a relatively narrow range of ret ention times and 

loading rat es and at the ret ent ion times required for the dominance 

of C .  minut i ssimum it i s  probable that the green algae would be  the 

dominant lagoon microflora. 
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CHAPTER 4 

OBSERVA'l'IONS ON THE OCCURRENCE OF THE 
CHROMATIACEAE IN WASTE TREATMENT LAGOONS 



4. OBSERVATIONS ON THE OCCURRENCE OF THE CHROMATIACEAE 
IN WASTE TREATMENT LAGOONS 

4. 1 INTRODUCTION : 

The occurrenc e of  Chromatiac eae in lagoons treating a vari et;y 

of wast es has been not ed. ( Secti on 2 . 5 . 4. ) .  In some situations , 

they formed a permanent dominant population while  in others , their 

prevalenc e was of  a more t ransi ent nature . This chapter present s 

and di scusses observat ions of the Chrornatiac eae in a wide vari ety 

of vmst e treatment lagoons . 

A succ ession from anaerobic  het erot rophs to photot r·ophic 

bact eria to algae has been demonst rat ed during the incubation of 

an organic wast e in  the light ( Kobayashi 1972 ) . To confirm these 

studi es,  the suc c ession of microorgani sms in the batch culture of 

samples removed from lagoons t reating piggery and meatworks wast es 

vfas investigat ed . 

A number of  lagoon syst ems vfere then studi ed to investigat e  the 

typical Chromat iac eae present and to  elucidat e the reasons for their 

occurrenc e .  To ensure a thorough investigat ion of  the conditions 

under which these bact eria became  pr·evalent , as many lagoons as 

po ssible  in which they were known to occur were observed. Lagoons 

ranging from facultative to a�aerobfu were investigat ed and the 

effluent s t reat ed varied from domestic sewage to strong indust rial 

and agricultural effluent s.  As maYJ.y of these lagoons were 

geographically remot e from Palmerston Nort� it  was impractical for 

the author to perform all the nec essary analyses and to assess the 

seasonal fluctuation in the lagoons ' population. He was therefore 

dependent upon the regular analyses by the people involved in the 

monitoring of the lagoons ru1d he  is most appreciative- of their 

assistance. 
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The author was only closely involved with the moni taring 

of a meat works l agoon syst em in the vicinity of Palmerston North . 

Bri ef visits to  four of the other lagoons allo1-ved some chemical 

anu microbi al analyses to be  carri ed out . The author only performed 

microbial investigations on the two South African l agoon syst ems . 

These studi es sho-.ved that the three stage succ ession observed 

in batch cultures may be ext rapolat ed to full scale lagoons and 

that the organic loading rat e exert ed on a lagoon is  an import ant 

paramet er in det ermining the predominanc e of the Chromatiac eae. 

4. 2 METHODS OF STUDYING LAGOONS 

4. 2 . 1 Organic Loading Rat es on Lagoons : 

As the o rga11ic load.ing rat e i s  an important paramet er \vhen 

considering the occurrenc e of Chromatiaceae in lagoons, it i s  

essential t o  establish typical loadings for facultative and 

anaerobic lagoons . However, such loadings vary with climatic 

conditions , effluent composition and other factors (Oswald 1968 ) 

and only serve as a base  from which the loadings of the lagoons 

subsequent ly studi ed may be assessed. 

Organic loadings on facultative l a�oons are usually expressed 

on a surfac e area basis (g BOD/m2 . d) due to the dependenc e of  the 

algal oxygen contribut ion upon sunlight (Aguirre and Gloyna 1970 ) .  

Generalised BOD loadings for such lagoons t reating domestic s ewage 

are present ed in Table  4. 1 .  The effect of the environmental 

conditions can readily be  disc erned. In the U . S . A. ,  BOD loadings 

of l-10 g BOD/m2 . d  are common (M:cKinney et al 197 1, C a11t er and 

Englande 1970 , Agui rre and Gloyna 1970 ) w�.i l e  the Auckland Regional 

Authority operat es the l argest lagoon syst em in New Zealand at 

loadings of 8 .  4-16 . 8  g BOD/m2 . d  (Brockett 197 5 7  Collum 1972 ) . The 

recommended loading for N . Z .  is 8 . 4  g BOD/m2 . d  (Ministry of Works 

and D evelopment 1974) . 

For anaerobic  lagoons , algal oxygenation i s  unimportant 

and BOD loadings are usually expressed on a volumetric basi s 
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(g BOD/m3 . d) . Loadings o f  190-320 g BOD/m3 . d  are considered 

common in the U . S . A. (McKinney et al 197 1, - Whit e 1970 ) while  the 

I sraeli Ministry of Health quot es 125 g BOD/m3 .d (Shuval 1966 ) . 

This  variat ion in  unit s makes a compari son between loading 

rat es on facult at ive and anaerobic lagoons difficult . However, 

the minimum surface loading rat e nec essary to maintain anaerobic 

conditions do es indicat e the region in which the transition from 

facultative to anaerobic condit ions occurs . This  loading vari es 

with environment al conditions with values quot ed for California 

of 9 . 0  g BOD/m2 . d  in the wint er and 35 .0  g BOD/m2 .d  in the 

summer (Oswald 1968) . 

TABLE 4. 1 

Generali s ed Surfac e BOD Loadin s for Facultative oons 

Surfac e Loading (g BOD/m2 . d) 
Less than l . O  

1 . 0  - 5 . 0  

5 .0  - 1 5 . 0  

�5 .0 - 35.0 

Environmental Conditions 

Frigid zones , with seasonal ice 
cover, uniformly low wat er t empera
tures and variable cloud cover. 

Cold seasonal climat e ,  with seasonal 
i c e  cover and t emperat e summer 
t emperatures for short season .  

Temp erat e to semi-tropical ,  occasional 
i c e  cover, no prolonged cloud cover. 

Tropical ,  uniformly di st ribut ed sun
shine and t emperature , and no 
s easonal cloud cover. 

In Section 4 . 6 ,  information on two South African lagoon syst ems 

t reating t annery effluent is  present ed. In South Africa, the BOD i s  

not used as a paramet er for det ermining the organic l-oading (Funke 

1977 ) and the oxygen absorbed (OA) as measured by the 4 hour 

permanganat e value ( Standard Methods for the Examination of  Wat er 
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ru1d Wast ewat er 1975) i s  the preferred t echnique .  It i s  therefore 
difficult to compare the loadings of the South African and New 
Zealand lagoons. 

4 . 2 . 2 Lagoon Ret ent ion Time :  

In  thi s chapt er, the  hydraulic ret ention t ime of  a lagoon i s  
defined as the lagoon volume divided by the dai ly hydraulic flow . 
Although thi s definition has limitations due to the various flow 
regimes observed in different lagoons , it  is useful as a basic 
parameter for comparing lagoon syst ems . 

4. 2 . 3  Analytical Techniques : 

Chemical ,  biochemi cal and physical paramet ers were measured 
in accordanc e with Standard Methods for the Ex:ar:�ination of Wat er 
ru1d Wast ewat er ( 1975 ) . Sulphides were det ermined by the t itrimetric 

method. 

Chromatiac eae were enumerat ed by direct count s using a 
Hawksley improved Neubauer counting chamber (Holm and Vennes 
1970 ) . Enrichment cultures of these bact eria were prepared 
according to van Ni el ( 1971 ) . Identification o f  genera ru1d spec i es 
followed Pfennig and Truper ( 1�74) . Refracti l e  c ell inclusions 
which could be removed by c ent rifugat ion at 5 , 000 rpm for 10 
minut es or applying pressure to the coverslip were considered to b e  
gas vacuoles (C aldwell and Ti edj e l975 a ,  Irgens 1977 ) . Refracti l e  
c ell  inclusions which were elut ed with ethanol were considered t o  b e  
sulphur granul es (Van Gemerden 1968a) . Po.lyhydroxybutyrat e ( PHB) 
was identifi ed by staining with sudan black B ( 0 . 0 2% in 96% 
ethanol )  for 20 minut es and then washing for l minut e .with 96% 
ethanol ( Schl egel et al 1970 ) . PHB then appeared as dark c el l  
inclusions . 

Total anaerobic counts were obtained by p erforming three 

dilut ions in the expect ed range. Each of  these was then plat ed 



in duplicat e  on Oxoid ' s  Tryptone Gluco se Ext ract Agar ( Tasman 
Vaccine Laboratory,  35 Whak:atiki Street , Upper Hutt ,  N . Z . ) and 
incubat ed under anaerobic conditions at 30°C for 48 hours (Holm 
196 9) . 

Algae were ident ifi ed according to Prescott ( 1970 ) and were 
enumerat ed by direct microscopic counts as describ ed for the 
Chromat i ac eae. 

Photomicrographs were t aken on either an Olympus Photornax 
(Olympus Optical Go .  Ltd. , 3-7 Kanda-Ogawamachi 7 Chiyodak:u7 Tokyo , 
Japan) o r  a Leitz Ortholux 2 (Ernst Leitz 7  GMBH D6330 Wetzlar, 
Germany) micro scope .  

4. 3 BATCH CULTURE OF LAGOON LIQUORS : 

To confi rm prior studi es of the .succ ession of micro-organisms 
in wast es expo sed to the light (Kobayashi 1972 , Kobayashi and 
Nak:ani shi ( 1970 ) )  7 various lagoon sampl es were incubat ed in seal ed 
250 ml glass bott l es and expos ed to natural diurnal fluctuat ions 
in light and t emperature .  

Sampl es were t aken from two le-goon syst ems.  The first v-ras 
from an anaerobic lagoon treating meat works effluent ( see  Section 
4 . 4) . Each bott l e  was fil l ed with 225 mls of lagoon supernatant 
liq�r mixed with 25 mls of bottom sludge and the variations in 
bact erial and algal populations were observed vri th t ime  (Figure 4. 1 ) . 
At the t ime of sampling, the lagoon was brown and there was no 
visible  evidenc e of the presenc e of the Chromat iac eae in the lagoon. 
Aft er eight days incubat ion, the liquor in the bott l e  appeared pink 
corresponding to a Chromat iac eae count of  approximat ely 105 c el l s/ml . 
Thiocapsa roseopersicina was the dominant orga�i sm at thi s  st age 
and remained so until  the fourt eenth day of  incubation. Subsequent ly, 
Chromatium spp . became dominant . C ell count s of the Chromatiaceae 
observed are present ed in Table 4. 2 .  The predominant alga observed 
was Chlamydomonas . Although Eugl ena spp . were also present , th ey 
did not contribut e significantly to the c ell count . 
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TABLE 4. 2 

C el l  Counts of the Chromat iac eae Observed During the 
Incubation of Meatworks Lagoon Liquor. 

Incubation Time (days ) 
7 

ll  

14 

21 

28 
35 

42 

Thioc apsa spp . (c el l s/ml ) 
7 . 80 X 104 

7 . 98 X 105 

2 . 9 1 X 106 

3 . 41 X 105 

6 . 44 X 104 

-

-

Chromat ium spp . (c ells/ml ) 
-

5.07 X 104 

2 . 63 X 105 

6 . 62 X 105 

6 . 14 X 105 

1 . 00 X 104 

3 . 80 X 103 

Thi s  sample therefore demonstrat ed a succ ession from the 
anaerobic bact eria initially preval ent to the algae which finally 
predominat ed. The Chromat iac eae occupi ed a niche locat ed t emporarily 
between these two populat ions . 

A similar succ ession was also observed in samples taken from 
a lagoon syst em t reating piggery effluent . 

Two sampl es from different lagoons were incubat ed ( see Section 
4. 5 . 1 ) . Sample A (Fig. 4 . 2) was taken from the first of a seri es of 
three - lagoons. Thi s  lagoon was anaerobi c ,  pink and contained a 
relat ively high initial populat ion of 1 . 53 x 108 c el l s/ml of 
Thiocapsa roseopersicina. No other Chromatiaceae contribut ed 
significantly to the cell  count . In thi s instanc e no succ ession 
of Chromatiaceae was obs erved . Thiocapsa counts  peaked aft er 14 
days incubation and subsequent ly declined very slowly, The high 
initial l evel of suitabl e subst rat es i s  the likely reason for the 
slow decrease in numbers (c . f .  Fig ' s  4 . 1 , 4 . 3 ) . Similarly, algal 
growth was very slow and only aft er approximat ely two months did 
they become dominant . Again, Chlamydom@nas was the dominant genus.  
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Figure 4 . 2 : Sample  fro� Lagoon 1 of  Pig£ery Lap,oon 
Syst em A ( Section 4 . 5 . 1 ) 
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Sample  B (Fig. 4. 3 )  was taken from the third and final lagoon 
of this syst em .  In thi s instanc e a far more rapid transition from 
Chromatiac eae dominanc e to algal dominanc e i s  apparent . Thiocapsa 
roseopersicina was the dominant Chromatiaceae observed whil e  
Euglena and Chlo rel la  were the dominant genera of algae. 

In thi s exampl e , the  Chromatiaceae were dominant in both lagoons 
sampl ed and therefore no transit ion from anaerobic het erotrophs to 
the phototrophic bact eria was apparent .  A succession from 
Chromat iac eae to algae w�s observed in each smnple but the rat e of  
thi s succ ession vari ed great ly .  This  observat ion may be explained 
by considering the sampling loc ations . Sampl e A was removed from 
lagoon l of the three lagoon syst em. 

High l evels of organic compounds, and presumably sulphur 
compounds ,  were present in thi s lagoon and the Chromat iac eae were 
only preval ent due to the lagoon ' s relatively long ret ention t ime 
(Section 4 . 5 . 1 ) .  The high substrat e  l evels therefore resulted L� a� 

ext ended phase of  Chromatiaceae dominanc e and the algae only pre
dominat ed when the photot rophic bact eria provided conditions 
suitabl e for their growth. 

Sample  B was t ��en from the final lagoon and subsequently 
�he l evels of organic and sulphur compounds were much lower. The 
Chromat iac eae were therefore nearly at the end of their period of  
dominanc e and a rapid transition to an algal phase was observed. 

These result s confirm the succ ession from anaerobic het erotrophs 
to phototrophic bact eria to algae. Such a succession may therefore 
be anticipat ed during the degradation of any wast e expos ed to the 
light i f  adequat e ret ention t ime  and suitabl e substrat e  concentra
tions are availabl e .  

There are probl ems i n  ext rapolat ing thes e  results  to full scal e  
lagoons due t o  

( i ) The closed nature afthe laboratory syst em. This prevent s 
any diffusion of oxygen into , and carbon dioxide out of ,  the syst em. 
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Obviously, thi s will  affect the microflora which develops. . 

( ii ) The much higher surface area to volume ratio of the 
bo.t t le  syst em than a lagoon. Thi s  wi ll allow bet t er penet rat ion of 
sunlight and wil l  therefore great ly affect the growth rat e of both 
the phototrophic bact eria and the algae. It may also influenc e 
which microorgani sms are favoured. 

Having asc ertained that a three stage succession took plac e  
in bottl e  cultures,  a s eri es o f  lagoons in which the Chromat iac eae 
had b een observed were studi ed to invest igat e whether such a 
succ ession theory could be  applied to the l agoon situation. If  so , 
it would l ead to a great er underst ill1ding of the occurrenc e of 
Chromatiac eae in lagoon S.Yst ems .  

4. 4 CHROMATIACEAE IN  A LAGOON SYSTEM TREATING MEATWORKS EFFLUENT 

4. 4 . 1 Syst em D escription: 

A meatworks capable of slaught ering approximately 10 1 000 sheep 
and lambs daily treats it s effluent by primary sedimentation 
followed by anaerobic lagoons . Prior to sediment ation, gross solids 
are removed by bar screens.  

The s ettl ed  effluent i s  passed to three anaerobic lagoons 
operat ed in parall el whos e  physical and operat ional charact erist ics 
are described in Table 4. 3 

As the volume of effluent produc ed i s  dependent upon the number 
of  animal s slaught ered, the hydraulic ret ention time in the lagoon 
i s  variable .  Under normal operat ing conditions i t  is  approximat ely 
18 days (Fig. 4 . 4 . ) .  

Int ermitt ent sludge recyling i s  practi sed to increas e the 
solids ret ention t ime .  
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TABLE 4 . .3 

Charact eri stic s  of Meatwo rks Lagoon Syst em.  

Paramet er Value r 

Number of  Lagoons .3 

Mode of Opetat ion Parallel 

Total Area (m2 ) 17 , 000 

Average Depth (m) 5 

Volume (m3 ) 85 , 000 

Average Volumet ric BOD load (g/m3 . d) 8.3 

Average Surfac e BOD load (g/m2 . d) 415 

4. 4 . 2 Observat ion of Meatworks Lagoon Syst em :  

With the  except ion of  the bact erial count s ,  the COD and the 

sulphide data ,  the observations present ed in thi s section have been 

calculat ed from informat ion kindly provided by the management of 

the meatworks .  

The observations present ed in  thi s  s ection are restrict ed to  

two periods during, and immediat ely subsequent to ,  the domin�c e of  

the Chrornatiaceae i..YJ. this lagoon sys tem. First ly, the period from 

.3rd January to l lth April ,  1974 , i s  considered .  Subsequently , dat a  

from 13th Feb ruary t o  20th Marc� 1975 , are presented . The data points 

are the averag.e of a weeks analyses . 

During the 197.3 Christmas vacation, no effluent was produc ed 

for a week ,  resulting in an inc reased ret ention time. When 

proc essing resumed, all three lagoons were a distinct red colour 

due to the presenc e of Chromatiac eae . However, these bact eria did 

not form a st able  dominant populat ion and by March 21 , 1974 ,  the 

lagoons had resumed their usual mud brown colour. The result s of 

the variation in ret ention time ,  t emperature,  pH,  and BOD in the 

lagoons in early 1974 are present ed in Figures 4 .4 .  and 4 . 5 .  The 

increas ed ret ention time during the week of  February 7 ,  1974, was 

due to indust rial action which halted processing. 
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Figure 4 . 5 : Meatworks Lagoon BOD Data ( l9 74) 
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During the fol lowing year , further observations v1ere made.  
From February 5 ,  1975 ,  Lagoon 3 did not rec eive any effluent for .  a 

month and rapidly turned red. The remaining two lagoons were then 

t reat ing the ent i re effluent and remained their normal mud brown 

colour. The result s obtained during thi s period are present ed in 

Figures 4 . 6  and 4. 7 .  In addit ion, the variation in COD and 

sulphide conc ent rations are present ed in Figures 4 . 8 .  and 4. 9 .  

Mic roscopic examination o f  the liquor from Lagoon 3 demonst rat ed 

that Thiocapsa was initially the dominant genus at 107 c el l s/ml with 

Chromatium spp . also present at 104 c ells/ml . As the ret ention t ime 

increas ed, a succession of Chromatiac eae was observed. Aft er two 
6 weeks , Chromatium spp . were as numerous as Thiocapsa at 10 c el l s/ml . 

On March 6 ,  1975 ,  when the lagoon recommenc ed rec eiving effluent , 

the liquid contained 5 x 106 c ells/ml of Chromatium spp . and 105 

cel l s/ml of Thiocapsa. At that st age, bact eria resembling Thiopedia 

were appearing. Onc e loading resumed ,  the numbers of Chromat iac eae 

rapidly decreased with 102 and 103 c ells/ml Chromatium spp . and 

Thiocapsa being recorded on March - 13 . No Thiopedia were observed . 

Photomicrographs of the bact eria obs erved are present ed in 

Fig. 4. 10 .  No int rac ellular sulphur depo sit s  are vi sible .  Thi s  i s  

t o  b e  expect ed in environments where sulphide i s  absent . On 

culturing on Pfennig ' s  medium containing sulphide (Van Ni el 197 1 ) , 

sulphur granul es were observed in the c ells .  The refractile bodi es 

apparent within the c el l s  of the Chromatium spp . were sudanophilic  

implying they were PHB ( Schlegel et al 1970 ) . 

4. 4 . 3  Discussion : 

The 1974 result s indicat e  that the l agoon performance was 

sat i sfactory whil e  the Chromat iaceae ·were the dominant populat ion 

(Fig ' s .  4 .4 . and 4 . 5 ) . No signific ant variation occurred in the 

effluent BOD l evels whil e  the pH showed a slight increase .  Only 

the colour of the  effluent caused discharge problems. 

104 



Figure 4 . 6 : Meatworks Lagoon Environmental Parameters ( l97 5 )  
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Figure 4. 7 :  Meatworks Lagoon BOD Data  ( 1975 )  
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Figure 4 . 8 :Meatwo�ks Lagoort COD Data ( 1 9 7 5 )  
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Figure 4 . 9 : Meatworks Lagoon Sulphide Data  ( 1 9 7 5 )  
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Thus , of the paramet ers measured in 1974,  only the pH appears 

indicat ive of the numbers of Chromatiac eae present . Any pH change 

i s  dependent upon the buffering capacity of the medium and the 

production or consumption of acid or alkaline substanc es 

( Lijkl ema 1969 ) .  In fresh wat ers (Wetzel 1975) and effluent s 

(Li jklema 1969 ) the co2-HC03-H2co3 syst em i s  the major buffering 

mechani sm . The pH i s  therefo re very dependent upon the C02 
concentration and the photosynthetic fixation of co2 can result in 

significant increases  in pH ( Gloyna 1968 , Weber and Stumm 1963 ) .  

Conversely, the oxidation of sulphide leads to a decrease in 

pH (Weber and Stumm 1963 ) . 

These two observations must therefo re be balanc ed when consider

ing the effect of the growth of the Chromatiac eae on the lagoon pH. 

In this lagoon syst em, an increase of 0 . 3 to 0 . 5 pH unit s was 

associat ed with the growth of  these bact eria ( Fig ' s 4. 5 and 4 . 7 ) . 

The effect of C02 fixation therefore predominat es over any sulphide 

oxidation effect s .  Thi s i s  to -b e  expect ed as the low sulphide 

conc entrations observed in these lagoons during periods when the 

Chromatiac eae were not dominant would minimis e  the pH variat ion 

from thi s sourc e .  

The growth o f  the Chromatiac eae may therefore b e  approximat ely 

followed by studying the pH. In the first week of January 1974 ,  

the pH was high implying the Chromatiac eae had proliferat ed during 

the Chri stmas-New Year period when the ret ention time was long 

(Fig. 4 . 4 . ) .  As loading was resumed, a decrease in pH occurred 

implying decreasing photosynthetic act ivity .  During the · week 

beginning February 7 ,  industrial action result ed in an inc reased 

ret ention t ime and an associat ed increase in pH. Aft er this period, 

the hydraulic ret ention time decreased and remained in. the vic inity  

of 18 days . A gradual decrease in pH to 6 . 9  was associat ed with 

thi s period. 

Similar pH effect s were observed in 1975 ( Fig. 4 . 6 ) . In 

thi s instance ,  lagoons 1 and 2 effectively provide cont ro l  data. 

� - �uring the period when the Chromatiac eae were dominant , lagoon 3 
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had a pH significant ly higher than lagoons 1 and 2 .  Onc e it 

commenc ed rec eiving influent , a rapid decrease in pH and numbers 

of Chromatiac eae was observed . 

As in 1974, no adverse effect s on the lagoon charact eri st ics  

were not ed , although the succ essive years are not st rictly 

comparable as lagoon 3 was not loaded for much of the 1975 obs erva

tion period .  However, when the Chromatiac eae predominat ed , the 

BOD and COD of lagoon 3 were lower than those of lagoon 1 and 2 

( Fig ' s  4 . 7 and 4 . 8 ) . 

No sulphide could be  det ect ed in lagoon 3 when the Chromatiac eae 

were prevalent ( Fig. 4 . 9 ) .  Onc e loading was resumed ,  the sulphide 

concentration reached 2 mg/1 within one week indicating a rapid 

transition back to normal lagoon condit ions . Data for lagoons 1 and 

2 indicat e a sulphide conc ent rat ion in the range 2 to 5 mg/1 . As 

the influent contains negligibl e sulphide, sulphat e reduction and 

prot ein degradation must accountfor this  l evel . 

Although Thiopedia was obs erved in the succ ession of photot rophic 

bact eria in lagoons t reat ing meatworks effluent (Fig. 4 . 10 ( c ) ) ,  no 

c ells  of Thiopedia were evident in a bott l e  culture of the s ame 

effluent . As it i s  known that thi s genus of the Chromatiac eae is 

favoured by low light int ensiti es (Pfennig and Truper 1974) , the 

higher l ight int ensiti es throughout the bottl e  culture may have 

prec luded the growth of these bact eria. 

4 . 5 CHROMATIACEAE IN LAGOONS TREATING PIGGERY EFFLUENT 

4. 5 . 1 Piggery Lagoon Syst em A: 

4 .  5 . 1 . 1  Syst em D escript ion :  

A . piggery treat s the  effluent from approximat ely 2 7 500 pigs 

by passage through three lagoons in series .  The physical and 

operational charact eristics  of these lagoons are summari s ed in Table  

lOo 



Figure 4 . 10 : Phototrophic Bacteria Obs erved in the Meatworks 
Lagoon ( - =2 . cyu for all photomicrographs) . 

(a)  Thiocapsa 

(b ) Chromatiu.m 

(c )  Thiopedia 



A 

B 

TABLE 4-4 

Physical ��d Operat ional Charact eri stics of Piggery 
Lagoon Syst em A. 

Average 1975 data. 

Average 1971-72  data. 

Hydraulic loading = 77 . 2  rrf /d 

�f.'ot al h;>rdraulic retention time = 222 d 

Tot al BOD removal = 9 3% 

Thiocapsa count s taken on Apri l 14, 1976. 
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Short circuiting was apparent in all three lagoons but was 
most significant in l agoons 2 and 3 due to poor inlet and outl et 
locat ion. 

4. 5 . 1 . 2  Observations of Piggery Lagoon Syst em A: 

All observations , other than the c ell  count data  were 
calculat ed from informat ion kindly provided by the N .Z .  Pork 
Industry Counc il . 

The variations in lagoon paramet ers obs erved from April , 1971 
to March, 1972 ,  and from 12th August to 21st Octob er , 1975 ,  are 
present ed in Figures 4 . 1 1-4. 16 .  

When thi s lagoon syst em was observed by the  author on March 
14 ,  1976 , all three lagoons were di st inct ly red. A micro scopic ex

ami nat ion indicat ed that Thiocapsa roseopersicina was the dominant 
organi sm pres ent . The c el l  count s observed are recorded in Tabl e 
4 . 4 .  Algae were only present in lagoon 3 at a l evel of 1 . 3  x 103 

c el l s/ml . 

Vigorous gassing, indicative of  methanogenesi s ,  was observed 
only in lagoon l .  

As few count s of the Chromatiac eae were made , the lagoon colour 
was used to indicat e the major type of microflora present . Green was 
presumed to be  indicative of algal dominanc e , red of the dominanc e of 
the Chromatiac eae and brown as either an int ermediat e  algal/ 
Chromatiaceae st age or  a stage in which the anaerobic and facult at ively 
anaerobic het erot rophs predominat ed. 

Table  4 · 4 d emonstrat es that there i s  only a slight variation in 
volumet ric BOD loading throughout the three lagoons . The load of 
11 . 2  g BOD/m3 . d  i s  very low for an anaerobic l agoon but the surfac e 
load of 23 � 5 · g BOD/m2 . d  i s  probably suffici ent to maintain anaerobic 
conditions ( S ect ion 4. 2 . 1 ) . However, on a volumet ric basi s ,  this 
lagoo n  is underloaded by approximat ely a power of t en. This result s 

in  a wastage of  l and as the effluent from a light ly loaded anaerobic  
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lagoon i s  not greatly different from that of a heavily loaded 

anaerobic lagoon ( Lo ehr 1967 ) .  

The surfac e BOD loading on lagoons 2 and 3 should b e  low enough 

to allow the development of a stable  algal population (Tabl e 4 . 4) . 

Thi s has not occurred and , from the 1976 observations , the 

Chromatiac eae were gradually infiltrating thes e lagoons . A 

po ssibl e explanation of thi s  phenomenon i s  present ed in Section 

4 - 9 ·  

4 . 5 . 1 . 3  Lagoon 1 of Piggery Lagoon Syst em A :  

The dat a  present ed in Fig ' s  4 . 1 1  to 4. 16 allow a detail ed 

analysis of the seasonal changes to be  made. 

The red colour of l agoon 1 during 1971-72 impli ed that the 

Chromatiac eae were dominant in thi s lagoon throughout the year, with 

great est numbers occurring in January ru1d February (Fig. 4 . 1 1 ) . 

However, in 1975 ,  this l agoon was brown during the August-Sept ember 

period indicat ing the dominanc e of the anaerobic het erotrophs at the 

ons et of spring (Fig.  4 . 1 2 ) . Tovlards the end of October, the 

Chromatiac eae onc e again became domina.Ylt . In both instanc es ,  

increasing red colouration was associ at ed with increasing t emperature .  

Also , t emporary increases  in pH accompanying the  red colour could 

have  been due to either reduc ed volatile  acid conc entrat ions or 

decreased l evels of dissolved co2
. 

Suspended solids showed litt l e  variation throughout the year 

(Fig .  4 . 1 1 ) . It i s  evident that the Chromatiac eae only slightly 

modifi ed the b ehaviour expect ed of an anaerobic lagoon. 

During the  wint er when the t emp erature was low the lagoon act ed 

primarily as a s ediment ation basin, removing mainly the suspended 

sol ids • . Methanogenesis was negligibl e  as below 15°C very little  

methane i s  produced by anaerobic lagoons (Oswald 1968 ) . Solubl e 

organic mat erial therefore remained in suspension resulting in  an 

effluent with  a relat ively high BOD . With increasing t emperatures , 

act ive methanogenesi s resumed resulting inthe upflow of mas s es of  
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Figure 4 . l l : La �o on 1 o f  PiP-gery Laqoon System A ( l 9 7 1 - 7 2 )  
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Figure 4 . 12 :Lagoon 1 of Piggery Lagoon System A (1975) 
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gas-impregnat ed sludge. This  sludge was capable  of adsorbing 
di ssolved organic matt er and rendering it insolubl e (Oswald 1960 ) . 

Hhen the sludge s ett l ed these compounds were carri ed into the zone 

of active digestion. Count eract ing this effect was the partial 

resolution of  sludge fermenta�ion end-proiuct s ( Marais 1970 ) .  

The decreasing BOD of the liquor with increasing t emperature 

indicat ed that the former effect was quantitatively more important 

(Fig. 4. 1 1 ) . 

Thus from July to November 197 1 ,  the BOD decreased from 370 mg/1 

to 185 mg/1 . From January to March, a slight increase to  225-265 

mg/l . was associat ed with the dark er red colour of the lagoon. 

During 1975 , �n effluent BOD mlnlmum of 107 mg/1 was achieved 

on Sept ember 9 .  Subsequently an increase from 130 mg/1 to 180-220 

mg/1 was associat ed with t he red colouration of the lagoon. 

However ,  average BOD removals of 84. 2% during 1971-7 2 and 90 . 5% 

during 1975 indicat ed that thi s lagoon was operat ing effectively 

( Tabl e  4 .4 ) . 

4 . 5 . 1 . 4  Lagoon 2 of Piggery Lagoon Syst em A: 

In 1971- 7 2 ,  the red colour in lagoon 2 became apparent towards 

the end of June (Fig. 4. 13) . At thi s st age the lagoon t emperature 

was approaching its  winter minimum . Thi s  red colour predominat ed 

during the pe riod of increasing lagoon t emperature unti l  October. 

During thi s  phase of dominanc e by the Chromatiac eae , the BOD 

decreased from 155 t o  lOO mg/1 . Much of this  organic removal may be  

att ributable  to  the  Methanobact eriac eae . During this period the pH 

was reasonably high and relat ively static , as were the suspended 

solids. 
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Figure 4 . 14 : Lagoon 2 of  Pigp:ery Lagoon Sys tem A ( 1 9 7 5 ) . 
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During October the red colour of the lagoon altered to brown 
indicating increasing algal numb ers . By the beginning of October, 

the l agoon appeared green , implying that algae were now the 

dominant microflora. Increasing l evels of suspended solids , pH and 

BOD were associat ed with thi s  phase of algal dominance.  Suspended 

sol ids increased from 400 to 700 mg/1 ,  the pH from 8 . 2 to 9 .0 and 

the BOD from 118 mg/1 to 200 mg/1 .  

By mid-JaDuary this phase o f  algal dominanc e had passed and the 

brown colour indicative of a combined algae/Chromatiac eae regime 

predominat ed . During thi s phase ,  all paramet ers measured decreased .  

The 1975 data (Fig. 4 . 14) does not allow many conclusions to 

be drawn due to the limi t ed time over which obs ervations were made. 

The results  t end to confi rm the 1971-72 conclusions. From August to 

Oct ober, the Chromatiac eae were dominant . A slight decrease in BOD 

was observed during thi s period. Only minor fluctuat ions occurred 

in pH and suspended solids but both were significantly lower than 

the 1971-72 values .  

This lagoon was much l ess effici ent than lagoon l with BOD 

removals of 49% and 
.
32% being achi eved in 1971-72 and 1975 respect ively 

( Table  4 .  4) . 

4 . 5 . 1 . 5  Lagoon 3 of Piggery Lagoon Syst em A: 

During 1971-72 lagoon 3 was only bri efly c lassifi ed as red in 

lat e  July. However from May to mid-July and from August to S ept ember 

a brown colour, indicative of the presence of significant numbers of 

both algae and Chromatiac eae , predominat ed . Apart from an initial 

inc rease from 6o to 120 mg/1 there was litt l e  change in the BOD 

during thi s period. Suspended solids were also reasonably constant . 

However, towards the end of the August to November 'brown ' period, a 
significant increase in pH occurred. This  was probably due to the 

inc reasing numbers of algae and the int ensification of photosynthet ic 

C02 fixation. 
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Figure 4 . 15 :  Lagoon 3 o f  P i R v ery Lagoon Sys t em A ( l 9 7 1 - 7 2) 
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Figure 4 . 1 6 : Lagoon 3 of  Piggery Lagoon System A ( 1 9 7 5 ) . 
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With increasing t emp eratures during spring, thi s brown phase 

passed into a green phase during November. This  algal domination 

persist ed unti l  May .  The paramet ers measured indicat e  the maximum 

algal population occurred during JanuarJ and February. Increases in 

BOD , pH and suspended sol ids were associ at ed with thi s maximum 

populat ion (Fig. 4 . 15 ) . 

From August to  Octob er 1975 ,  a slightly different patt ern was 

apparent (Fig.  4. 16 ) . The lagoon tended to oscil lat e  between red 

and brown indicat ing that the Chromatiac eae were dominant for a 

longer p eriod than in 197 1 -72  but that the dominanc e was somewhat 

t enuous . Also , the BOD vari ed between 90 and 145 mg/1 compared t o  

140-160 mg/1 for 1971-7 2 .  As with the data for lagoon 2 ,  the pH 

and suspended solids were significantly lower than their 1971-7 2  

values . 

Average �OD removal s for thi s lagoon were very poor, being 

5 - 4% in 1971-72  a�d 4. 2% in 1975 . 

When this lagoon syst em was observed on March 14, 1976 , all 

three lagoons were a di st inct red colour indicat ing an ext ended 

dominanc e of the Chromati ac eae . 

4 . 5 . 2  Piggery Lagoon Syst em B :  

4 . 5 . 2 . 1 System Description : 

This  syst em t reat s the effluent from approximat ely 3 1 500 pigs 

by using four lagoons in seri es .  The physical and operat ional 

charact eristics  of  thi s lagoon syst em are present ed in Table  4 . 5 .  

This  syst em was observed in March , 197 6 .  

4 . 5 . 2 . 2 Observations of Piggery Lagoon Syst em B :  

With the exc eption o f  the c ell count data, the observations in 

this section were calculat ed from i�formation provided by the 

management of the pig farm . 

1 12  



TABLE 4· 5 

Physical and Operation Charact eri stics of Piggery Lagoon Syst em B .  

Paramet er 

Area, (rrf ) 
D epth ,  (m) 
Volume ,  (rrr ) 
Hydraulic ret ention time, ( d) 

Volumet ric BOD load,  ( g/rrr d )  
Surfac e BOD load, ( g/rrf . d) 
BOD Influent , mg/1 

BOD Effluent , mg/1 

BOD Removal , % 

Jhiocapsa, c el l s/ml 

Chlorella. c el l s/ml 

Hydraulic loading = 10 Cu M/D 

Lagoon 1 

200 

3 
600 

8 . 6  

1 ,  520 

4 , 450 

1 2 , 000-14 ,000 

6 , 000-7 , 000 

50 

0 

0 

Total Hydraulic Ret ention Time = 250 D 

Total BOD· Removal = 99 . 2% 

Lagoon 2 

2 , 020 

1 . 84 

3 ,  720 

53 

122  

225 

6 , 000-7 , 000 

1 ,  200-1 , 400 

80 
. 6 8 . 2  X 10 

8 . 5  X 10 2 

Lagoon · 3  

2 , 0 20 

2 . 15 

4 , 350 

62  

2 1  

45 
1 '  200-1 '  400 

200-250 

83 

4 o 3  X 105 

8 . 7  X 103 

Lagoon 4 

2 , 048 

4- 3 

8 , 820 

126 

2 

8 

200-250 

100-llO 

50 

9 . 1  X 103 

2 . 1 X 105 

1-' 
1-' 
\..tJ 



Vigorous gassing, implying active methanogenesis ,  was observed 

only in lagoons l and 2 .  

Lagoon l was black-brown in co lour and a microscopic examina

t ion of the liquor reveal ed a large number of  rods and cocci . 

Spores and spore-contaL�L�g cells  were al so present . No algae or 

Chromat iac eae were evident . However, incubation of a sludge sample  

in the light result ed in  the growth of  a red film on the glass 

surfac e nearest to  the light sourc e .  A microscopic examinat ion 

indicat ed that Thioc apsa and Chromatium spp . were the major 

organisms present . 

The second lagoon app eared red-pink and Thiocapsa roseopersicina 

were present at 8 . 2  x 106 c ells/ml . Chromat ium spp . were present at 

7 . 4  x 102 c e l l s/ml and a green algae, identifi ed as Chlorella  spp . 

occurred at 8 . 5  x 102 c ells/ml . Free spores were also present . 

Lagoon 3 appeared red-brown and count s of 4 . 3  x 105 c ells/ml 

were recorded for Thiocapsa roseopersicina, 1 . 2  x 103 c el l s/ml for 

Chromatium spp . and 8 . 7  x 103 c ells/ml for Chlorella spp . 

Lagoon 4 appeared green-brown and cont ained 9 . 1  x 103 c ells/ml 

of Thiocapsa roseopersicina and 2 . 1 x 105 cells/ml of Chlorella spp . 

No Chromat ium spp . were evident , and Chlorogonium was the next most 

numerous algal genus with a count of 3 . 4  x 103 c ells/ml b eing recorded. 

At one st age, a red colour indicat ive of the dominance of the 

Chromat iac eae had p ermeat ed the final three lagoons . The addition 

of nitrat e to  l agoons 3 and 4 resulted in a return to aerobic  

conditions . Algae subsequently b ecame dominant in these l agoons . 

4. 5 . 2 . 3  Discussion : 

This lagoon syst em operat ed very effic i ently with a tot al BOD 

removal of  99 . 2% b eing achi eved . Both the surface and volumet ric  

BOD loads on  succ essive lagoons decreased st eadily .  This indicat ed 

a decreasing avail ability of o rganic compounds for bact erial 

met abolism and favoured the gradual dominance of the algae. 
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The volumet ric BOD load on the first lagoon was approximat ely 

five t imes that common for ��aerobic .lagoons in the U . S . A. ( Sect ion 

4 . 2 . 1 ) . However, thi s lagoon has proved stabl e and has shown no 

t endency toward the acid conditions indicative of a faj ling 

anaerobic syst em . As thi s lagoon has a 50% BOD removal, it  s erves 

admi rably as a roughing process . The hydraulic ret ention t ime of  

8 .6  days is  too short to al low the  presence of the Chromat iac eae in 

the liquor. However small numbers of these organi sms were present 

in the sludge as demonst rat ed by the incubation of a sludge sampl e in 

the light . 

Lagoon 2 overat ed at a volumet ric BOD loading of 122 g/m3 . d  

which i s  somewhat low for an anaerobic lagoon . However, the surfac e 

loading of 225 g/m2 .d  was high enough to ensure that algae did not 

flourish . Therefore thi s lagoon, which had a relatively long 

ret ent ion t ime  of 53 days , provided a suitable  environment fo r the 

grovrth of the Chromatiac eae . A good BOD removal of  80% was achi eved 

by this  lagoon. 

Lagoon 3 operat ed at a volumet ric loading of 21 g BOD/m3 . d . 

Thi s  is very low for an anaerobic syst em and probably explains why 

no active gassing was apparent in thi s lagoon. The surfac e loading 

of 45 g BOD/m2 .d  was however suffici ent to maintain anaerobic 

conditions and as a continuous inoculum of Chromat iac eae was provided 

by lagoon 2 ,  these bact eri a dominat ed thi s lagoon. However, the 

light er loading allowed a great er number of algae to maint ain them

selves . As with lagoon 2 ,  a good BOD removal effici ency was achi eved 

by this lagoon. 

Lagoon 4 operat ed at a surfac e loading of 7. 7 g BOD/m2 . d  which 

is a reasonable  loading for a facultative lagoon in N .Z. The algae 

therefore flouri shed and b ecame the dominant microorganism. The 

number of Chromatiac eae in  thi s  lagoon was reduced but sti l l  measurable .  

The effluent from lagoon 3 provided a continuous inoculum of these 

bact eria and any s easonal decrease in algal activity led to t emporary 

dominance of the Chromat i ac eae . 
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A compari son between the two piggery lagoon syst ems will  be 

made in Section 4 - 9 ·  

4 . 6  CHROMATIACEAE IN LAGOONS TREATING TANNERY EFFLUENT. 

4 . 6 . 1 Tannery Lagoon System A: 

4 . 6 . 1 . 1  Syst em Description:  

Aft er pretreat ing it s tot al effluent by aeration, a South 

African t annery treat s  it by seri al passage through nine evaporat ion 

lagoons . The mode of op eration of  these lagoons is  shown in  Fig. 4 . 17 

and the physical and operational charact eri stics  are present ed in 

Table  4. 6 .  

4 . 6 . 1 . 2  Observations of Tannery Lagoon Syst em A: 

The observations in this s ection have been o�tained from 

information kindly rec eived from Mr. J .W .  Funke ,  National Institut e 

for Wat er Research, South Africa, and has been used with the 

permi ssion of the t annery ' s  management . 

The result s of a sampling survey performed on 18 February, 1977 , 

is  shown in  Table 4 . 7 .  Unfortunat ely no BOD data are available  for 

thi s lagoon syst em as the BOD i s  not used in South Africa  as a 

paramet er for det ermining the organic loading ( Funke 1977 ) . Thus 

the volumetric and surface BOD loads cannot be  calculat ed. However, 

some indication of  these figures might be  obtained by calculat ing 

the OA (oxygen absorbed ) loadings . The OA has been shown to  

approximat e the  BOD for a South African fellmongery effluent 

(Rawlings and Woods l977)and for a tannery effluent a ratio of 

approximat ely 1 . 3 to 1 . 0  BOD : OA is suggest ed for the unt reat ed 

effluent and 1 . 0  to  1 . 0  for the treat ed effluent (Rawlings 1977 ) .  

A succ ession of  Chromatiac eae was observed in the samples 

analysed on lOth May, 1977 .  Unfortunat ely,  a delay of 57 days was 

incurred in  transpo rting the sampl es from South Africa to New Zealand. 
The lack of  expo sure to light for thi s  period may have alt ered the 
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Figure 4 . 1 7 : Mode of  Operat ion o f  Tannery Lagoon 
System A .  

Key : - - Recycle path used to  extend the 
retention t ime under unfavourabl e  
condit ion s . 

Overflow path . 



TABLE 4. 6 

Physical and Operat ional Charact eri stics  of  Tannery Lagoon Syst em A. 

Paramet er Lagoon 1 Lagoon 2 Lagoon 3 Lagoon 4 

Area (m2 ) 3 , 000 3 , 000 3 , 000 3 , 000 

Depth (m) 2 . 5  2 . 5  2 . 5  2 . 5 

Volume (m3 ) 7 , 500 7 , 500 7 , 500 7 , 500 

Nominal Hydraulic 
Ret ent ion Time (days ) 13 . 75 13 . 75 1 3 . 75 13 . 75 

Volumet ric OA Load* ( g oA/rrr • d) 50 - 9  26 . 2  1 1 . 3  10 . 5  

Surfac e OA Load* 

( g  oA/rl . d )  1 27 65 . 4  28 . 2  26 . 3  

Chromatiaceae ( c ells/ml ) 1 X 106 ( 3 . 54 X 107 ) a 7 o l 2 X 10 6 9 . 08 X 10 6 7 • 75 X 10 

Spirulina ( c el l s/ml ) - - -

Colour at 28 . 1 . 77 I Black Pink Pink 

Colour at 18 . 2 . 77 Pink Pink Pink 

Colour at 10 . 5 . 77 Pink Pink Pink 

* Based on unfilt ered OA result s obtained on 18 . 2 . 77 (See Tabl e 4. 7 )  

a Microbial count s  taken o n  18 . 2 . 77 .  Other microbial count s t aken on 10 . 5 . 77 .  

Daily Hydraulic Loading = 545 m3 /d.  

-
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TABLE 4·7 

Results of a Sampling Survey Performed on Tannery Lagoon Syst em A on 18 . 2 .77 (mg/1 exc ept pH ) 

Paramet er Influent Lagoon 1 Lagoon 2 Lagoon 3 Lagoon 4 Lagoon 5 Lagoon 6 

pH 1 · 3  1 · 9  8 . 3 8 . 4 8 . 5  8 . 7  8 . 8 

4 hr OA unfi1t ered 700 3W 155 145 145 125 105 

4 hr OA filt ered - 185 58 56 68 (() 65 

COD 4, 900 - - - - 1 , 400 1 , 000 

Chloride 2, 200 - - - - - -
Grease and o i l  1 , 345 86 - - - 68 20 

Sulphide 45 52 2 . 4  3 . 2  2 . 4  1 . 3  0 . 3  

Sulphat e 1 , 650 835 742 703 670 763 873 

Total Solids 13 , 500 8 , 450 10 , 560 10 ' 150 10 ' 910 l l , 400 12 , 830 

Dissolved Oxygen - 0 . 2  0 . 2  0 . 4  - 0 . 4  12 .0  

f-' f-' OJ 



composition of  the microbi al populat ions . The c ell  count s of each 

genus observed are present ed in Table 4 . 8 .  

4. 6 . 1 . 3  Discussion : 

Thi s lagoon syst em has been d esigned as evaporation ponds and 

i s  therefore not int ended to produc e an effluent . Thus , care i s  

needed in int erpreting the  nominal hydraulic ret ention t imes 

present ed in Table 4. 6 as , under ideal condit ions , the syst em 

operat es at an infinit e ret ention t ime. However, thi s situation 

i s  enti rely dependent upon the weather. Under unfavourabl e climatic 

conditions , a recycle  syst em t ransfers the effluent from lagoon 9 to 

l agoon l .  Also , lagoon l supernat ant may b e  t ransferred t o  either 

l agoon 2 or lagoon 8 (Fig. 4. 17 ) .  This makes int erpretation of the 

loading figures difficult .  

Consideration of  the  analyses present ed in Table 4. 7 do es allow 

some conclusions to be drawn. A st eady, and significant , increase in 

pH through the first six lagoons may b e  presumed to be  indicative of 

inc reasing photo synthetic  activity. Similarly the total solids give 

some indication of the c ell numbers . In the first lagoon, a decrease 

in  suspended solids was observed . This  was ru1t icipat ed as the 

increased ret ention t ime allowed sedimentation of suspended particles 

and biofloccul ation ( Lackey and Smith 1955 , Oswald 1960 ) , further 

reducing the suspended solids conc ent ration. Also , near the time 

of  sampling, lagoon l appeared black indicat ing low numbers of 

Chromatiac eae were present . Unfortunately, no count s of Chromatiac eae 

were made at the time of sampling. 

Subsequent increases in suspended solids l evels may be  assumed 

to indicat e increasing numbers of Chromat iac eae as all three lagoons 

appeared pink (Table  4 . 6 ) . The large increase in suspended solids 

in lagoon 6 may be presumed to be associat ed with the presence of 

algae as shown by the green app earance of this lagoon ( Table  4. 6) . 

The dissolved oxygen (DO) data  reinforces the above assumptions 

as l agoons l to 5 had a negligible  D . O.  whil e  lagoon 6 had a D . O .  of 
12 mg/1 .  
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TABLE 4. 8 

C ell  Counts of Chromatiac eae genera observed in Tannery 
Lagoon . Syst em A sampl es on 10 May, 1977 (C ells/ml) . 

Amoebobacter spp. Thioca12sa spp . Chromatium _spp . 

Lagoon l 8 .  23 X 105 1 . 8 1  X 105 -
Lagoon 2 3 .  69 X 10 6 3 . 32 X 10 6 1 . 10 X 105 

Lagoon 3 3 - 27 X 106 4. 32 X 10 6 1 . 49 X 106 

Lagoon 4 8 . 50 X 105 3 . 88 X 10 6 3 . 02  X 106 

Lagoon 5 - 1 .06 X 106 1 . 86 X 106 

Lagoon 6 - 2 . 10 X 105 2 . 42 X 106 
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The sulphide analyses l ead to the same conclusions.  The 

influent sulphide conc ent ration of  45 mg/1 increased slightly in 

the fi rst , black lagoon. Thi s may be assumed to be primarily due 

to dissimi latory sulphat e reduct ion as a dec rease in sulphat e 

conc ent rat ion from 1 ;  650 mg/1 to 835 mg/1 was observed. However 

only 7 mg/1 of thi s 815 mg/1 SO�- reduc ed appeared as s ulphide .  

Presumably , the differenc e i s  account ed for by other sulphur 

moiti es not analysed ,  by s edimentation of sulphur and by volatilisa

tion of  sulphides and associat ed compounds .  

On passing t o  lagoon 2 ,  the effluent sulphide was reduc ed 

from 52 mg/1 to 2 . 4  mg/l indicating the activity of the Chromat iac eae. 

This activity was maint ained in lagoons 3 to 5 ·  The aerobic nature 

of lagoon 6 al lowed a further reduction of sulphide to 0 . 3  mg/1 .  

This  lagoon syst em achi eved a 99 . 3% reduction in sulphide conc ent ration. 

Removals of other paramet ers achi eved are 79 . 6% COD ,  85 .0% 4 hour OA 

unfilt ered and 98 . 5% grease and o i l .  

4 . 6 . 2  Tannery Lagoon Syst em B 

4 . 6 . 2 . 1 Syst em Description:  

A South African tannery treat s it s effluent by passage through 

a seri es of  four lagoons designed to serve as evaporation ponds 

with z ero di scharge.  The physical and operational charact eri st ic s  

of these lagoons during March, 1976 , are present ed in Table  4 . 9 .  At 

thi s t ime,  the first lagoon was bypassed to allow the removal of 

accumulat ed sludge .  Thus lagoon 2 was effectively the  fi rst in  a 

seri es of three lagoons. 

4. 6 . 2 . 2  Observations of Tannery Lagoon Syst em B :  

The observations present ed in this s ection have been obtained 

from data kindly-::forward�d by D r. D . E. Rawlings , Leather Industry 

Research Institut e ,  South A frica  and is  used with the permission of 

the t w.-nery ' s  management . 
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TABLE 4·9 

of Tanne 

Paramet er : Lagoon l Lagoon 2 Lagoon 3 Lagoon 4 

Area (m2 ) 9 ,  l lO 9 ,  llO 13 , 200 6 , 070 

Average depth (m )*  1 . 75 1 . 75 l .  75  l .  75 

Volume (m3 ) 15 , 900 15 , 900 23 , 100 10 J 600 

Nominal Hydraulic 56 . 2  56 . 2 81 . 6  37 . 5  Ret ention Time (days ) 
Volumet ric OA load. 
( g oA/m3 . d.) - - 1 . 92 0 . 764 

Surfac e OA lo ad. 2 .85 1 . 34 - -
( g oA/rl • d.) 

Daily Hydraulic Loading = 283 m3 /d .  

Total Nominal Hydraulic  Ret ention Time = 231 . 5  days .  

*The average depth i s  used as  the  lagoon depth varies acro ss 
the lagoon from 0 . 525 m at the shallow side to 3 .05 m at the 
deep side .  
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The results  of analyses performed during March , 1976 ,  are 
di splayed in Table  4 . 10 .  Unfortunately ,  no O . A. loadings can b e  

calculat ed - for  the first two lagoons. Lagoon l was rec eiving no 

effluent and no data i s  available  on the influent to lagoon 2.  

Subsequent ly , the factory has improved its  wat er management 

and reduced its  di scharge from 283 m3/d to 159 m3 /d. This has 

affect ed the appearanc e of  the lagoons as shown oy the observations 

made  on 28 January, 1977 (Table 4 . ll ) . No chemical analyses were 

made at thi s time .  

4 . 6 . 2. 3  Di scussion :  

The effect of  the lagoon ret ention time on the microorganisms 

dominant in a lagoon is  c l early demonst rat ed by this syst em . When 

283 m3 /d of effluent were being t reat ed the first lagoon was grey, 

the second and third were pink and the fourth was green. A reduction 

in the volume  t reat ed to 159 m3 /d result ed in th e first two lagoons 

app earing pink and the third and fourth lagoons green. Under these 

conditions Amo ebobacter spp . were the dominant Chromatiaceae in 

lagoons l and 2. Thiocapsa and Chromat ium spp . were present at l ess 

than 103 c el l s/ml . 

The interpretation of  data  from the sampl es analysed during 

March , 1976 ,  i s  difficult as the lagoons were operating in an 

atypical fashion at thi s stage. The results for lagoon l therefore 

l ack rel evanc e and--th0se for l agoon 2 may be expect ed to be  higher 

than usual . Even so , good removals of sulphide and O . A. were 

achi eved by the lagoons in which the Chromatiac eae were dominant . 

The overall removals of the syst em were also good with reductions of 

80 . 4% in O . A. and 96 .0% in  sulphid e  b eing achi eved through lagoons 

2 to  4. 
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TABLE 4 . 10 

Results of a Samplirtg Survey Performed on Tannery Lagoon 
Syst em B during March 1976 . 

Paramet er Lagoon 1 Lagoon 2 Lagoon .3 Lagoon 4 

4 hr OA (mg/1 )  45 . 6  156 . 8  28 . 6  25. 2 

Na2s (mg/1 )  .3 . 2 62 . 4  2 . 5 1 . 5  

pH 8 . 7  9 . 0  9 . 1  9 . 0  

Colour grey milky pink pink green 

TABLE 4. 1 1  

Tannery Lagoon Syst em B Parameters Observed on 28 January, 1977 . 

Paramet er Lagoon 1 Lagoon 2 Lagoon .3 Lagoon 4 

Nominal Hydraulic  
Ret ention time ( days) lOO lOO 145 66. 7 

Colour mi lky pink pink green green 

Amo ebobact er spp . 
107 107 � c ells7ml) .3 . 45 X 1 . 50 X - -

Daily Hydrauli c  Loading = 159 m3 /d 

Tot al Nominal Hydraulic Ret ent ion Time = 412 days . 
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4. 7 CHROMATIACEAE IN A LAGOON SYSTEM TREATING FELLMONGERY EFFLUENT. 

4. 7 . 1  Syst em D escription :  

Thi s lagoon treat s  the  sett l ed fel lmongery effluent produced 

by a North I sland meat works.  Primary treatment of the fellmongery 

effluent is  p erformed by a 332 m3 rectangular sedimentation tank 

which provides a ret ent ion time of 1 . 8  hours at the maximum flow 

rat e of 591 m3 /d ( Cooper et al 1975 ) .  The tank possesses top and 

bottom scrapers to remove floating grease and wool and the set t l ed 

so l ids. 
The sedimentation tank effluent is pumped to the lagoon via a 

small holdL�g pond . The physical characteristics of this lagoon are 

presented in Table  4 . 12 .  

4 . 7 . 2 Observat ions o f  the Fellmongery Lagoon : 

The observations in this section have been obtained by the 

Meat Works conc erned and the author is indebt ed to the management 

for providing acc ess to published and unpublished information. 

The operat ional characteri st ic s  of thi s lagoon are present ed 

in Table 4 . 1 3 .  The data for the effluent column has been calculat ed 

from ten sa�ples taken over a period of sixt een months. The dat a 

for the influent column i s  from one sampl e .  

The lagoon was commi ssioned in April 1972  and , as it was 

fi l l ed during the off-season, effluent was not produc ed until  

mid-August of that year. At that stage, the lagoon was odourl ess 

and contained freshwat er diatoms and algae. By mid-Dec ember, shortly 

aft er the commenc ement of the fellmongery season, the lagoon was red 

with isolat ed pocket s of green algae.  There was a strong sulphide 

and mercaptan smell in the lagoon vicinity at this stage (Cooper et 

al 1975 ) . By mid-Feb-ruary 1973 ,  the lagoon was enti rely red and 

there was no noticeable  odour. Since this  t ime the Chromatiac eae 

have formed the predominant populat ion in this lagoon with Thiocapsa 

roseopersicina b eing the dominant o rganism at concentrat ions b etween 
6 . 7 · 4.0  x 10 . - 8 . 0  x 10 c el l s/ml . Chromatium spp . were also present 

in l esser numbers .  
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TABLE 4. 1 2  

Physical Charact eri stics  of Fellmongery Lagoon (Cooper et al 1975) 

Paramet er 

Area, (rf ) 
D epth , (m) 

Volume ,  (m3 ) 
Hydraulic Ret ention Time, ( d) 

Volumet ric BOD Loading, ( g/rrf . d) 

Surfac e BODLoading ,  (g/rl • d) 

TABLE 4 . 13 

0 erat ional Charact eri stics  of  Fel lmonger 
l 7 

Paramet er Influent Effluent 

BOD , mg/l 990 13-227 

COD ,  mg/l 3 , 435 279-1 , 182  

pH 1 2 . 5 7 - 5  

Sulphide, mg/1 95  0-35 

Solids ,  mg/1 

Tot al 10 , 860 3 ,  440-5 , 480 

Mineral 8 , 580 l ,  936-4, 540 

Volat i l e  2 , 280 309-2 , 708 

Suspended 400 34-832 

Value 

21 , 700 

1 . 74 

37 , 600 

lOO 

9 - 9  

17 . 2  

% Removal 

77 - l-98 . 7  

65 . 6-91 . 9  

63 . 2-100 

49 - 5-68 . 3  

47 . 1-77 - 4 

-18 . 8-86 . 4  

-108-91 . 5  
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At one st age, the supply of fellmongery effluent was stopped 

for a short period of two months and although Thiocapsa did not 

di sappear,  algae became dominant with Chlorel la,  Eugl ena, Chlamydomonas 

and Scenedesmus being most numerous (Cooper et al l975 ) . 

4 . 7 . 3  Di scussion: 

The degree of t reat ment achi eved by thi s lagoon was very good 

(Table  4. 13 ) . High reductions in BOD , COD ,  pH a�d sulphides were 

achi eved . The performanc e with respect to sol ids concentration 

was more variable  with increas es occurring in two instancesr It 

i s  not eworthy that anaerobic conditions were maintained at the 

relat ively low organic load of 9 · 9  g BOD/m3 . d .  The surfac e BOD 

loading of l7 . 2 g BOD/m2 . d  was only slightly above that expect ed to 

maint ain aerobic conditions in a facultative l agoon treat ing 

domestic  s ewage in a t emperat e to semi-tropical climat e (Table 4 . 1 ) . 

· The t emperature of thi s lagoon vari ed from l0°C to  30°C during the 

year. Thus ,  the nature of the effluent must play an important ro l e  

i n  maint aining anaerobic conditions . 

Also , the sulphide component of the fellmongery effluent will  

b e  selective for the Chromatiac eae. 

4 . 8  CHROMATIAC EAE IN A LAGOON SYSTEM TREATING DOMESTIC SEWAGE 

4 . 8 . 1 Syst em D escription :  

The Auckl and Regional Authority (A. R. A. ) uses facultative 

lagoons for the treatment of the 2 million population equivalent 

of domestic  sewage and industri al wast e generat ed by t he C ity of 

Auckland. Four lagoons of approximat ely equal area are operat ed 

with 1 . 5 t o  3 . 5 volumes of lagoon effluent recycl ed per volume  of 

s ettled sewage influent ( Shel ef et al 1977 ) . The varying recycle  

i s  due to fluctuat ions in sewage flow . 

The charact eri stics  of this l agoon syst em are described in 

Table  4 . 14 . 
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TABLE 4. 14 

Charact eri stics  of Dqmestic Sew 
1 Richardson 1 4 Shel ef et 

Paramet er 

No . of Lagoons 

Mode  of Operation 

Recycle  Ratio  (Recycl ed Effluent : Set t l ed Sewage) 
Tot al Area, ( m2 ) 
Average D epth , ( m) 
Volume,  (rrr ) 
Volumet ric BOD Load, ( g/m3 . d) 
Surfac e BOD Lo3.Cl7 (g/rl . d ) 

from Brockett 

Value 

4 

Parall el 

1 . 5 : 1-3 . 5 : 1  
6 5 ·  2 X lO 

1 . 35 

7 . 0 2  X 106 

6 .  2-9 . 1  

8 . 4-1 2 . 3  
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4. 8 .  2 Observ 2.t ions of a Domestic Sewage Lagoon System :  

This  lagoon syst em functioned well and , unt il autumn, 197 3 1  

a sat i sfactory effluent was always produced (Brockett 1975 ) . 

Total phytoplankton numbers decreased during autumn and this 

phenomenon was l imiting the organic load which could be appli ed 

(Rowe 1975a) . In March , 1973 1  thi s autumn pause ,  in association 

with increased loading due to the growth of indust ry and populat ion, 

l ed t o  the fai lure of the lagoon syst em. In al l four lagoons , 

algae lost their dominanc e and a phototrophic bact erium identifi ed 

as Thiopedia, b ecame dominant . However, the description of this 

bact eria more closely resembles Thiocapsa. The lagoons appeared 

pink at thi s stage.  Brockett ( 1975) details  the observations made 

during this  period. 

Photosynthetic bact eria and sulphide-producing bact eria have 

been i solat ed from the sludge/liquor int erface by both Brockett  

( 1975 ) and thi s author. Employing enrichment culture t echniques

using Pfennig '  s medium (Van Niel 1971 ) a mixed culture of Chromat ium 

spp . and Thiocapsa roseopersicina was obtained . 

4 . 8 . 3  Di scussion : 

These results  indicat e the importance of the Chromatiac eae in  

a fai ling facult ative lagoon. 

Fluctuat ions in the phytoplankton populations of sewage lagoons 

have b een observed quit e frequently (Dust and Shindala 1970 , Rashke 

1970 , Shel ef et al 1977 ) . In a study of the A. R. A. lagoons , Rowe 

( 1975b ) det ec t ed three s easonal phases . In the summer, a stabl e  

diverse phytoplankton populat ion was observed , while  in the wint er  a 

stable  but l ess  diverse  population was present . The changeovers 

b etween these two major  seasons were charact erised by _a l ess stable ,  

short-lived population component . 
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During th ese t ransition periods the lagoon syst em was most 

susceptibl e to overloading. Any increase in the organic load 

resulted in bact erial activity and if the algae were unable  t o  

provide suffici ent oxygen to  meet thi s demand anaerobic  conditions 

eventually prevai led.  

With the demi se of the algae and the onset of anaerobic 

conditions, the sulphat e reducing bact eria flouri shed and sulphide 

b ecame di stribut ed throughout the l agoons . Thi s  provided a suitabl e 

medium for the gro-..vth of the Chromatiaceae which moved up\vards from 

the sludge int erfac e into the liquor due to their posit ive phototactic  

response .  The presenc e of these  bact eria in samples of the sludge/ 
liquor int erface demonst rated that the sediment served as a sourc e 

of inoculum fo r these microorganisms. 

Once the organic load was decreased ,  or conditions more 

suitable  for the growth of the algae prevailed ,  the liquor gradually 

returned to an aerobic stat e. 

Similar event s have  been shown to  occur when a holomicti c  lake  

b ecomes stratified (Collins 1960 ) . 

4 . 9  THEORY OF THE OCCURRENCE OF CHROMATIACEAE IN WASTE 
TREATME!ITT LAGOONS 

The result s present ed indicat e that the o ccurrenc e of the 

Chromatiac eae in wast e t reatment lagoons may b e  described by a 

three phase succ ession theory . .  At short ret ention times , o r  in 

heavily loaded lagoons , .anaerobic het erot rophs predominat e .  At 

longer ret ention t imes , o r  in light ly loaded lagoons the algae are 

dominant . The Chromatiac eae occupy a niche int ermediat e to these 

extremes and therefore predominat e in the fol lowing situations : 

( i ) underloaded anaerobic lagoons . 

( i i ) overloaded facult ative lagoons. 

( i i i ) l agoons t reating sel ective effluents .  

A theory for the  occurrence o f  Chromat iac eae in  wast e t reatment 

lagoons will b e  developed by using the lagoons already studi ed 
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( Sections 4 .4-4.8 ) to demonst rat e each of the above situations. 

4 . 9 . 1  Underloaded Anaerobic Lagoons :  

In  an anaerobic lagoon, the hydraulic ret ent ion time i s  of  

major import ance in  det ermining the dominanc e of the Chromatiac eae . 

The lagoon liquor i s  likely to have all the substrat es required 

for the growth of these bact eria with low mol ecular weight organic 

compounds b eing present . The limiting crit erion therefore b ecomes 

the dilut ion rat e, equivalent to the inverse of the hydraulic 

ret ention t ime .  If the dilution rat e i s  great er than the groHth 

rat e of the Chromatiac eae under these conditions , these bact eri a 

wil l  be  unab l e  to maintain themselves in the liquor. However, in 

anaerobic . lagoons , the solids ret ention time is much great er than 

the hydraulic ret ention t ime ��d ,  as shown by lagoon 1 of piggery 

lagoon syst em B ,  the Chromatiac eae are abl e  to maint ain themselves 

in the sludge zone. As the light int ensity reaching thi s area i s  

negligibl e  (Bartsch and Allum 1957 ) , these bact eria must exhibit an 

anaerobic  dark metaboli sm .  A maint enance metabolism has been 

postulat ed for Chromatium spp . exposed to such conditions for short 

periods (Van G emerden 1968 b ) . Alt ernat ing light and dark periods 

would be nec essary to maintain the int egrity of the c ell . However, 

more rec ent ly , speci es capable  of  growth under anaerobic conditions 

in the dark have been report ed (Bogorov 1974, Krasilnikova 1976 , 

Krasi lnikova et al 197 5 ,  Kondrat ' eva et al 1975 ) . 

Thus , c ertain speci es of the Chromatiac eae are capable  of slow 

growth under the condit ions which might be expect ed in the sludge zone 

of an anaerobi c  lagoon. If suffici ent hydraulic ret ention t ime i s  

provided i n  the lagoon l iquor and environmental conditions are 

favourable ,  the lagoon liquor will provide a good medium for the 

growth of  the Chromatiac eae and they could be expect ed to b ecome 

the dominant microflora. Those phototrophs present in the sludge 

would serve as an inoculum for growth in the overlying liquor.  

Examples of  such an occurrence are provided in the meatworks lagoon 

( Sect ion 4 . 4) and in lagoon 1 of piggery lagoon syst em A { Sect ion 

4 . 5 . 1 ) . 
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The performanc e of these lagoons appeared sati sfactory duri ng 

the period of Chromatiac eae dominance, with only the colour of  the 

effluent causing concern. Thus , for the meatworks lagoon syst em 1 ,  

no significant det erioration in the effluent quality was observed 

during 1974 (Fig ' s  4 . 4-4. 5 ) or 197 5  (Fig ' s  4. 6-4. 9 ) .  However, in 

1975 ,  the BOD of lagoon l of piggery lagoon syst em A increased with 

the onset of Chromatiac eae dominance. Whether thi s is part of the 

annual lagoon cycle  .o r  is directly attributable  to the dominanc e 

of the Chromatiac eae i s  difficult to ascertain.  

The three stage succession theory may therefore be used to  

design anaerobic lagoons in which the  Chromatiac eae may or  may 

not predominat e. As there is litt l e  improvement or det erioration 

in the effluent quality, the major benefit would be a reduction in 

the sulphide odour which is very oft en important . In the U. S . A. 

80% of anaerobic lagoons t reating industrial wast es have report ed 

probl ems with odours (Porges 1963) and the int entional growth of 

Chromatiac eae to minimise  the obj ectionabl e sulphide odours has 
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been advocat ed ( Cooper 1963 ) . It should be  not ed that the Chromatiac eae 

produce a characteri stic odour of their own.  However, this odour i s  

generally considered t o  present l ess of a probl em .  

I f  an anaerobi c  lagoon in which the Chromatiac eae predominat e 

di scharges directly to a receiving wat er the red colour which the 

bact erial c ells  impart to the effluent is  likely to  creat e probl ems .  

However, it i s  improbable  that such an anaerobic lagoon would be  

capable  of t reating an effluent to a standard suitable  for direct 

discharge. Thus a further t reatment stage to upgrade the effluent 

would most l ikely b e  necessarJ and , in this instance,  the colour 

would be  inconsequential as it i s  removed by secondary processes 

such as aerat ed or algal l agoons (Birch 1977) . 

The major  disadvant age of using a lagoon in which the Chromat i ac eae 

are dominant i s  the increased land required .  The major factor favouring 

the dominanc e of these photot rophic bact eria i s  the hydraulic ret ention 

time and, depending upon the effluent to b e  treat ed and the climat i c  

conditions , significant ly larger l agoons may b e  needed. 



4- 9 e 2  Overloaded Facultat ive Lagoons : 

In an effici ent ly-operating facult ative lagoon, the o rgani sms 

participating in thi s three-st age succ ession are spatially 

di st ribut ed . The Chromat iaceae occupy a zone located between the 

algae in the liquor and the methanogenic and sulphate-reducing 

bact eria in the sludge.  Although the motile  Chromatiac eae att empt 

to move upwards due to their posit ive photot actic response,  the 

st rict ly anaerobic purpl e sulphur bact eria exhibit a negative 

aerotactic response which maintains them in the anaerobic zone 

(Kondrat ' eva 1965 ) . Due to the low light int ensity reaching such 

zones ,  these bact eria must exhibit an anaerobic dark metabol i sm .  

Thus,  under normal operat ing conditions, few Chromatiaceae are 

present and they are restrict ed to the upper layers of the sludge 

zone. 

If a facultative lagoon b ecomes anaerobi c ,  the sulphide-reducing 

bact eria flouri sh and sulphide b ecomes di st ribut ed throughout the 

lagoon. With the onset of anaerobic conditions , the Chromat i ac eae 

are free to move toward the surfac e due to their positive photot actic 

response. The presence of  sulphide and low mol ecular weight organic 

compounds makes the liquor a suitable  medium for their growth.  

The period for which the Chromatiac eae are dominant i s  primarily 

dependent upon the org�1ic loading. If the lagoon i s  overload ed 

throughout the year, the Chromatiac eae will form a st able  dominant 

population and the situation is similar to that in a lightly loaded 

anaerobic lagoon. If  the lagoon i s  a heavily loaded facultat ive 

syst em and the fai lure is due to the seasonal fluctuation in the 

activity of the algae, the dominanc e of the Chromati aceae will  be of 

a more t ransi ent nature.  

The domestic sewage lagoon ( Sect ion 4 . 8 )  i s  an example  of  the 

latt er situat ion. Over a period of y ears , the org��ic loadL�g on 

the lagoons has gradually increased. During the summer of 1972-1973 ,  

the algal activity was suffici ent to maintain aerobic conditions , 

but during the autumn, the activity of  the algae decreased (Brockett 

1975 ,  Rowe 1975 a & b ) and was unable  to meet the oxygen demand of  

133 



the bacteria. Anaerobic conditions and the dominance of the 

Chromat iac eae ensued. When the seasonal conditions favoured the 

growth of the algae, they became dominant again. In order to 

reduc e the loading on the lagoons to allow algal dominanc e through

out the year, a large biofi ltration plant i s  being install ed .  

4 . 9 . 3  Lagoons Treat ing Selective Effluent s :  

The fellmongery lagoon ( Section 4 . 7 )  i s  an example o f  the us e 

of Chromatiac eae in treat ing sel ective effluent . Fellmongery 

effluent is an alkaline wast e containing significant amount s of 
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sulphide (Section 2 . 7 . 2) , which is  toxic to some algae at a conc entrat ion 

of 7 mg/1 (Espino and Gloyna 1967 ) .  Concent rations of 200 mg/1 wi ll  

inhibit the Methanobact eriac eae ( Lawrenc e et al 1966 ) . Therefore, the 

lagoon t reatment of thi s effluent favours the dominanc e of the 

Chromati aceae and these bact eria succ essfully treat a noxious indus

trial effluent ( Tabl e  4 . 12 )  (Cooper et al 1975 ) . 

The three-stage succ ession theory i s  st ill  applicable  to 

sel ective wast es . Although high sulphide concentrations may l imit 

the act ivity of the primary anaerobes , the Chromatiac eae are capable  

of  lowering the  sulphide conc entration to l evels suitable  for the 

growth of algae. Therefore,  algae may eventually become the dominant 

population in such an effluent , as demonstrat ed by the fellmongery 

lagoon when it was not loaded for two months . However, s elective 

wast es do allow an ext ended phase of Chromat iac eae dominanc e .  

Thi s ext ended dominanc e is  also observed in the lagoon syst ems 

t reating tannery effluent ( Section 4. 6 ) . The sulphide cont ent of the 

t annery effluent s undoubt edly cont ribut ed significantly to the 

observed dominanc e of the Chromatiac eae. 

4. 10 APPLICATION OF THE SUCCESSION THEORY TO LAGOON DESIGN 

Careful lagoon design is  required to prevent the Chromatiac eae 

from dominating any following algal lagoons. A study of piggery 

lagoons A and B ( Section 4 . 5)  i s  useful in d et ermining suit able  design 

t echniques for prevent ing this phenomenon and for demonstrat ing the 

usefulness of the suc cession t heory .  



Both lagoon syst ems t reat piggery effluent and operat e at · 
similar total ret ention t imes so similar removal efficienc i es would 

be expect ed. In fact , whereas piggery lagoon syst em B achieves a 

99 . 2% BOD removal (Table  4 . 5 )  lagoon syst em A only removes 9 3% of 

the BOD (Tabl e 4 . 4) . Lagoon syst em B demonstrat es the three stage 

succession theory predict ed with anaerobic het erotrophs being 

dominant in lagoon l ,  Chromatiac eae in lagoons 2 and 3 and algae in 

lagoon 4.  It i s  not eworthy that the volumetric arid surfac e BOD 

loadings decrease significantly through succ essive lagoons ( Tabl e  

4 . 5 ) . This  indicat es the decreasing availabil ity o f  organic 

compounds throughout the lagoons which undoubt edly favours the 

ready succ ession of the different microflora and eventually l eads to 

a st abl e algal phas e. Good BOD removal effici enci es are observed in 

all lagoons . 

By compari son lagoon syst em A demonst rat es what may occur with 

poor design of lagoon hydraulic s .  Over a period of five years , the 

Chromatiaceae have infilt rat ed the facultative lagoons and have 

eventually become dominant throughout . 

Lagoon l i s  a light ly loaded anerobic lagoon with a long 

ret ention time which provides suit able  conditions for the growth 

of the Chromatiac eae , which are the dominant population throughout 

the year. Lagoon l ,  therefore,  provides an inoculum of Chromat i ac eae 

for the s econd lagoon. Theoretically, at the surface loading of 

4 .  2 - 7 . 0  g BOD/ rf .d  , thi s  lagoon should b e  aerobic . However, 

significant short circuiting occurred in this lagoon. Therefore,  

the o rganic load is not evently di st ribut ed throughout the lagoon, 

resulting in localiz ed overloading and reduced hydraulic ret ention 

times.  The effect of thi s overloading is to favour the dominance of 

Chromatiac eae which are present in  large numbers in the effluent 

from the first lagoon. Thi s  inoculum also overcomes any washout of 

these bact eria due to lower ret e1�t ion t imes . 

A similar phenomenon occurs in lagoon 3 ,  where there i s  again 

short circuiting due to poor inl et and out l et locations . 
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It i s  not eworthy that the organic loading vari es only slight ly 

throughout the thrae lagoons of Lagoon Syst em A. Thi s  indicat es that 

rel atively constant amounts of organic matter are available for 

bact erial met abol i sm .  Algae would be favoured by a lagoon syst em 

in whi ch the loadings decrease significant ly in successive lagoons . 

It i s ,  therefore, apparent that short ci rcuiting and under-siz ed 

facultative lagoons have l ed to  the eventual dominanc e of the 

Chromatiac eae in thi s syst em. 

4. 11 CONCLUSIONS 

A theory based upon a three stage succ ession of microbial 

populations has been shown to be  useful in describing the occurrence 

of Chromatiac eae in wast e t reatment lagoons . By manipulating the 

organic loading and the hydraulic ret ention time, lagoon syst ems may 

b e  designed to either al low or avoid the dominanc e of Chromatiac eae . 

By ex erci sing such contro l ,  the pot ential of these organi sms in 

minimising odours from anaerobic lagoons may be util i sed . 

This  succ ession theory also provides an explanation for the 

dominanc e of the Chromati aceae in overloaded facultative lagoons . 

The observat ions made on lagoon syst ems t reat ing sulphide-bearing 
wast es , such as fel lmongery and t annery effluents ,  indicat e  that the 

Chromatiaceae constitut e  a st able ,  dominant population and provide  a 

good degree of t reatment . 

These bact eria may therefore b e  b eneficially exploit ed in  the 

t reatment of these noxious wast es which are difficult to t reat using 

convent ional t echnology .  The subsequent chapt ers therefore ass ess 

the abi lity of the Chromatiac eae to  t reat fellmongery effluent and 

develop crit eria for the design of such lagoons . 
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CHAPTER 5 

LABORATORY EVALUATION OF DESIGN P.ARAMETERS 
FOR ANAEROBIC LAGOONS USING THE CHROMATIACEAE 
TO TREAT FELLMONGERY EFFLUENT. 



5 · EVALUATION OF DESIGN PARAMETERS FOR ANAEROBIC LAGOONS USING 
THE CHROff.ATIACEAE TO TREAT FELLMONGERY EFFLUENT . 

5 . 1 INTRODUCTION : 

Lagoons have become widely accept ed as an alt ernat ive form of  

wast e treatment However, the use of  facultat ive lagoons to t reat 

wast ewat ers containing significant conc entrations of  sulphide can 

l ead to seve:r:)e operational probl ems with sulphide conc entrations 

as low as 4 mg/1 inhibiting some algae ( Aguirre and Gloyna 1970 ) .  

The Chromat i ac eae are abl e  to grow at qui t e  high sulphide 

conc entrations ( Chapt er 3 )  and provide a good degree of t reatment 

for sulphide-b earing effluent s (Chapt er 4 ) . Lagoons may therefore 

b e  built to int entionally utilise  the Chromatiac eae to t reat wast es 

such as fellmongery and t annery effluent s .  However, littl e  informa

t ion is  available  on the design of such lagoons . The studi es 

out lined in thi s chapt er were impl ement ed to genE.rat e design mta 

for fellmongery effluent lagoons and to assess the effects  of  

t emperature and sulphide conc entrat ion on the  effluent t reatment 

capability of  these bact eria. 

5· 2 LABORATORY PLANT DESIGN 

5 . 2 . 1  Equipment : 

Two ident ical 88 l model lagoons were construct ed in 6 mm 

perspex sheet ing aft er Eckenfelder and .Ford ( 1970 ) and Eckenfelder 

et al ( 1972 ) ( Fig. 5 . 1 ) .  The sides were covered with blackened 

cardbo ard t o  prevent lat eral light penet rat ion. Four 100 w tungst en 

bulbs were suspended above the lagoon at a height which result ed in  

a light int ensity at the surface of  5 , 000 lux . The light int ensity 

was measured with a Sangamo Weston Model S5ll Phot omet er. 

1 37 



LIGHTING SYSTEM 
r-- - 1 I \ u . _ _]_ __ \ LI_____ _ I \ 
I 

-�1 CJ CJ CJ CJ 

INFLUENT � ' 

8 0 
I 

� AIRJET 
---::::::::'I ,.....-

0 0 

Figute S ; ! : SCHEMATIC D IAGRAM OF MODEL  LAGOON (AFTER ECKENFELDER AND FORD, 1 970) 

- EFFLUENT 

c OMPARTMENT NUMBER 



A time switch provid ed cont rol for the light s and pumps both 

of which were operat ed for 1 2  hours daily . To compensat e for evapora

tive losses , a separat e pump suppli ed st erile  distilled water (Fig. 

5 . 2 ) . A fan was located to blow air across the surface of the lagoon 

in an att empt to simulat e the effect of wind on a full scal e lagoon. 

Each lagoon and its ancillary equipment was plac ed in a separat e 

t emperature cont rolled room. Thi s  allowed the study of the effect 

of t emperature on the lagoon performanc e. 

5 . 2 . 2 Synthetic  Fellmongery Effluent : 
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The effect of influent sulphide conc entration also merit ed in

vestigation. As the variabl e operating conditions in a fellmongery 

result in varying sulphide conc ent rations in the effluent , a synthetic  

effluent had to be  formulat ed. Analysi s of BOD , COD ,  ammoniacal nit rogen 

and total nit rogen and compari son with published data on the compo sition 

of N . Z . fellmongery effluent s (Ryder 1972 ,  Cooper 1973 ,  Mason 1974) 

yi elded a synthetic effluent of the composition outlined in Tabl e 5 . 2  • 

5 . 3 EXPERIMENTAL PROCEDURE 

5 . 3 . 1 Experiment al D esign: 

The effect s of  temperature and sulphide on the effluent quality 

were invest igat ed at the l evel s indicat ed in Table  5 . 2 . The range of  

t emperatures was sel ect ed t o  cover the  extreme environment al conditbns 

expect ed in N . Z .  during that period of the year that fellmongery 

effluent is produc ed . High sulphide conc entrations w ere studi ed to 

assess the feasibility of t reating conc entrat ed fellmongery effluent s .  

If effluent s containing in the  vicinity of 1 , 000 mg/1 sulphide could 

be ad equat ely treat ed, the s egregation of the lime liquors from the 

relat ively innocuous wash wat ers would result in a small er volume of 

more concentrat ed effluent allowing smal l er, c heaper fellmongery 

lagoons to be constructed .  Lower sulphide conc ent rat ions , in  the 

vicinity of thos e  currently produc ed by fellmongeri es , were also 

investigated. 
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TABLE 5. 1 

Composition of  Synthetic Fellmongery Effluent . 

Component Cone ent ration 
(mg/1 ) 

Na2S . 9H20 200 , 8 50 ,  1 ,  500 
( as sulphide ) 

Bact eriological Peptone 2 , 500 

Ca(OH ) 
2 

1 , 000 

NH4C l  400 

NaC l  1 , 000 

TABLE 5. 2 

Experimental Conditions Investigat ed. 

Sulphide 
Experiment No . Temgerature Conc ent ration 

c (mg/1 ) 

1 25 200 

2 25 1 , 500 

3 10 200 

4 10 1 , 500 

5 17 . 5  850 

6 17 . 5  8 50 



5. 3 . 2  Experiment al Control : 

To provide  an inoculum of Methanobacteriac eae and obligat e and 

facult ative anaerob es, 10 l of sludge obtained from an anaerobic 

lagoon treating meatworks effluent was placed in each lagoon. Act ive 

gassing of the sludge was observed at the t ime of inoculation. 

A diverse inoculum of Chromat iac eae was sought to  allow the 

natural sel ect ion of the population best suit ed to the lagoon 

conditions.  Thus , 15 l of a mixture of cultures of Chromat ium D , 

Chromatium minut issimum, Thiocapsa roseopersicina and other 

unidentifi ed photot rophic bact eria grown -in -Pfennig' s medium were 

plac ed in each lagoon. 

Ten litres of synthetic fellmongery effluent (Table 5 . 1 )  with 

an initial sulphide conc entration of 20 mg/1 and containing no c alcium 

hydroxide was then added daily to the lagoon for the next £ix -days . 

These low l evels of sulphide and alkalinity were sel ect ed to prevent 

inhibition of  growth. As the bact erial population in the l agoons 

developed the concentrations of lime and sulphide were increment ally 

rai sed over a period of four months to 200 mg/1 and 1 1 000 mg/1 

respectively. 

Under the t emperature and sulphide conditions defined by the 

experimental design the l agoons w ere operat ed at a specifi ed ret ention 

time until  steady state  was achi eved. This was defined as l ess than 

a 5% variation in the effluent COD over a week. Generally , 1 . 5  to 

2.0 ret ention t imes were required to achi eve st eady stat e. As 

ret ention t imes of up to 1 20 days were investigat ed in these 

experiments ,  ext ensive periods were required for the syst em to 

achi eve equilibrium . A method which would maximi se the result s 

obt ained from each run was therefur>e required. This  w·as achi eved by 

taking samples from each of the four compartment s creat ed by the 

baffl es ( Fig.  5 . 1 ) .  Thus , at each st eady state ,  samples from four 

different ret ent ion times were analysed.  
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5 . 3 . 3  Analytical Methods :  

Five paramet ers were used t o  det ermine the effectiveness of 

the lagoon as a treatment syst em. The biochemical oxygen demand 

(BOD5 ) was measured manometrically using a Hach Model 2173 BOD 

apparatus . The chemical oxygen demand (COD )  was measured in 

accordanc e with Standard Methods for the Analysis of Wat er and 

Wast ewat er ( 1975 ) . Sulphides were det ermined using an Orion Model 

94-16 sulphide specific ion el ect rode fol lowing the t echnique 

described by Papp ( 1971 ) . The pH was measured in situ using an 

E. I . L . Model 7030 pH met er. The phototrophic bact eria were identifi ed 

in accordanc e with Pfennig and Truper ( 1974) and were enumerat ed by 

direct count s using a Hawksley improved Neubauer counting chamber 

(Holm and Vennes 1970 ) . The Chromat iaceae were readily identifi ed 

vi sually due to thei r intracellular sulphur inclusions. Occasional 

measurement s of thiosulphat e, sulphit e and polysulphides were per

formed as described by Papp ( 1971 ) .  

A probl em was encount ered because the initially high values of 

alkalinity and sulphide prevent ed successful BOD5 measurement . The 

BOD5 therefore could not be  obt ained for the influent nor for s ampl es 

at short ret ention t imes. To correct thi s defici ency, organic 

removal rat es were also calculat ed by correcting the COD value for 

the sulphide conc ent ration. Thi s  result ed in the correct ed COD ,  or  

COD , where c 

where 

COD = COD - 2S 
c 
COD = COD conc ent ration mg/1 

S = sulphide concentration mg/1 . 

A factor of two was used as the stoi chiometry of sulphide 
oxidation indicat es that 2 mol es of oxygen were required per mol e  

o f  sulphide : 
2-s + 202 so 2-

4 
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5 . 3 . 4  Methods of Data  Analysi s :  

Data  were analysed using the  compl et ely mixed model o f  

Eckenfelder and Ford ( 19 70 )  and Marai s and Shaw ( 1961 ) :  

where 

Se 
So 

l 
l + kt ( 5 . 1 )  

S e  = effluent paramet er (mg/l exc ept pH) 

So = influent paramet er (mg/l exc ept pH) 

k (day -l ) first order removal coeffici ent 

t ret ention t ime ( days) 

The first o rder removal co efficient was det ermined by plotting 

So-Se/t versus Se .  A regression of  the point s yi elded a line of 

slope k .  

However, such a model has the  constrai.."lt that at an infinit e  

ret ention t ime ,  S e  = 0 .  Thus, the regression l ine must pass through 

the origin of  the graph. 

Although this model is  correct for paramet ers such as the BOD , 

it i s  inadequat e for the description of paramet ers such as the COD 

or pH. Such paramet ers are charact erised by a positive int erc ept 

on the absci ssa of the So-Se/t versus Se graph. To describe such 

paramet ers the model must be  amendeQ to : 

where : 

So-Se = k ( Se-Sr) 
t 

( 5 . 2 )  

Sr  = residual conc entration ( mg/l )  and i s  defined 

as the int erc ept on the abscissa of  the So-Se/t versus Se graph. 

To predict the effluent quality with thi s model both k and Sr -

must b e  known. The effect of t emperature on these t erms must b e  

assessed .  This  was done using the t echnique o f  Marais ( 19 70 )  and 
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Eckenfelder and Ford ( 1970 ) where : 

and 

where k2 ;:: 

kl ;:: 

e 

sr2 
Srl ;:: 

5 . 4  RESULTS 

removal rat e co effici ent 

( 5 . 3 )  

( 5 . 4) 

(day-1 ) at T2 (°C ) 
removal rat e co effici ent (day -l ) at T1 (°C ) 
t emperature co effici ent (0c-1 ) 
residual (mg/1 ) at T2 (

oC ) 

residual (mg/1 ) . at Tl (oG ) 

To dernonstrat e the effect of ret ention time on effluent 

quality, the results  obt ained in each tri al are present ed as 

chronological plots  (Figures 5 ·  3-5 . 8 ) .  

The data for each of the t rial s  from which these plot s were 

made are present ed in Appendix 4.  The values in the  t ables are 

the average of  five samples analysed during a week of st eady stat e  

operat ion. 

The blank values in the BOD columns of these. tables result 

from an inabi lity to measure the BOD at high conc ent rations of  

sulphide and alkalinity. 

A summary of each experiment is present ed in Table 5 · 4  where 

the influent quality is compared with the final efflue�t quality. 

Thiocapsa roseopersicina was the dominant micro-organism in 

the l agoons under t he range of conditions studi ed .  

5 . 5 CONSIDERATION O F  CriRONOLOGICAL PLOTS 

The chronological plots (Figures 5 . 3-5 .8 )  fol lowed the patt ern 
\ 

expect ed for continuous culture syst ems (Aiba et al 19737  Pirt 1975 ) . 

At long ret ent ion t imes , or low dilution rat es ,  bact erial numbers 
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Figure 5 . 3 :  Chronological Plot for Run 1 ( 2 5°C , 200rng/ l s2 -) 
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Figure 5 . 4 :  Chronological Plot for Run 2 ( 2 5°C, l500  rng/ 1 s2 - ) 
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8 2 -

Figure 5 . 5 :  Chronological Plot for Run 3 ( 10°C, 200 rng/ 1 s 2- ) 
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Figure 5 . 6 : Chronological Plot for Run 4 ( 1 0°C, l 500 rng/ 1 s 2 - ) 
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Figure 5 . 7 :  Chronological Plot for Run 5 ( 17 . 5°C , 8 5 0  mg/ 1 s2 - ) 
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Figure  5 . 8 : Chronological Plot for Run 6 ( 17 . 5°C , 8 50  mg/ 1 s 2 - ) 
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were high and substrat e  conc entrations were low. Littl e  variation 

in these paramet ers was observed unt il a critical ret ent ion t ime  

occurred. Below this ret ention t ime the bact eria could no longer 

grow at a suffici ent rat e to maintain their numbers and a decrease 

in  population was observed .  Increasing subst rat e  concent rations 

were associat ed with thi s period. The ret ent ion time at which 

the bact erial population approaches z ero has been defined as 

' washout ' ( Aiba et al 1973 ) . 

Due to the probl ems of measuring low populations of photot rophic 

bact eria, an att empt was made to approximat e the point at which 

washout occurred in each tri al by det ermining the ret ention t ime  at 

which 50% of the influent COD was removed. This  information i s  

present ed i n  Table  5 .  3 .  

Under the most advant ageous conditions (Run l 25°C and 200 

mg/ls2-) the lowest ret ent ion t ime of 8 .0 days for a 50% COD 

reduction was observed . Litt le  variation in thi s ret ention t ime 

was observed under more moderat e conditions ( Runs 5 and 6 : 17 . 5°C ,  

850 mg/ls2-) .  However under more severe conditions the performanc e 

of the lagoons det eriorat ed with a ret ention t ime of 75 .0  days 

TABLE 5.�  
The Ret ention Time at Which a 50% COD Removal Occurs as a 
Function of the Experimental Conditions . 

Experiment al Conditions Ret ention Time for 50% 

Run No . Temperature ( oc )  s= (mg/1 )  · COD removal (days) 

l 25 roo 8 .0 

2 25 1 , 500 17 . 5  

3 10 200 30 .0  

4 10 1 , 500 75 . 0  

5 17 - 5  850 8 . 5  

6 1 7 - 5  850 9 . 0  

' 

lLL 



required to achi eve a 50% reduction in COD under the most ext reme 

conditions (Run 4 : l0°C ,  1 , 500 mg/ls2-) .  Thus , the influent 

sulphide conc entrat ion and the lagoon t emperature substanti al ly 

affect the ret ent ion t ime requi red to produc e an adequat e effluent . 

The effluent quality at the longest ret er.tion t ime for each 

trial i s  present ed in Table  5 · 4 · The p erc ent removals of COD and 

sulphide indicat e that these l agoons operate  effici ently under a 

wide range of t emperatures and influent sulphide conc ent rations . 

Thi s  is confirmed by a study of  Figure 5 . 9  which indicat es the 

trends observed in  the t reatment effici enci es of the lagoons .  The 

COD removal effici ency i s  highest at low sulphide concent rations 

and high t emperatures and decreases .with increasing sulphide 

conc ent ration and decreasing t emperature . This closely parall el s  

the effect s o f  sulphide and t emperature o n  the growth of  Chromatium 

minutissimum (Chapt er 3 ) . A similar trend is observed with the BOD 

and pH result s ( Figure 5 . 9  (b )  and (d) ) .  However, the highest 

perc entage removals of sulphide occur at the high sulphide conc entra

tions (Figure 5 . 9  ( c ) ) .  Thi s  might be expect ed as increasing 

concent rations of sulphide will  increase the driving forc e for it s 

removal . 

Therefore the best effluent quality i s  achieved at the highest 

t emperature and the lowest conc entration studi ed (Run 1 :  25°C ,  200 

mg/1 sulphide) and the observed values were : 

COD 440 mg/1 

BOD 95  mg/1 

Sulphide 20 mg/1 

pH 7 - 4 

The poorest effluent quality was observed at the lowest 

t emperature and highe� sulphide conc ent ration studied (Run 4 

l0°C ,  1 , 500 mg/1 s2-) and the observed values were : 

COD 1 , 952 mg/1 

BOD 745 mg/1 

Sulphide 67 mg/1 

pH 8 . 7  
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TABLE -5·4 

Effluent Quality at the Longest Ret ention Time for Each Trial . 

Run Influent Charact eri stics  Final Effluent Characteris tics 
No . COD CODC s- pH Temp . D et ention COD BOD s pH 

( oc )  Time 
(mg/l ) (mg/l ) (mg/l ) (days ) (mg/l ) (mg/l ) (mg/l ) 

l 3 , 424 3 , 0 24 200 11 .8  25 122 440 95 20 7 · 4 

2 5 , 694 3 , 072  1 , 536 12 . 1 25 122 956 145 24 7 . 6  

3 3 , 476 3 , 076 200 1 1 .8 10 122 966 160 21 7 . 8  

4 5 , 764 2 , 786 1 , 489 12 . 2 10 122 1 , 952 745 67 8 . 7  

5 4 , 357 2 , 641 858 1 2 . 3  17 . 5 88 975 251 53 9 . 2  

6 4 · 295 2 , 611 842 12 . 3 17 . 5  88 869 288 45 9 . 2 

Perc ent Removals 
COD s 

87 . 1 90 .0  

83 . 2  98 . 4  

72 . 2 89 . 5  
-

66 . 1  95 · 5 

77 . 6  93 .8 

79 .8 94. 6 

1-' .!::>. c-



Figur e  5 . 9 : Plots  Demons trating the Effec ts  of  Temperature and Influent Sulphide 
Concentration on the Treatment Efficiencl of  the Lagoons .  
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5 . 6  CALCULATION OF Rfl.10VAL RATE COEFFICIENTS 

To quantify the rat es of removal of the various effluent 
paramet ers , regression curves of So-Se/t versus S e  were plott ed 
(Figures 5 . 10-5. 13) . Unfortunat ely , the problems with BOD measure
ment ment ioned in Sect ion 5 . 3 . 3  precluded the use of BOD as a 
regression paramet er. In no c ase  was it possible  to obtain influent 
BOD values and thus , such a regression analysi s was impractical .  
Therefore the corrected COD ,  COD 7 was used as an estimat e o f  the c 
organic cont ent as described in Section 5 . 3 . 3 .  Although the COD 
do es not tak e  account of the sulphide cont ent of the wast ewat er, 

c 

it  will  measure any other reduc ed inorganic compounds . Occasional 
analyses for thiosulphat e ,  sulphide and polysulphides fail ed to 
det ect any of these compounds in the l agoons or their effluent . In 
some instan.c es thiosulphat e was det ect ed in the influent but never 
at l evels great er than 5% of the sulphide  conc ent ration. Thiosulphat e 
i s  oxidi sed according to : 

2-
�4S04 

Thus one mol e  of thiosulphat e react s with 2 . 5 mol es of  oxygen. 
During i t s  oxidat ion , sulphide react s with 2 .0  mol es of oxygen 
( S ect ion 5 . 3) .  Due to the similarity of the stoichiomet ry and the 
low thiosulphat e conc entrations obs erved , it was assumed that thio
sulphat e made a negligibl e  cont ribution t o  the inorganic COD of  the 
influent when compared to sulphide .  Therefore subtracting the COD 
due to sulphide from the total COD i s  equivalent t o  removing the 
effect due to inorganic sulphur compounds . 

No compensat ion for the effect of inorganic nitrogen compounds 
has been made.  Thi s  prevent s the COD from being sol ely an organic c 
COD .  However, published data  indicat e  only a small variation b etween 
infiuent and effluent ammoniacal nitrogen concentrations . Cooper et 
al ( 1975 )  report ed an influent conc entration of 22 . 2  mg/1 and an 
effluent concentration of 17 . 6  mg/1 . Thi s small variat ion in 
ammoniacal nit rogen conc entrat-ions therefore allows the COD to c 
provide a useful indication of the rat e of  removal of organic 
compounds.  
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A study of the regression curves (Figures 5 . 1 0-5 . 1 3 ) yi elds 
some int eresting informat ion . In nearly all cases , reduction of  
the removal rat e co efficients i s observed at high Se values ( i . e . 
short ret ention t imes ) . This  effect may be explained by the 
inst ability of the lagoon under these conditions . A large ,  st able  
microbial populat ion i s  unabl e to  develop due to  the short ret ent ion 
time, and the advers e grovnh conditions ari sing from the high pH 
and the high sulphide conc ent rat ion. As the r et ention t ime increases , 
the pH and the sulphide concent ration decreases  slowly, even in the 
absenc e of  the Chromat iaceae (Fig. 5.6 ) . Thi s non-microbiological 
decrease in pH i s  probably caused by atmospheric carbonation 
removing the alkalinity due to l ime ( see Secticn 2 . 7 . 3 . 2 . 1 ) whil e  
the decrease i n  the sulphide conc entration i s  probably due to 
oxidat ion by air.  

Thus , at short ret ention times ,  k values are low due to  their 
dependenc e upon chemical oxidation and their value i s  probably 
limit ed by the rat e of diffusion of co2 and 02 into the l agoon. 
As the pH and sulphide conc entrations are reduc ed , the conditions 
in the lagoon become sui table for the growth of the Chromat iac eae 
and a slow increas e in k values i s  observed until a stable  popula
tion of photot rophic b�t eria i s  establi shed .  Thi s  postulat e i s  
confi rmed by a study of the removal rat e graphs (Figures 5 . 10-5 . 13 )  

and explains why the  regression curves accurat ely model the  low Se  
values .  Thi s  i s  the  region in  which the highest removal rat es are 
observed and under these conditions a stable  bact erial populat ion 
has developed.  It is  therefore the best region in which to operat e 
the lagoon. 

Some scat t er of  point s about the regression l ines may be  observed. 
This is largely due to the use of  the complet ely mixed model t o  
analyse  the  data. This assumes that the lagoons are compl et ely mixed 
whereas in fact thei r flow regime  i s  likely to fall between the 
ext remes of  plug and complet ely mixed flow. 
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Figure 5 . 1 0 : Plot s  to Determin� 
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5 . 6 . 1  COD Removal Rat e Co effici ent s :  

No uniformity as t o  the point at which the removal rat e 
co effici ent s  become inhibit ed was obs erved . The COD values at 
which the COD removal rat e co efficient becomes reduc ed vari es 
from 800 mg/1 for run 1 ( 25°C ,  200 mg/1 s2- ) to 2 ,000 mg/1 for 
run 4 ( 10°C ,  1 , 489 mg/1 s2- ) .  Thi s  variation i s  not unexpect ed 
due to the wide range of experiment al conditions studi ed. Obviously , 
the activity of the bact eria wi l l  be severely curt ailed even at high 
ret ention t imes under the ext reme condit ions prevailing L� TIL� 4 .  

Al so , the validity o f  the k value obt ained i n  run 4 i s  quest ionabl e 
due to the regression including only two point s .  To det ermine k 
more accurat ely, the syst em would have to be  studi ed at longer 
ret ention t imes .  

5 . 6 . 2  CODe Removal Rat e Coeffici ent s :  

The correct ed COD regression analyses ( Figure 5 . 1 1 )  show 
similar result s to the COD dat a. However, two unexpect ed result s 
may be  observed . Fi rstly , run 4 sho\vs a negat ive removal rat e 
co effici ent . Although this could b e  int erpret ed as an increase in 
the organic cont ent of the effluent due to photosynthesi s ,  it i s  
more probably caused by the inhibitory effect s of  the adverse 
lagoon conditions on the removal rate  coeffici ent . It is  likely 
that a study o f  longer ret ention t imes would yi eld a positive k 
value. 

The second unexpect ed observat ion is the negative So-Se/t 
values .  A+l the negat ive  values occurred at short ret ention t imes 
on the experiment s using a high influent sulphide concentration· 
( Runs 2 and 4) . These results  imply that an increase in the organic 
cont ent of the effluent occurs at short ret ention times • . However, 
all other result s indicat e that thi s  i s  improbabl e L�dicating 
some inconsist encies between the sulphide and COD analyses at high 
sulphide conc ent rations . 

1 �9 



Figure S . ll : Plots  to Determine the COD Removal --------------����� c --��= 
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5 . 6 . 3  Sulphide Removal Rat e Co effi c i ent : 

The plot s to det ermine the sulphide removal rat e co effici ent 
(Figure 5 . 1 2 )  demonstrat e the inhibitory effect of high sulphide 
conc ent rations . Again, run 4 yi elds a spurious result due to being 
studi ed for an insuffici ently long retention t ime as indicat ed by 
the positive int erc ept on the ordinat e. Similarly , the pH removal 
rat e co effici ent i s  inhibit ed at high pH values (Figure 5 . 13) . 

5 . 6 . 4  Summary: 

The removal rat e co effici ent s ,  the residuals and the 
correlation co effici ent s for each run are summari s ed in Tabl e 5 . 5 .  
In al l experiment s ,  sulphides were removed more rapidly than the 
COD .  The rat e coefficient s for sulphide removal ranged from . 878 

1 -1 day- t o  . 698 day whil e  the corresponding range for COD was from 
. 348 day-l to . 0591 day-1 • For all four paramet ers studi ed the 
highest removal rat es  were observed in run 1 ( 25°C ,  200 mg/1 s2-) 
and the lowest rat e s  were observed in run 4 ( 10°C ,  1 , 489 mg/1 s2-) . 

A study of the residual conc entrations indicates that they do 
not fit such a neat patt ern. Although the lowest residual occurs 
in run 1 and the highest in run 4 for both the COD and the COD , c 
the highest S for sulphide i s  obs erved in Run 5 ,  and the lowest r 
in run 4 .  However, the negative value observed in run 4 i s  
questionable  due t o  the regression being based on only two point s .  
The S values for pH range from 7 . 0  for run 4 to 9 .06 for run 6 .  r 

5 .  7 COMPARISON OF DEVELOPED MODELS WITH OBSERVED DATA 

As the regression analyses indicat e  some lack of fit at high 
Se _values Figure 5 · i4 was plott ed to demonst rat e the adequacy o f  
fit o f  the COD model t o  the raw COD dat a. 

In all cases ,  good fit is obs erved at high retention t imes. 
The models  for runs 5 and 6 fit all the dat a  wel l .  However, in 
other experiment s the models provide an optimistic  prediction of 

1)0 
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Figure 5 . 12 : Plots  to Determine the Sulphide 
Removal Rate  Coefficients 
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Figure 5 . 1 3 :  Plots  to Determine the :eH 
Rate Coefficients 
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TABLE 5.5 

Summary of the Removal Rat e Co effici ent s, the Residuals and the Correlation Co effici ent s 
Ob�ained for Each Run . 

Run No . l 2 3 4 5 6 
Temperature (

°C ) 25 25 10 10 17 . 5  17 . 5  
Sulphide conc ent rat ion 200 1 , 536 200 1 , 489 858 842 

� 
r 

k (day-1 ) . 348 . 103 . 0751 .0591 . 208 . 178 
COD S (mg/1 ) 327 516 642 1 , 425 718 677 r 

2 . 811  • 585 . 847 1 . 00 . 918 . 988 r 

k (day-1 ) . 331 .0374 . 0526 - .0216 • 272 • 223 
COD S (mg/1 ) 318 523 578 2 , 428 803 680 c r I 2 . 845 · 7 26 .803 · 936 · 934 . 484 r i 

( -1 I 
k day ) .878 . 669 . 122 .8698 • 711  • 526 i I 

. Sulphide S (mg/1 ) r 14. 4 4 · 57 1 . 67 -100 40 . 5  28 . 5  
2 .830 . 486 . 9 23 1 . 00 • 750 · 552 r 

k (day
-1 ) • 327 . 10 2  .0820 .0 190 • 291 • 286 

pH sr (mg/1 ) 7 . 30 9 o l4 7 . 39 7 . 00 8 . 96 9 . 06 
2 . 5670 · 700 .863 .883 . 488 . 314 r 

-- --� 

1--' 
\J1 
1--' 
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Figure 5 . 14 :  Plot s  Showing the Fit of  the COD Model s 
to the COD Data 
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the effluent quality at short ret ention t imes .  In runs 1 1  2 
and 3 the inaccuracy of the model i s  not very subst antial .  However, 
in run 4 a severe lack of fit i s  apparent . This  is due to the lag 
p eriod observed in  this COD data. Up t o  40 days ret ent ion t ime only 
a smal l reduct ion in COD occurs (Figure 5. 6 )  .and an invert ed sigmoid 
curve would b e  needed to fit the dat a. An exponential decline in 
the COD is predict ed by the compl et ely mixed model and any syst em 
in which the COD removal i s  initially inhibit ed will  be inadequat ely 
described by thi s model . Thus , care must be t aken when applying 
thi s model to any effluent that i s  pot entially inhibitory.  In 
these studi es ,  s evere inhibition was only observed in run 4 ( 10°C 1  
1 , 489 mg/1 s2- ) .  Wilnor inhibition was observed in run 2 ( 25°C ,  
1 , 536 mg/1 S2-)  (Figure 5 . 4) .  

Thus in both instanc es where a high sulphide influent was 
appl i ed to the l agoons some inhibit ion was observed. As there was 
only a minor variation in pH from one run to another, this impli es 
that the high sulphide conc entration caused the inhibition. To 
assess thi s po sulat e , Figure 5 . 1 5  was plott ed. In both cases , a 

negligibl e COD removal occurs above 925 mg/1 sulphide (Figure 5 . 15  
( a) ) .  Below thi s concentration subst antial COD removals occur , 
although the patt ern of removal di ffers in each experiment . High 
sulphide conc entrations also :proved inhibitory to Thiocapsa ro seo
persicina with negligible  populations being observed above 1 1 000 
mg/1 sulphide (Figure 5 . 1 5 (b) ) .  Again,  t emperature affect s the 
manner in which sulphide inhibition occurs . At 10°C ( run 4) , no 
decrease in the population of !· roseopersicina was observed up t o  
approximat ely 400 mg/1 sulphide. At 25°C ( run 2) , the maximum 
population occurs at 40 rng/1 sulphide. 

The�e dat a compare favourably with the result s obtained for 
Chromatilirn rninuti ssirnum in Chapt er 3 .  

One may therefore conclude that lagoons containing Thiocaps� 
roseopersicina can adequat ely t reat fellrnongery effluent containing 
up to 900 mgjl sulphide. 
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Figure 5 . 1 5 : The Effect o f  Sulphide on Runs 2 and 4 

(a )  The Effec t of  Sulphide Concentration on COD 
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5 . 8  EF:F:EX::T OF TEMPERATURE ON REMOVAL RATES AND RESIDUAL 
CONCENTRATIO�S .  

As expect ed ,  the removal rat e  coeffici ent s are st imulat ed by 
t emperature (Figure 5 . 1 6 ) . Thi s  effect may be described by equation 
5 . 3 .  A study of Figure 5 . 16 indicat es that the removal rat e 
co effici ent data may be split into two groups :  

( i ) those  runs at an influent sulphide concentration below 
900 mg/1 

( ii ) those  runs at an influent sulphide concent ration above 
900 mg/1 .  

I t  i s  presumed that inhibition occurs at 900 mg/1 s2- as at 
some point between 850 mg/1 s2- and 1 , 500 mg/1 s2- a reduction in 
the effect of t emperature on k occurs . As previously discussed, 
other evidenc e indi cat es that such inhibition is  likely to occur in 
the vicinity of 900 mg/1 s2- . 

Thi s  grouping of dat a can b e  made as the k values at 850 mg/1 
fall close  t o ,  or above, the l ine described by the 200 mg/1 s2-

t emperature co effici ent . The 200 mg/1 s2- data  therefore either: 

( a) adequat ely describes the 850 mg/1 s2- k value 

2-s 

I 2-(b ) slightly underestimat es  the k value at 850 mg 1 S resulting 
in a conservat ive prediction of the effluent quality under these 
conditions . 

Therefore,  the 200 mg/1 s2- data  in Tabl e 5 . 6  may be  used to 
predict the removal rat e coeffici ent s at sulphide conc entrations 
up to 900 mg/1 .  

At sulphide conc entrations in exc ess of thi s  value the 1 , 500 
mg/1 s2- data present ed in Tabl e 5 . 6  must be  used .  

The 200 mg/1 s 2- removal rat e coeffici ent s exhibit t emperature 

co effici ents in the range 1 . 10-1 . 14 (Table  5 . 6 ) which i s  slightly 
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Figure 5 . 16 : Plots  Demons trating the Effect of Temperature 
on the Removal Rate Coefficients 
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Figure 5 . 1 6 ( continued) : Plot s  Demons trating the Effect of  
Temperature on the Removal Rate Coefficients  
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TABLE 5. 6 

Temperature Co effici ents for the Removal Rat e Co effic i ent s 
and k10 Values .  

sulphide cone ent ration 

paramet er 200 mg/1 1 , 500 mg/1 

klO 
(d-1 ) 9 klO (d-1 ) 

COD . 0751 l . l l . 0591 
COD . 0526 1 . 13 -.0216 c 
Sulphide . 122 1 . 14 .0698 
pH .0820 1 . 10 .0190 

k10 re:noval rat e co effici ent at l0°C 

8 t emperature co effici ent 

8 

1 . 04 
1 . 09 
1 . 16 
1 . 12 

Comment : If influent sulphide concent ration i s  l ess  than 
900 mg/1 use 200 mg/1 sulphide data. 
If influent sulphide conc entration is above 
900 mg/1 use 1 , 500 mg/1 dat a. 

TABLE 5.7 

Temperature Co efficients for the Residuals and SrlO Values . 

sulphide conc entration 

Paramet er 200 mg/1 

SrlO (mg/1 ) 8 

COD 642 · 95 6  
COD 578 . 961 c 
Sulphide 1 . 67 1 . 15 
pR 7 - 39 · 999 

SrlO = residual at l0°C 

8 t emperature co effici ent 

l ,  500 mg/1 

s�10 ( mg/1 ) 

1425 
2428 
0 . 50 ' 
7 . 00 

9 

935 
903 

1 . 16 
1 .0 2  
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higher than those observed for other lagoon syst ems (Aguirre and 
Gloyna 1970 ,  Eekenfelder and Ford 1970 ,  Gloyna 1971 ,  Thi rumurthi 
1974) .  These values indicat e  that t emperature stimulat es the 
rat e of removal of all paramet ers to nearly the same ext ent . 

Increasing the influent sulphide concent ration to 1 , 500 mg/l 
results  in decreased t emperature coeffici ent s for COD and COD and c 
increases tho s e  of sulphide and pH (Table 5 . 6) . Thi s impli es that 
increasing t emperatures and sulphide conc entrat ions int eract 
posit ively to st imulat e the rat e of removal of sulphide and pH but 
int eract negatively to inhibit the removal of organic compounds .  

The data in Tabl e 5 . 6  therefore allows the prediction o f  the 
removal rat e coeffici ent if the influent sulphide conc entration 
a�d the lagoon t emperature are known. 

As no consi stent t emperature trends are apparent in the residual 
conc entrat ion data, it i s  more difficult to cat ego rise  than the 
removal rat e co effici ent data. For both the COD and COD , increasing c 2-the t emperature decreases the residual . However, the 850 mg/l S 
residuals fall between the 200 mg/1 s2- and 1 , 500 mg/1 s2- lines 
(Figure 5 · 17 ( a) a..YJ.d ( c) ) .  Thus , neither l ine adequat ely describes 
t.h e  850 mg/1 s2- data and int erpolation of the result s i s  required. 

Similarly, neither the 200 mg/l or  1 , 500 mg/l 
used to model the 850 mg/l s2- data  on the sulphide 
(Figure 5 . 1 7  (b ) and (d ) ) . 

2-s data can b e  
and pH graphs 

It i s  therefore difficult to accurately predict the effect of  
t emperature on S and the  value to  be  used in  the  design equation r ( equation 5 . 2) must b e  either estimat ed from the data present ed in 
this study or experimentally det ermined in each particular instanc e .  

5 .  9 APPLICATION OF THE DEVELOPED MODELS TO FELLMONGERY LAGOON DESIGN 

'The information present ed in this chapt er allows the design of  

anaerobic  lagoons using the Chromatiaceae to t reat fellmongery 
effluent . Rearranging equation 5 . 2 allows the ret ention time required 
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Figure 5 . 1 7 :  Plots  Demons trating the Effect of  Temperature 
on the Res idual Concentration 

(a) COD Data 

2000 �-----------------------------------------------. 

/""'-. � 1 500 ' ·  bD 
s '-" 

.-l 
ctl 
;=j 

"'d 
"M 
Cll 
Q) 

p:: 

� 0 
u � 

H 
Cf.) 

"-. 1 500 mg/ 1  S 2 -

� 
1000  -......_ 

......__ 
850  mg/ 1  s2- B ...___ ---a-.. ---

500 ---- --...... 

200  mg/ 1  S 2 - .....()__ 

0 
10  1 5  2 0  2 5  

Temperature (oC) 

(b )  Sulphide Data 
40 �------------------------�------------------------� 

0 

30  

20  

10  

1 0  

8 5 0  mg/ 1  s2 -

0 

2 -200  mg/ 1  S 

1 5  2 0  
Temperature (°C) 

25 



Figure 5 . 1 7 ( continued) : Plot s  Demons trating the Effect o f  
Temperature on the Re sidual Concentration . 
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to  achi eve the desired effluent quality to be calculat ed : 

t = So - Se 
k(Se - Sr) ( 5 . 5 ) 

k may be calculat ed from the data prese�t ed in Table 5 . 12 
using equation 5 . 3  ( see P . 142) provided the influent sulphide 
concentration and the lagoon t emperature are known. The usual d.esign 
t emperature used is  the average wat er t emperature of the coldest 
month in which the lagoons will  b e  operat ing ( Gloyna 1971 ) . Thi s  i s  
when the lovfest quality effluent wi ll  be produc ed. 

S may be  estimat ed from the d�ta present ed in Table 5 . 13 r 
using equation 5 . 4  ( see P . l42) . 

Best t reatment is  achi eved if the influent sulphide conc ent ration 
i s  below 900 mg/1 .  Above thi s figure the growth of Thiocapsa roseo
persicina i s  inhibit ed . As good t reatment was obt ained at sulphide 
conc entrations close to the inhibitory value it would be most economic 
to  treat more conc ent rat ed fellmongery effluent s ( e . g. 850 mg/1 s2-) 
of  a small er volume than is current practic e . To achi eve this ,  the 
concentrat ed lime l iquor must be  prevent ed from being cont aminat ed 
by the more di lut e wash waters . 

If di scharge requirement s are more stringent than the effluent 
quality observed in this study, the  anaerobic photosynthetic  lagoon 
may be regarded as the first stage of a seri es of two or three lagoons . 
Their det ention t imes may be designed to utilise  the rapid reduction 
of pH , sulphide and COD in a primary lagoon, allow a microbial t rans
formation t o  an algal species in a secondary lagoon ( Chapt er 4) and 
permit further aerobic t reatment in a second algal lagoon if required .  

In  N ew Z eal and, many fellmongeri es are att ached to export meat 
works and the maximum production of  fellmongery effluent occurs during 
the summer months when ambi ent t emperatures are relat ively high .  
Advantage may b e  t aken - of this situation by carefully analysing the 
lagoon loading as a funct ion of t emperature.  This will enable  the 
minimum lagoon volume to be comput ed , thereby reducing the area of 
l and required .  
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Climatic conditions and land availability are the import ant 
variabl es rest ricting the applicability of fellmongery lagoons . 
Whi l e  recognising these limit ations, the data generat ed in thi s 
study have indicat ed the pot ent ial of these lagoons under a wide 
range of conditions and provide a sci ent ific basi s for the design 
of such lagoons . 

5 . 10 CONCLUSIONS 

l .  Laboratory anaerobic l agoons utilising the Chromatiac eae 
effectively treat fellmongery effluent . Sulphide removals of up 
to 98% and COD removals of up to  87% have been observed. 

2 .  Such lagoons will  reduc e the pH from 1 1 . 8  - 12 . 3 to 7 . 4 -
9 . 2  depending upon influent conditions . 

3 .  Removal of o rganic compounds was inhibit ed at sulphide 
conc ent rations great er than 900 mg/1 . 

4.  The dominant organism in the lagoon under a wide range o f  
conditions was Thiocapsa roseopersicina whose  growth was inhibit ed 
at sulphide conc entrations greater than 900 mg/1 .  

5 ·  A model for the design o f  these lagoons was developed using 
Tables 5 . 6 and 5 . 7 and equat ions 5. 3 and 5 · 4 ·  
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CHAPrER 6 

PILOT-SCALE EVALUATION OF DESIGN PARAMETERS FOR 
ANAEROBIC LAGOONS USING THE CHROMATI ACEAE TO TREAT 
FELLMONGERY EFFLUENT. 



6 .  PILOT-SCALE EVALUATION OF DESIGN. P.ARA..li!IETERS FOR ANAEROBIC 
LAGOONS US1NG THE CHROMATIACEAE TO TREAT FELLMONGERY EFFLUENT. 

6 . 1  INTRODUCTION : 

D esign crit eri a nec essary for the construction of anaerobic 
photosynthetic  lagoons to treat fellmongery effluent were developed 
in Chapt er 5 ·  Due to the small siz e  of the lagoons studi ed and the 
use of synthetic  effluent , an investigation of a larger lagoon 
treat ing actual fellmongery effluent was nec essary to verify the 
design data obt ained. 

With the agreement of a local meatworks ,  a 4. 50 m3 pilot plant 
v1as inst al l ed adjac ent to their fellmongery and the fel lmongery 
effluent was t reat ed at ambi ent t emperature under synthetic lighting 
conditions . 

6 . 2 DESIGN OF THE LAGOON SYSTEM 

Two concret e septic tanks each with a nominal capacity of 
2 . 25 m3 (C ement Product s ,  Palmerston North , N . Z . ) were coupled in 
s eri es · and inst alled adj ac ent to the fellmongery and pelt processing 
area. Measurement indicat ed that the actual volume of each t ank was 
2 . 37 m3 • The t ank dimensions are d et ai l ed in Figure 6. 1 .  A 
schematic diagram of the pl��t i s  present ed in Figure 6. 2 .  

The effluent from the fellmongery department travelled by gravity 
to a 1 mm brushed screen and thenc e into a sump prior to further 
primary t reatment . The effluent from this sump was passed to  the 

1 58 

first of the pilot lagoons through 19 mm i . d .  st eam tubing ( Skellerup 
(N. Z . ) Ltd . ) _ using an ' M' seri es Mono pump (Dalhoff and King N . Z. 
Ltd . ) . This  pump was adapt ed to fit a D . C .  motor  and· was fitt ed with 
speed . control (Barlow Electronics , Palmerst.on North, N .Z . ) . This  
provided control  of the influent volume and allowed a range of retention 
t imes to b e  studi ed. The pump was controlled by a Venner t ime switch 
to operat e for t en hours dai ly.  



Figure 6 . l : Dimens ions of  the Pilot - scale  Lagoon 
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(b)  Elevation : 
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Figure 6 . 2 :  Schematic Diagram of  the Pilot - scale Lagoons . 
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The first lagoon was joined to  the second using 150 mm i . d. 

spiral reinforced PVC ducting ( Skell erup N . Z. Ltd . ) .  The effluent 

from the s econd lagoon was returned t o  the effluent drain belm-. 

the point of  intake using 19 mm i . d .  st eam hosing. 

A l kW and six 200 W incandesc ent bulbs were suspended above 

each lagoon t o  provide a surfac e i l lumination of 5 , 000 lux as 

measured by a Sangamo Weston Model S5ll Photomet er. The lights 

were operat ed on a 1 2  hour light/dark cycle  cont rolled by a Venner 

time switch. 

6 . 3 OPERATION OF THE LAGOON SYSTEM 

Each l agoon was inoculat ed with 225 1 of effluent from a 

meatworks anaerobic lagoon. Microscopic examination of this effluent 

yi elded a Chromatiac eae count of  7 x 105 cells/ml . Ten lit res of 

laboratory lagoon effluent cont aining Thiocapsa ro seopersicina was 

also added to  each lagoon. The l agoons were then gradually fil led 

with fellmongery effluent . For the first week 70 1 were added daily. 

For the second week lOO 1/day were added and then 130 1/day were added 

unti l  the syst em was full .  

Samples were continuously withdrawn from the influent and 

effluent l ines via T-junct ions insert ed into the tubing (Figure 6 . 2 ) . 

Samples were collect ed in 10 l containers . Analyses were performed 

within five hours of sample col l ection and the analytical t echniques 

used were as described in Section 5 . 3 . 3 .  

The l agoons were operat ed at a specifi ed ret ention t ime unt il  

st eady stat e ,  as defined by a 10% variation in the COD ,  was achi eved. 

This  ret ention time was then maintained for a further week and sample 

analysis was performed daily. The values report ed are therefore the 

average of  five st eady st ate  analyses. 

Thiocapsa roseopersicina was the dominant phototrophic bact erium 

observed in the lagoons under all the condit ions investigat ed. 
Fellmongery practice l ed to the production of a� effluent containing 
only 90-100 mg/1 sulphide . 
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6 . 4  DEGREE OF TREATMENT ACHIEVED AT VARIOUS RETENTION TIMES 

Five different ret ention t imes were evaluat ed using the pilot 

scal e lagoons . The results  obt ained are present ed in Table  6 . 1 

At a ret ention t ime of 90 days , an 85 . 9% COD removal and an 

84. 9% removal of sulphide was observed . These result s compare 

favourably with other studi es . Ryder ( 1977 ) obtained an 80 . 1% 

COD removal and an 83 . 9% sulphide removal at a ret ention t ime of 

68 days . The values report ed were 853 mg/1 COD and 13 mg/1 sulphide. 

Cooper et al ( 1975)  observed an 83 . 3% COD removal and a 98 . 7% sul

phide removal with figures of 572 mg/1 and 1 . 2  mg/1 b eing report ed 

at a ret ent ion t ime of lOO days . 

6 . 5 DETERMINATION OF REMOVAL RATE COEFFICIENTS 

Plots of the regression analyses performed to determine the 

removal rat e co effici ent s and residual concent rations are present ed 

in Figure 6 . 3  and the results obtained from these analyses are 

summarised in Table  6 .  2 .  

The regression analyses of  the  pilot scal e data yi elded bett er 

fit than did the labo ratory dat a ( Figure 6 . 3 ) . Correlat ion co efficient s 

of .892 to . 989 were obt ained (Table  6 . 2 ) .  This  may be  due to the 

flow regime in the larger lagoons b eing closer to compl et ely mixed 

rather than plug flow. 

6 . 6  COMPARISON OF LABORATORY MID PILOT PLANT RESULTS 

The removal rat e co efficient s and residual concentrations calcu-

l at ed using the dat a  obtained from the laboratory scale lagoons 

( Tabl es 5 . 6 and 5 . 7 )  are also present ed in Table  6 . 2 - and an analysis 

of the difference b etween the l aboratory and pilot scale k and Sr 
values i s  present ed in Table 6 . 3 .  
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TABLE 6 . 1  

Result s of the Pilot Scal e Lagoon Treatment of Actual Fel lmongery Effluent . 

Ret en-
tion 
Time (Days ) 

15 
30 
50 
70 
90 

---- ------

Tempera-
ture ( oc ) 
16 . 8  
16 . 0  
15 . 6  
l7 . 6  
17 .0  

--·--

Influent Variables 

COD COD Sulphide c 

(mg/l ) (mg/l ) (mg/l ) 
4 , 462 4 , 256 103 

4 , 345 4 , 161 92 
4 , 578 4 , 376 101 
4 , 867 4 , 673  97 
4 , 269 4 , 097 86 

Effluent Variables 

pH COD COD Sulphide pH BOD c 

(mg/l ) (mg/l ) (mg/l ) (mg/l ) 
12 . 2 l , 503 1 , 454 24. 6  8 . 6  284 
1 2 . 0  1 , 065 1 , 0 24 20 . 7 8 . 2  219 
1 2 . 3  762 731 15 . 6  8 . 0  177 
11 . 9  697 669 14. 2 8 . 0  179 
12 . 2 601 575 13 .0 7 · 9  167 

Thiocapsa count s 

(c ells/ml x 10 7 ) 
4. 13 
7 . 26 
8 . 54 
9 . 10 
8 . 79 

1-' 0\ 1-' 



T.ABLE 6 .  2 

Comparison of the Results  of the Pilot Scale Regression 
Analyses with the Predict ions from the Laboratory Scal e  
Model . 

Result s of  Pilot Scal e  Predictions from Lab-
Regression Analyses oratory Scale  Model 

k Sr Correlation Co-
k Sr 

Paramet er (day -1 ) (mg/1 )  effici ent ( l ) (day -l ) (mg/1 )  

COD . 167 347 . 988 . 150 477 

CODe . 162 323 . 989 . l18 444 

Sulphide - 341 11 .,0  . 892 . 290 4 ·  20 

pH • 278 7 - 74 . 981  . 154 7 - 34 

T.ABLE 6 .  3 

Analysis of the Differenc e Between the Observed and Predi ct ed 
Removal Rat e Coeffici ent s and Residual Concentrations . 

Paramet er % difference in k % difference in Sr 

COD 10 . 2  22 . 4  

CODe 27 . 2  27 0 2 

Sulphide 15 .0  61 . 2  

pH 44. 6 5 - 17 
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Figure 6 . 3 : Regres s ion Plot s  to Determine the Removal Rate 
Coefficients and Residual Concentrations for 
Pilot- scale Lagoons .  
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Figure 6 . 3 ( cont . ) : Regr es s ion Plots  to Determine the Removal Rate 
Coefficients  and Residual Cohcentrations for 
Pilot - scale  Lagoons .  
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The k and S values predicted from the laboratory scale data r 
show a reasonable  agreement with the observed removal rat e 

coeffici ent s and residuals (Table  6 . 2) . For the COD and CODe , both 

k and S are adequat ely predict ed with similar accuracy in the r 
estimation of each variable  being observed . For the sulphide 

conc entration, k i s  estimat ed  much more accurat ely than Sr. This  i s  

due t o  the poor estimat ion o f  the sulphide residual concent ration by 

the model , with slight ly low Sr values being predict ed. However, for 

the pH , the residual concentration is more accurat ely estimat ed than 

the removal rat e·. Thi s may be due to an exc essive conc entration of 

l ime in the synthetic  fellmongery effluent used in the laboratory 

studi es.  Subsequent ly, the higher pH ' s  observed in the laboratory 

influent may have inhibit ed microbial co2 production thereby reducing 

the rat e at which the pH fel l .  

An analysi s  of  the difference between the observed and predict ed 

values indicat es a 10 . 2% - 44. 6% differenc e in k and a 5 . 17,%- 61 . 2% 

variation in Sr. Although these variations appear large , a number of 

factors contribut e to these differenc es.  

Firstly , the pil o t  lagoons treated an actual fel lmongery effluent 
as compared to a synthetic effluent for the laboratory-scale lagoons . 

The organic compou..'1.ds present in each effluent could be expected to be 

different a'1.d therefore different removal rate coefficients m ight be 

observed. Also , the different substrates  may have resulted in a cha'1.ge 

in the microbial population present L'1. the l agoons . This could also 

be expec ted to alter the removal rate coefficients . However ,  as only 

the Chromatiaceae were enumerated the e xtent of such a cha'1.ge cannot  

be ascertained. No substa'1.tial difference between the populations 

of � . ro seopersicL'1.a in the l aboratory and pilot-scale l agoons was 
observed. 

S econdly , the influent fed to the pilot l agoons was of a 

fluctuating quality wh�reas the laboratory lagoons were loaded with 

a uniform influent . 

In addition, the pilot lagoons were exposed to  diurnal and 

seasonal fluctuations in t emperature while  the l aboratory lagoons were 

studi ed in a constant t emperature environment . 
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Both the pi lot and laboratory lagoons were studi ed under 

inc andesc ent l ighting.  This was due to t�e pilot lagoons being 

locat ed under a large overhang. The effect of diurnal and seasonal 

fluctuations in the light int ensity on the performance of these 

lagoons could therefore not be assessed .  

Further, the  average influent sulphide concentration of 96 

mg/1 was subst antially l ess than the lowest conc entration studi ed 

in the laboratory lagoons . 

The above factors will  have contribut ed to the differences · 
observed between the laboratory and pilot-scale result s .  However, 

most of these variat ions will be encount ered in full scal e lagoons 

and therefore the models developed from the laboratory data must 

st i l l  be capable of providing adequat e predictions of the effluent 

quality under such condit ions . 

Figure 6 . 4 indi cat es the adequacy of the laboratory model s 

in predicting the quality of the effluent from the pilot lagoons . 

The predict ed COD l ine i s  locat ed just above the observed COD data 

due to the predict ed k and S values being less than the observed r 
values (Tables 6 . 2 and 6 . 3) .  A conservative prediction of the 

effluent COD result s .  

The sulphide and pH lines fall slightly below the observed 

pilot-scale  results .  As all the predict ed k values are l ess than 

tho se  observed in the pilot lagoon (Tabl es 6 . 2 and 6. 3) , these result s 

are due to the predict ed S values for sulphide and pH being l ess than r 
the observed values. Thi s results  in a slightly optimistic prediction 

of these paramet ers .  

The models developed from the laboratory study may therefore 

be used to predict the effluent quality from lagoons �sing the 

Chromatiaceae to  treat fellmongery effluent . 
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Figure 6 . 4 : Plot to Compare the Effluent Quality Predicted from the Laboratory 
Scale Lagoons with that Ob s erved in the Pilot Scale Lagoons .  
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6 . 7 CONCLUSIONS ON THE DESIGN OF FELLMONGERY EFFLUENT LAGOONS . 

1 .  These  pilot-scal e studi es indicat e that lagoons in which 
the Chromat iac eae are the dominant population can provide a high 
degree of t reatment for fellmongery effluent . 

2 .  The models developed from laboratory scal e studi es provide 
an adequat e prediction of the effluent quality from such lagoons. 
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7 GENERAL CONC LUSIONS 

The important environmental paramet ers causing the dominanc e 

of the Chromat iac eae in lagoon syst ems were investigat ed by studying 

the batch growth of  Chromatium minuti ssimum isolat ed from an 

anaerobic lagoon. Empirical models describing the growth of thi s 

bact erium were developed and it  i s  beli eved that the trends observed 

in t he models provide useful information on the growth of other 

Chromatiaceae likely to occur in lagoon syst ems . However, such 

conj ecture is  dangerous and confirmation should be sought by 

performing experiment s of the typ e  described in thi s thesis on other 

important Chromat iac eae such as Thiocapsa roseopersicina. 

Although all the environmental factors studi ed affect ed growth 

in axenic batch cultures , cornpari son with lagoon data indicat ed 

that none of the environmental paramet ers investigat ed would prevent 

the dominance of the Chromat iac eae in New Zealand lagoons . The 

hydraulic ret ention t ime i s  the major factor limiting the growth of  

these bact eria in lagoons . At di lution rat es above the maximum growth 

rat e ,  wash-out of c ells wil l  occur and the bact eria will  be unable  to  

maint ain their presence in the  lagoon liquor. However, the longer 

solids ret ention t ime  may facilit ate  the g rowth of some bact eria in 

the sludge zone . 

The batch incubation of lagoon samples indicated that at long 

ret ention t imes, the Chromatiac eae reduc ed the cancentrations of o rg��ic 
and sulphur compounds to l evels which a llowed competition from, and 

eventual dominance o f, algae .  

A three stage succ ession theory from non-photosynthetic  anaerobes 

to Chromatiac eae to algae was formulated �ryd a study of  seven lagoon 

syst ems demonstrat ed its applicability. The Chromatiaceae were 

observed to predominat e at ret ent ion t imes int ermediat e to those o f  

typical anaerobic and facultative lagoon flora. However, the breadth 

of ret ent ion t imes at which they were dominant was highly variable  

depending upon the  effluent t reat ed and the c limat ic conditions . 

This  theory may be used to design lagoons favouring or  prevent ing 

the dominance of the Chromat iac eae . 
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The study of  the full  scal e  lagoon syst ems al so demonstrat ed 

that effective effluent treatment was achi eved whil e  the 

Chromatiac eae were the dominant populat ion. No substantial increases 

in effluent BOD were obs erved. Whether thi s indicat es a minimal 

amount of photo syni;hetic co2 fixation or  a balance b etween co2 
fixat ion and evolution cannot be deduc ed from these studi es . A 

lit erature survey of the carbon metabol i sm of the Chromatiac eae 

demonstrat ed some mechanisms for co2 evolution and indicat ed that 

low mol ecular weight organic compounds inhibit ed RuDP carboxylase .  

However, in the  mixed cultures studi ed, the  contributions of  the 

non-photosynthetic bact eria in st abilizing organic mat erial as co2 
and CH4 must be taken L�to acco��t . Experiment s using label l ed carbon 

compounds and carbon balances in pure ru1d mixed culture syst ems 

would assi st in  indicating the mechani sms by which organic mat t er i s  

st abilized in  such lagoons. 

The major problem observed in lagoons in which the Chromatiac eae 

were dominant was the colour of  the effluent . Whil e  green, algae

laden effluent s are currently acceptable  t o  N. .Z .  water pollut ion 

cont rol authoriti es ,  red effluents in which the Chromatiaceae 

predominat e are not .  Thi s  largely due t o  the aesthetic probl ems 

associ at ed with red effluents .  Research on the effect s of such 

Chromat iaceae l agoon effluents on rec eiving wat ers is required to 

indicat e whether the discrimination against these effluents i s  

just ifi ed .  

I f  such research indicates the Chromatiac eae have a severely 

det rimental effect on rec eiving w at ers ,  the t echnology i s  available  

to faci litat e  their conversion to  algal c ells .  

T�e full scal e  lagoons al so demonstrat ed the usefulness of  
' 

these bact eria i n  treating effluents cont aining reduc ed sulphur 

compounds. A survey of the relevant lit erature indicat ed  that such 

effluents are d ifficult t o  treat using conventional t echnology .  

Fellmongery effluent w as identi fi ed as the most important sulphide

bearing effluent in N . Z. Laboratory scale lagoons were _ therefore 

studi ed to  develop crit eria for the d esign of  lagoons to  t reat thi s 

effluent . A good degree of treatment w as obtained under a wide  range 

of  operating conditions. 
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Effluent s cont aining up t o  900 mg/1 sulphide were treat ed 

without inhibit ion. Conc ent rat ed fellmongery effluents may 

therefore be treat ed. Current f ellmongery pract ice i s  to discharge 

wash w at er with the lime and other liquors produc ed. An effluent 

containing from 50-200 mg/1 sulphide results .  Segregation of the  

wash wat ers and the stronger liquors to produc e a stream containing 

approximat ely 800 mg/1 sulphide would g reatly reduce the s ize  of 

the lagoon needed while  affording an 1 1% safety factor against 

inhibition. 

D esign equations were therefore d eveloped for two conditions. 

One for effluent s containing l ess than 900 mg/1 sulphide and the 

other for inhibitory effluent s containing more than 900 mg/1 

sulphide. 

To confirm the laboratory design d ata, pi lot-scal e  studi es were 

p erformed on an actual fellmongery effluent . The result s indicat ed 

that the laboratory data adequat ely described the pilot-scal e lagoon 

effluent and could therefore be used to design such lagoons . 

In N . z . , fellmongering i s  a s easonal indust ry , c lo sely linked 

to the killing of lambs ,  sheep and cattle .  The maximum effluent 

flows therefore occur during the ::pring,  summer and autumn when the 

environmental conditions favour a high degree of treatment . In 

N . z . , the c limat ic conditions are unlikely to limit the applicability 

of these lagoons . The availability of land will  therefore be the 

major  factor influencing the adoption of this wast e t reatment t echnique. 
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Adeno s ine dipho sphate 

Adeno sine monophosphate 

Adeno s ine-5' -pho sphosulphate 

Adeno sine triphosphate 

British Leather Manufacturers Research Asso ciation 

Bio chemical O xygen D emand ( mg/1) 
€o enzwme A 

Dihydroxyacetone phosphate 

Dis solved Oxygen ( 'mg/1) 
United S tates Envixnnmental Protection Agency 

Fructo se t ,  6 Dipho sphate 

Fru.c to s e-6-pho spha te 

Gluoo s e-1 -pho sphate 

Glucose-6-phosphate 
Glyceraldehyde-3-phosphate 
International Union of Leather Chemists  Societies 
React ion rate coefficient ( days-1 )  
Meru1 sum of squares due to lack of fit 

Mean sum of squares due to pure error 

Number of axial points in experimental design 

Humber of cube point s iiJ. experimental design 
Number of centre points in experimental design 

Nicotinamide adenine nucleo tide 

Reduced nicotL�amide adenine nucleotide 

O xygen absorbed 

Oxaloacetic acid 
Ino rganic phQsphate 

Adenos ine-3 1 , 5 ' -dipho sphate 

3 ' -pho sphadeno sine-5 ' -phospho sulphate 

Pho sphoenol pyruvate 

Pho sphoglyceric acid 

1 , 3 D ipho sphoglyceric acid 

Poly-ft-hydroxybutyric acid 
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X 
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ABBREVIATIONS A.NJ) NOMENCLATlJRE ( cont . ) 
Ribo se-5-phosphate 

Ribulo s e-5-pho sphate 

Ribul o s e  dipho sphate 

Effluent parameter ( mg/1 except p11) 
T :>:llluen t parameter ( mg/1 except pH) 
Residual concentration (mg/1 except pH) 
�� 
Tricarboxyl ic acid cycle 

Medi�� tolerance limit 

United S tates Department of the Interior 

World Health O rganisation 

Independent variable in experimental de sign 

Xylulo s e-5-pho sphate 

D ependent variable li� experimental design 

Dist��ce of axial points from origin in e:x-perimental 

design 

Coefficient in the experimental design model 

Temperature coefficient ( 0c-1 ) 
( .  -1 ) Exponential growth rate measured by the absorbance nr 

Exponential growth rate meas1ll'ed by plate co·unt s ( hr-1 ) 
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APPENDIX 1 PARSIMONIOUS MODELS DEVELOPED PRIOR TO THE FINAL 
,.up AND MAXIMUM COUNT MODELS . 

Table A. l . l :  Parsimonious Model and Re ression 
rowth rat e calculat ed from lat e  count s 

Parsimonious model : 

Y = . 57 2  + . 150XlX2 - . 134X3X4 - . ll lX3X3 

Correlat ion Co effici ent : 

r2 ( adjust ed for degrees of freedom ) = 25 . 8% 

Analysi s  of  Varianc e Summary: 

Sourc e of  D egrees of 
Variation Freedom 

regression 3 

residual 32 

total 35 

Test for goodness of fit : 

MS = o 0416 pe  

MSlof = . 0 27 2  

MS lof = • 654 
MS pe  

Sum of Mean sum of  
Squares Squares 

1 .0414 0 . 3471 

2.  2013 0.0688 

3 .  2428 

As F23, 9 ,  0 _ 05  = 2 . 9 1 ,  there i s  no significant lack of  fit at 

the 0 . 05 l evel . 
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Table  A. l . 2 :  Parsimonious Model and Regression Statistics for 
the Maximum Count . 

Parsimonious model : 

Y = 7 - 79' + . 47 1X2 - . 996X3 - . 324XlX3 + . 420X2X3 
+ . 327X2X5 - - 476X3X� - . 476X2X2 - . 514X3X3 
- . 319X4X4 

Correlat ion Co efficient : 

I ( adjust ed for degrees of freedom) 
Analysis  of  Varianc e Summary: 

Source of Degrees of 
Variation Freedom 

regression 9 

residual 26 

total 35 

Test of goodness of fit : 

MS . 261 pe 

MSlof = . 038 

MSlof � -= . 146 
pe 

Sum of 
Squares 

57 - 9  

7 . 78 

65 . 7  

, 
Mean sum of 

Squares 

6 . 44 

. 299 

As F17 , 9 ,  0 •05 = 2 . 97 there is  no significant lack of fit at the 

0 .• 05 l evel . 
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Table  A. l . 3 :  Parsimonious Model and Regression Stat i stics for 1LtuP. 

Parsimonious Model : 

1 

y 
3 . 0 2 - 2. 03X2 - 4. 33X4 - 6 . 63XlX2 
+ 6 . 13XlX3 + 5 . 69XlX5 - 6 . 58X2X4 

4 • 77X2X5 + 5 · 74X3X5 - 2 . 46X4X5 
+ 1 . 90X2X2 + 2 . 22X3X3 

Correl�t ion Co efficient : 

r2 ( adjust ed for degrees of freedom) 

Analysi s  of Vari anc e Summary.: 

85 . 7% 

Sourc e of Degress of Sum of Mean sum of 
Variation Freedom 

regression 1 1  

residual 24 

total 35 

Test for goodness of fit : 

MS = . 393 pe 

MSlof = 19 . 2  

MSlof 
MS pe 

= 48 .8 

Squares Squares 

4 , 328 393 . 5  

469 19 . 6  

4 , 797 

As F15 , 9 ,  0 . 05 
0 .05  l evel . 

3 . 00 there i s  significant lack of fit at the 

2 C j  



Table  A. l .4: Parsimonious Model and Regression St at i stics for 
the Natural Logarithm of the Maximum Count . 

ParsiQoni ous Model : 

lnY = 2 .05 + �0857X2 - . 165X3 
- . 0 508XlX3 + . 0812X2X3 + . 0564X2X5 
- . 0693X3X5 - . 0757X2X2 - .0871X3X3 
- . 0467X4X4 

Correlation Co effici ent : 

r2 ( adjust ed for degrees of freedom ) = 88 . 1% 

Analysis of  Varianc e Summary: 

Sourc e of  D egrees of 
Variation Freedom 

regression 9 
residual 26 
total 35 

Test for goodn ess of fit : 

MS = . 00489 pe 

MS10f = . oono 
MS

lof 
MS pe 

. 225 

Swn of Mean sum of 
Squares Squares 

1 . 604 . 178 
. 156 . 00599 

1 . 76o 

As F 
17 , 9 ,  0 . 05 

0 .05 l evel . 

2 . 97 there 1 s  no significant lack of  fit at the 
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APPENDIX 2 EXAMPLE CALCULATION OF THE DATA USED TO COMPARE THE 
PREDICTED .AND OBS:ERVED RESPONSES QF .....-up TO THE ISO
LATED EFFECT OF pH. 

l .  Predict ed Response 

From Table  3. 4, the parsimonious model that best describes the 
_.,..-up data i s :  

lnY = - . 457 + . 225X2 + . 36oX4 + · 575XlX2 
- . 370XlX3 - . 388XlX5 + . 460X2X3 + . 263X2X4 
- . 266X3X4 - . 443X3X5 + � 253X4X5 
- . 257X2X2 - . 375X3X3 - . 206X4X4 ( A-1 ) 

The i solat ed effect of pH i s :  

lnY = - . 457 + . 225X2 - . 257X2X2 (A-2) 

By substituting coded pH values into equat ion A-2 lnY and thenc e Y 
may be calculat ed as in the following t able :  

X2 -2 -1 0 l 2 

lnY - 1 . 93 - - 9 39 - - 457 - . 489 -1 .03 

y . 144 - 391 . 633 . 613 - 355 

Y is the predict ed /UP (hr-l x l0-3) and thes e results are plott ed 
in Figure 3 .  7( a) .  

It i s  also 'po ssible to calculat e  max�ma and minima of the predict ed 
models .  Different at ion of equat ion A-2 yi elds : 

d(lnY) = . 225 - . 514X2 dX2. 

At a minimum or a maximum , d(lnY) = 0 
dX2 

X 2 = � 
- 514 

- 438 

( A. 3 )  

Substitut ion o f  thi s value into equation A-2 yields the growth 
rat e at thi s pH value : 

lnY = - . 457 + ( . 225 X . 438 ) - ( . 257 X - 4382 ) 

= - . 408 

y = . 665 

Thi s  assist s substant ially in obtaining the correct shape of 
the predict ed response curve. 
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2 .  Observed Response :  

The observed response of �p to pH i s  obt ained by averaging the 
_,.-up values ·observed at each pH value, as outlined in the follovving 
t able .  The values in the t able  are obt ained from Table 3 . 2 .  

Coded pH -2 -1 0 1 2 

Tria Trial Trial Tri al Trial 
No . _/UP No . /UP No . /UP No . /'UP No . ,/UP 

34 . 086 1 - 752 4 . 69 1  2 . 223 31 - 450 

Observed 3 • 662 5 · 494 6 . 152 

/LlP 11 . 09 1  7 1 .05 8 .026 

Values 16 . 395 9 • 738 10 • 711 

18 . 0 16 13 . 603 12 . 440 

21 . 332 17 - 752 14 . 525 

22 . 766 19 - 787 15 . 966 

23 . 256 20 • 744 24 1 . 12 

26 . 508 

28 . 299 

Sum o�p .086 3 . 289 6 . 666 4. 163 - 450 

Average . 086  . 41 1  . 667 . soo · 450 
ftP 

Similar calculations for the other variables allowed Figures 3 . 6  
to 3 . 1 0  to be plotted . 
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APPEliDIX 3 THE PRIDICTrn /UP AND MAXll!IUM COUNT AT VARIOUS 
EXTREME LAGOON CONDITIONS. 

Independent Vari ables nependent Variables 

Sulphide Ac et at e  Light r -1 .1\l.P -3 Maximum 
Tempera- Cone entration Cone ent rat i on Int ensity 1.hr x 10 ) Count 
ture (0c ' _l)_H J.rng/1) (mg/l) (lux) _(e el ls/ ml) 

10 7 - l l 30 31 . 6  - 429 1 . 51 X 10 8 

30 7 - l l 30 31 . 6  · 551 2 . 53 X 10 8 

10 9 . 1  l 30 3 1 . 6  . 362 1 . 8 3  X 10 8 

30 9 . 1 l 30 31 . 6  . 619 3 . 10 X 10 8 

10 7 - l 6 2 . 4  30 31 . 6  - 547 4. 66 X 107 

30 7 - l 6 2 . 4  30 31 . 6  - 595 4. 36 X 107 

10 9 . 1 6 2 - 4  30 31 . 6  . 51 1  9 . 1 6  X 107 

30 9 . 1  6 2 .4 30 31 . 6  · 741 8 . 52 X 107 

10 7 . 1  l 1 , 900 31 . 6  . 48 5  1 . 56 X lO 8 

30 7 . 1  l 1 , 900 31 . 6  . 622 4 . 42 X 10 8 

10 9 - l  l 1 , 900 3 1 . 6 - 433 1 .89 X 10 8 
. 8 30 9 . 1  1 1 , 900 31 . 6  · 741 5 . 48 X 10 

10 .7 . 1  62. 4  1 , 900 31 . 6  - 585 3 . 61 X 107 

30 7 . 1  62 . 4  1 , 900 3 1 . 6  . 637 5 . 14 X 107 

10 j9 . 1  6 2 . 4 1 , 900 31 . 6  . 580 6 . 9 5  X 107 

30 9 . 1  6 2 . 4  1 , 900 31 . 6  . 840 1 . 02 X 10 8 

10 7 . 1  l 30 3 , 160 . 630 1 . 08 X lO 8 

30 7 . l  l 30 3 , 160 · 549 l .  78 X 10 8 

10 ·9 · 1  l 30 3 , 160 · 530 2 . 87 X 108 

30 ·9 · 1 " 1  30 3 , 160 . 616 5 . 00 X 10 8 

10 � . 1  62 . 4  30 3 ,  16G . 618 3 . 48 X 107 

30 7 . 1 6 2 . 4 30 3 , 160 . 489 3. 26 X 107 

10 � . 1  62. 4  30 3 , -160 • 618 1 . 39 X 10 8 

30 9 . 1  6 2 . 4 30 3 , 160 . 608 1 . 29 X 10 8 

10 7 . 1  l 1 , 900 3 ,  16o - 797 1 . 12 X 10 8 

30 '1 · 1 l 1 , 900 3 , 16o . 694 3 . 0 6  X 10 8 

10 9 . 1  l 1 , 900 3 , 160 . 712 2 . 97 X 10 8 

30 9 - l  l 1 , 900 3 , 160 . 8 27 9 . 10 X 10 8 

10 7 . 1  6 2 . 4 1 , 900 3 , 160 � 793 2. 7 2  X 107 

30 p . l  6 2 . 4 1 , 900 3 , 160 . 586 3 . 8 3  X 10 7 

10 9 . 1  6 2 . 4  1 , 900 3 , 160 . 786 8 1 .04 X 10 

30 9 . 1  6 2 . 4 1 , 900 3 , 160 • 773 1 . 56 X 10 8 
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APPENDIX 4 : RAW DATA FROM THE SIX EXPERIMENTS PERFORMED ON THE 
LABORATORY FELLMONGERY LAGOONS .  

208 

Table  A.4. 1 :  Effluent Charact eri stics  for Run No . 1 (25°C, 200 mg/1 sulphide) . 

Ret ention COD s 2- CODe 
Time  ( days )  (mg/1 )  ( mg/1 )  (mg/1 )  

0 3 , 424 200 3 , 0 24 
3 . 90 2 , 249 75  2 , 174 
7 . 80 1 , 223 35 1 , 153 
9 . 68 1 , 635 5 1  1 , 533 

1 1 . 7  1 , 177 30 1 , 117 
1 5 . 2  1 , 314 38 1 , 238 
15 . 6  1 , 089 30 1 , 029 
19 . 1  685 21 643 
28 . 7  631 18 595 
29 . 6  576 19 538 

. 30 . 5  858 25 808 
38 . 2  588 19 550 
45 - 7  559 19 521 
59 - 1  440 19 402 
60 . 8  524 19 486 
9 1 . 5  427 18 391 

122 .0  440 20 400 

Ret ention COD 2- COD s c 
Time  ( days) (mg/1 ) ( mg/1 )  ( mg/1 ) 

0 5 , 694 1 , 536 2 , 622 
1 2 . 2 5 , 031 774 3 , 483 
24. 4 1 , 598 151 1 ,  296 
30 . 5  1 , 973 216 1 , 541 
36 . 6 1 , 564 149 1 , 266 
48 . 7  1 , 497 93 .0  1 , 31 1  
59 . 1  1 ,  229 35. 2 1 , 1 59 
9 1 . 5  1 , 165 36 .0  1 , 093  

122  956 23 . 6  909 

BOD 
(mg/1 ) pH 

- 1 1 . 8  
864 9 - 5-
518 8 . 4-
660 9 - 1-
471 7 - 9 
420 8 . 8-
365 8 .0 
180 7 - 9  
157 8 .0 
135 7 . 6  
225 8 . 6-
126 7 . 6  
122 7 - 7  
110 7 - 5  
110 7 - 7  
90 7 - 5  
95  7 - 4  

BOD 
(mg/1 ) pH 

- 12 . 1 
- 11 .85  

312  9 . 86 
400 10 . 6  
286 9 - 85 
279 9 . 80 
157 9 - 50 
145 9 - 50 
145 9 - 40 

• 

Thiocapsa ·count s 
( c e11s/ml x 107 ) 

-
0 .07 
0 . 20 
0 . 19 
1 .08 
1 .05 
4- 75 
1 . 89 
2 . 48 
2 . 25 
2 . 77 
2. 63 
1 . 98 
1 . 10 
2. 54 
1 . 23 
1 .01  

Thiocapsa count s 
( p e11s/ml )  

-
5 1 . 90 X 107 4 .86  X 106 8 . 46 X 107 4. 39 X 107 6. 27 x . 107 7 . 91 X 107 8 . 34 X 107 7 . 62 X 10 
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Table  A. 4 . 3 :  Effluent Charact eristics for Run No . 3 (10°C, 200 mg/1 sulphide) . 

Ret ent ion COD 2- CODd BOD Thiocapsa count s 
Time ( days)  ( mg/1 ) (mg/1 ) ( mg/1 )  (mg/1 ) pH ( c ell s/ml x 107 ) 

0 3 , 476 200 2 ,  786 - 12 . 2 -
11 . 7  2 , 752  84 2 , 58LJ 1 , 146 10 . 36 0 . 433 
20 . 3  2 , 157 61 . 2 2 , 035 1 , 005 9 - 10 3 .  28 
23 . 5  1 , 951 43 . 6  1 , 864 462 8 . 72 5 - 09 
30 . 5  1 ,  605 46 . 7  1 , 51 2  670 8 . 60 3 - 43 
35. 2 1 ,  540 40 - 5  1 , 459 414 8 . 48 5 - 35 
40 . 7  1 , 319 32. 7 1 , 253 328 8 . 35 8 .87 
47 .0  1 , 3 10 25 . 0  1 ,  260 218 8 . 45 10 . 3  
59 - l  1 , 072  25 . 2  1 , 022  215 7 · 97 6 . 12 
61 . 0  1 , 143 23 . 1  1 , 097  275 8 . 32 1 1 . 3  
8 1 . 3 1 , 08 2  24. 2 1 , 034 209 8 .04 8 . 18 
91 . 5  1 , 003  21 . 1  961 205 7 - 97 7 . 40 

122  966 21 . 0  924 160 7 - 76 6 . 8 2  

Table  A. 4.4: Effluent Charact eri st ics for Run 4 (10°C,  1,500 mg/1 sulphide) . 

COD 2- COD BOD Thiocapsa count Ret ent ion s c 
Time ( days)  (mg/1 ) (mg/1 )  ( mg/1 )  ( mg/1 ) pH ( c ells/ml ) 

0 5 ,  7 64 1 , 489 2 , 786 - 12 . 2 -
24. 5 5 , 564 1 , 074 3 , 416 - 1 1 . 7  -
30 . 5  5 , 534 916 3 ,  702 - 1 1 . 4 -
L).8 .  7 4 , 948 903 3 , 142 - 9 - 7 - 6 
59 - 1 3 , 317 8 24 1 , 669 1 , 982 9 - 5  1 .07 X 107 
73 . 2 3 , 218 559 2, 100 1 ,  276 9 . 6  1 . 62 X 107 
9 1 - 5 2 , 585  160 2 , 265 1 , 138 8 . 7  1 . 70 X 107 
97 - 3  2 , 0 67 103 1 , 861 8 10 8 . 8  3 . 14 X 107 

122  1 , 952 67 . 2  1 , 818 745 8 . 7  2 . 46 X 10 
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TabJ e  A.4.5: Effluent Characteristics for Run 5 (17 .5°0, 850 mg/1 sulphide) .  

Ret ention COD 2- COD BOD Thiocapsa count s c 
Tl.�� ( days) (mg/1 ) ( mg/1 )  (mg/1 ) (mg/1 ) pH ( c e11 s/ml )  

0 4 , 357 858 2 , 641 - 12 . 2 -
105 1 1 . 0  1 , 841 302 1 , 237 683 1 1 . 5  2.00 X 

22 .0  1 , 410 160 1 , 090 495 10 .4 1 . 90 X 106 

22 .0  1 , 204 80 1 , 044 346 9 - 35 2 .01  X 107 
7 33 . 0  1 ,  204 81  1 , 042 301 9 - 35 1 , 80 X 107 44. 0  1 , 100 71 958 291 9 -40 3 ,  72 X 107 44. 0  1 , 062 61 940 262 9 - 25 5 - 74 x 107 66 . 0  993 60 873 282 9 · 25 3 ,  73 X 107 88 . 0  975 53  869 251 9 - 25 9 . 81 X 10 

Table  A. 4 . 6 :  Effluent Charact eri st ics for Run 6 (17.5°0, 850 mg/1 sulphide). 

Ret ention COD 2- COD BOD Thiocapsa count s c 
Time (days)  (mg/1 ) (mg/1 )  (mg/1 ) ( mg/1 )  pH ( c e11s/ml ) 

0 4 ,  295 842 2 , 611  - 1 2 . 3  - 7 8 . 72 2 , 106 255 1 , 596 708 1 1 . 4  1 .  50 X 107 17 - 4  1 , 152  73 . 6  1 , 004 442 9 . 40 2 . 33 X 107 22 .0  1 , 352 1 14 1 , 1 24 525 10 ·4 1 . 00 X 107 26. 1 1 , 1 26 68 . 8  988 390 9 · 45 2 ,  71  X 107 34.8 1 , 170 62 . 4  1 , 045 353 9 - 30 6 . 92  X 107 44- 0  1 , 115  61 . 7  992 342 9 . 22 4 . 39 X 107 66 . 0  1 , 0 20 60 . 8  898 305 9 - 25 6 ,06  X 108 88 . 0  869 44 . 8  779 288 9 - 25 1 .02 X 10 


	10001
	10002
	10003
	10004
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047
	10048
	10049
	10050
	10051
	10052
	10053
	10054
	10055
	10056
	10057
	10058
	10059
	10060
	10061
	10062
	10063
	10064
	10065
	10066
	10067
	10068
	10069
	10070
	10071
	10072
	10073
	10074
	10075
	10076
	10077
	10078
	10079
	10080
	10081
	10082
	10083
	10084
	10085
	10086
	10087
	10088
	10089
	10090
	10091
	10092
	10093
	10094
	10095
	10096
	10097
	10098
	10099
	10100
	10101
	10102
	10103
	10104
	10105
	10106
	10107
	10108
	10109
	10110
	10111
	10112
	10113
	10114
	10115
	10116
	10117
	10118
	10119
	10120
	10121
	10122
	10123
	10124
	10125
	10126
	10127
	10128
	10129
	10130
	10131
	10132
	10133
	10134
	10135
	10136
	10137
	10138
	10139
	10140
	10141
	10142
	10143
	10144
	10145
	10146
	10147
	10148
	10149
	10150
	10151
	10152
	10153
	10154
	10155
	10156
	10157
	10158
	10159
	10160
	10161
	10162
	10163
	10164
	10165
	10166
	10167
	10168
	10169
	10170
	10171
	10172
	10173
	10174
	10175
	10176
	10177
	10178
	10179
	10180
	10181
	10182
	10183
	10184
	10185
	10186
	10187
	10188
	10189
	10190
	10191
	10192
	10193
	10194
	10195
	10196
	10197
	10198
	10199
	10200
	10201
	10202
	10203
	10204
	10205
	10206
	10207
	10208
	10209
	10210
	10211
	10212
	10213
	10214
	10215
	10216
	10217
	10218
	10219
	10220
	10221
	10222
	10223
	10224
	10225
	10226
	10227
	10228
	10229
	10230
	10231
	10232
	10233
	10234
	10235
	10236
	10237
	10238
	10239
	10240
	10241
	10242
	10243
	10244
	10245
	10246
	10247
	10248
	10249
	10250
	10251
	10252
	10253
	10254
	10255
	10256
	10257
	10258
	10259
	10260
	10261
	10262
	10263
	10264
	10265
	10266
	10267
	10268
	10269
	10270
	10271
	10272
	10273
	10274
	10275
	10276
	10277
	10278
	10279
	10280
	10281
	10282
	10283
	10284
	10285
	10286
	10287



