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AB STRACT 

A s tudy was  c a r ried out to a s s e s s  t h e  e f f e c tiven e s s  o f  

t h e  anaerobic fil t r a tion p r o c e s s  in providin g a re l a tive l y  

si�p l e  on - si t e  was t e  p r e t r e a tment  s y s t em fo r t h e  was t e s  

from the  p roduc tion o f  b ake rs'  y e a s t . The s e  a r e  of a high 

s t reng t h  and acidic n a t u r e . To main t ain p r a c tic a l  c o n ­

s t r ain t s  on  t h e  pro j e c t  a r e a l  was t e  wat e r  w a s  u s e d . 

The wa s t e  wat e r  is l ow in s u spended mat e ria l , h a s  a high 

o r ganic mat t e r  concent r a tion giving a COD of  7 0 0 0 0  t o  

9 0 0 0 0  mg/1 ( BOD 5 1 4 2 5 0  mg/1)  and a p H  o f  4 . 5  t o  5 . 0 .  

Two experime n t a l  anae robic fil t e r  unit s w e r e  cons t ru c t e d  

o f  g l a s s  cy linde r s  p a c k e d  wit h  g l a s s  'Ras chig ' rings  a s  t h e  

in e r t  support mat rix , a n d  used  i n  t h e  t ria l s . A s t a tis tic ­

a l l y  d e s i gned expe rimen t a l  p r o g r amme was  u s e d  t o  t e s t  t h e  

e f fe c t s  o f  in f l en t  s ub s t r a t e  conc e n t r a tion , hydrau lic 

r e t e n tion time , t emp e rature  and fi l t e r  u n i t  on  t h e  fil t e r  

r e s pon s e  variab l e s . Subs t ra t e  c on c e n t ration s  o f  5 5 0 0  t o  

4 7 2 0 0  m g  �OD/ 1  ( 1 0 0 0  to  9 0 0 0mg BOD
5 / 1 )  a n d  hydrau lic 

r e t ention times  of 1 to 5 days were  u s ed which g ave ris e  

t o  o rg anic l o ading r a t e s  o f  1 . 1 5 t o  4 7 . 2  k g  COD / m3d 

( 0 . 2  t o  9 . 0  k g  BOD 5 ;m3
d ) . Emriric a l  mode l s  were  d e rived 

from t h e  r e s p on s e da t a , using mu l tip l e  r e g r e s sion t e chnique s ,  

and de s c rib e COD remova l r a t e , t o t a l  gas  p ro duc tion , me t hane 

p roduc t i on and conver sion of  COD to  m e thane  in t e rms  of  t h e  

independent  p r o c e s s  variab l e s . Re s u l t s  s howed t h a t  t h e  

anaerobic fil t e r  achieved COD remova l s  o f  3 4  t o  6 5  p e r c e n t  

wit h  c o r r e s po nding conve rsions o f  2 4  t o  7 8  p e r c e n t  e fficiency 

to  m e thane a t  l oading s  of  up to  4 7 . 2  kg  COD/m 3d .  The 

empiric a l  equation s  were ab l e  to  exp l ain 9 2  to  9 7  p e r c e n t  

o f  t h e  ob s e rved  variance . T h e  s y s t em was  s t ab l e o v e r  t h e  

e n tire  r a n g e  o f  app lied c onditions . 
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CHAPTER ONE 

PREAMBLE  

The  work  de s c r ib ed in  t h i s  t h e s i s  w a s  an a t t empt t o  cover  

the  areas  of  b o t h  anae rob i c  w as t e t r e at me n t  and  e x p e r i men t ­

a l  de s i gn . The B i o t e chno l o gy D e p a r tment  a t  Mas s ey 

Un i v e rs i ty has  a lways h ad a s t rong  i nvo l veme n t  i n  t h e  f i e l d  

o f  i ndus t r i a l  was t e  t re a tment,  de a l i ng p r inc ip a l l y  w i th 

l iqu i d  w as t e  s t r e ams . I n  add i t i on, t h e  u s e  o f  s t at i s t i c a l l y 

des i gned  exp e r i me n t a l  p r o g ramm e s  and t h e  u s e  o f  mut i p l e  

regre s s i on t echn i q u e s  fo r t h e  d a t a  ana ly s i s  was  a l s o  f i nd i ng 

favour i nc re a s i n g l y . The  proh l ems  o f  a l o c a l  i ndus t ry 

p roduc i n g  a l i qu i d  w a s t e  o f  h i gh o rgan i c  s t r e n g t h  and an 

ac i d i c  n a t ure  was  a l s o  an e l ement  in  the de t e rm i n a t i o n  o f  

t h e  f i n a l  s c ope  o f  t h e  p r o j e c t . 

The n a t u r e  o f  t h e  was t e  s t re am i nd i c a t ed t h a t  anae rob i c  

b i o l og i c a l  t re a tment  was  a po s s i b l e  op t i on and i n  p a r t i c ­

u l ar anaerob i c  f i l t r a t i on . The  i n h e r e n t  s imp l i c i t y  o f  

t h e  anae rob i c  f i l t r a t i o n  p r o c e s s  l ends  i t s e l f  we l l  t o  t h e  

requ i rement s  o f  an o n - s i t e was t e  t re a tment  p l an t . T h e  u s e  

o f  a r e a l  was t e  wa t e r  w i th i t s  var i ab i l i ty was  a l s o  d e s i re d  

fo r t h e  s t udy i n  c o mp a r i s on w i t h  t h e  us e o f  a s yn t he t i c  

was t e, s o  t h a t  r e a l  c on s t r a i n t s  wou l d  b e  p l ac e d  on  t h e  

operat ing  c o nd i t i on s  u s e d  i n  t h e  e xp e r iment s  a n d  t h e  

r e s ul t s  wou l d  b e  d i re c t l y  app l i c ab l e t o  t h e  r e a l  s i tu a t i o n . 

The  u s e  o f  a s t a t i s t i c a l  exp e r ime n t a l  des i gn over  a l on g  

p e r i o d  o f  t ime w a s  r e q u i red i n  t h i s  c a s e  i n  o rd e r  t o  

g a t h e r  da t a  o n  t h e  e ffe c t s  o f  p r o c e s s  var i ab l e s  o n  t h e  

p r oc e s s  wh i ch r equ i red l ong ne r i ods o f  t ime t o  s e t t l e  a t  

s t e ady - s t a t e  cond i t i on s  a f t e r  chan g e s  i n  the  i npu t s . The  

use  of  a s t at i s t i c a l  b a s e  was  n e c e s s a ry so  t h a t  the  r e g re s s ­

i on ana l y s i s  w a s  s imp l i f i e d . 

The emp ir ic a l  equ a t i on s  gene r a t e d  w e r e  s e e n  a s  an a l t e rn a t i ve 
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t o  t h e  a t t emp t s  t o  app l y  equat i on s  d e r i v e d  from chemi c a l  

k i ne t i c s  t o  a b i o l og i c a l  s y s t e m  b e i ng o p e r a t e d  o v e r  a w i de  

r ange  of  cond i t i on s  and us i ng g ro s s  meas u r e s  o f  input  p ar a ­

me t e rs,  s uch a s  COD for  s ub s t r a t e  concen t r a t i on . 

Th e fo l l ow i ng d i s s er t at i on covers  a d i s cus s i on o f  t h e  l i t e r ­

a t u r e  dea l ing  w i th w o r k  c ar r i ed out  o n  t h e  t re a t me n t  o f  y e as t 

p l an t  e ff l ue n t s ,  t h e  anae rob i c  d i ge s t i on p r o c e s s  i n  gene r a l  

and anae rob i c  f i l t r a t i on, fo l l ow e d  b y  a des c r ip t i on o f  w o r k  

c ar r i ed o u t  b y  t h e  author  us i ng t h e  anae rob i c  f i l t e r  t o  t r e a t  

t h e  was t e  wat e r . Emp i r i c a l  equat i o n s  a r e  f i t t ed t o  t h e  

re s u l t s  t o  de s c r i b e  s eve r a l  s y s t em r e s pons e s  a n d  a b r i e f  

econom i c  ana l y s i s  o f  the  us e o f  t h e  f i l t e r  a s  a n  on-s i t e 

p r e t r e a tment  proc e s s  i s  inc l uded . 
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CHAPT E R  2 

WASTE WATERS  AR I S I N G  

F ROM THE PRODUCT I ON OF  

BAKERS ' YEAST AND THE I R  TREATMENT 

2 . 1  Produc t i o n  o f  B a k e r s ' Ye a s t  

3 

B a k e r s ' y e a s t i s  p roduced comme rc i a l l y t o  me e t  t h e  demand 

fo r the  b read  and o t h e r  l e avened p roduc t s  c o n s umed da i l y 

b y  m i l l i on s  o f  peo p l e  the  wo r l d  ove r .  The yea s t p roduced  

1 s  requ i red 1 n  a propo rt i on of  one  t o  four  p e r c e n t  o n  a 

mo i s t  we i ght  b a s i s  o f  the  b a k e ry p roduc t s , hence  l a rge  

quantit i e s  a re requ i r e d  e ac h  and  eve ry day . The  i ndu s t ry 

i t s e l f  i s  an o l d  and e s t ab l i s hed  one  and r e c e n t  imp rovemen t s  

h ave b e e n  re s t r i c t ed t o  chan g e s  i n  engine e r i n g  d e t a i l  and 

a pp l i c a t i o n o f  the  l a t e s t  advance s i n  b i o c h em i s t ry and 

gene t i c s  as r e l a t e d  to the yea s t  i t s e l f .  

I n  a l l  comme r c i a l  p r o c e s s e s , the  ye a s t s  r e p ro duc e 

a s exua l l y  and s uch  propagat i on c o n s i s t s  o f  t h e  c o nve r­

s io n  o f  conve n i e n t  s ourc e s  o f  c a rb o n, hydrogen  and o xygen  

and s upp l ement a ry nut r i e n t s  into  ind i v i d u a l  y ea s t c e l l s . 

The  t y p e  o f  ye a s t p roduced mus t  s a t i s fy many c o n s ume r 

r e q u i reme n t s, howeve r such  cons i d e r a t i o n s  are  o ut s i de t h e  

s cope  o f  t h i s  s tudy . Th i s  rev i ew w i l l  c o n f i n e  i t s e l f  t o  

t h e  phys i c a l  and b i ochem i c a l  a s pe c t s  o f  b a k e r s ' ye a s t  p r o ­

duc t i o n  i n s o far  a s  i t  a f fe c t s  t h e  compo s i t i o n  o f  t h e  w a s t e  

wat e r s . 

2 . 1 . 1  B i o c h em i s t ry o f  Yea s t  Propaga t i o n  

T h e  yea s t s  S a c c h a romyc e s  c e r evi s i e a e  a n d  Sac c h a r omyc e s  

uva rum may b e  g rown anae rob i c a l l y , fu l ly ae rob i c a l l y  o r  a t  

any i n t e rmed i at e  o xygena t io n  degree . I n  t h e  p r e s ence  o f  
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free  oxygen  a re l a t i ve l y  s imp l e  r e ac t i o n  o c c u r s  whe n  g l uc o s e  

and ammon i a  a r e  u s e d  a s  the  c a rb ohyd r a t e  and nut r i en t  s ou r ce s . 

Equa t i o n  2 . 1 de s c r ib e s  t h i s  ae rob i c  r e a c t i o n . U nd e r  t he s e  

c o nd i t ions  i t  may b e  s een  t h a t  t h e r e  a r e  n o  app rec i ab l e  

quan t i t i e s  o f  by - p roduc t fo rmed excep t fo r c a rbon  d i ox ide  

0 . 5 5 5 5 6 c
6

H
1 2o

6 
l O O . O g 

+ 0 . 3 0 0 1 7  NH
3 

5 . 1 0g 

+ 1 . 4 5 7 29 o
2 

4 6.6 3 g  

� 0 . 3 0 0 1 7  C
6

H
1 0

o
3

N 

4 3 . 34 g  yeas t  

+ 2 . 28 2 7 6 H
2

0 

4 1 . 0 8g 

+ 1 . 5 32 3 4  C0
2 

6 7 . 4 2g 

( 2 .  1 )  

(Ha r r i s o n, 1 9 7 1 )  

and water . C o n ve r s e l y  under  anae rob i c  o r  cond i t i o n s  o f  

lim i tcd availab l e  oxyge n the  fo l l ow i ng r e a c t i o n  ( eq ua t i o n  

2.2) h a s  been s hown e xp er i me n ta l ly to  o c c u r  ( H a r r i s on , 197 1) . 

0 . 5 5 5 5 6  c
6

H
12

o
6 

l O O . O g  

+ 0 . 0 1 214 NH3 
0 . 21g 

� 0 . 0 12 1 4 c
6

H
1 0

o
3

N 

1 . 7 4 8g yeas t 

+ 0 . 020 4 C 4
H6

o
4 

+ 

1 . 4 2g s ucc i n i c  
a c i d  

+ 1 . 0 3 0 7 6  C02 
4 3.32g 

+ 

+ 0 . 0 5 6 9 7  c3
H

8
o 3 

5 . 24 1 g  g l yc e r o l  

0 . 0 0 0 7 1  c
4

H 1 0o + 

O . O S g  b u t ano l 

1 . 0 0 3 8  c2H6 0 

4 6 . 1 7g e th an o l 

0 . 0 1 1 6 4  H20 

0 . 21 g  

( 2 . 2) 

F rom t h e  above equa t i o n  one  n o t e s  t he l ar g e  d e c r e a s e  i n  

ye a s t  mat e r i a l  pr oduced and i n c r e a s e d  b y - p r o duc t forma t i o n  

c ompared  t o  t h e  aerob i c  p h a s e  de s c r ib e d  b y  equat i o n  2 . 1 .  

P r i nc i p a l l y  e t hano l i s  p ro duced  dur i n g  t h i s  anaerob i c  

pha s e . I n  the  s imp l i f i e d  equat i on, s uc c i n i c  ac i d  and 

b u t ano l are genera l i s e d  repre s en t a t i on s  o f  a l l  the o rgan i c  

a c i ds and a l coho l s  r e s p e c t i ve l y  and g l yc e r o l i s  t h e  o t h e r  

majo r produc t b e s i de s  e thano l . 

By s upp l y i ng a i r  a t  r a t e s  wh i c h  p ro v i de oxygen  c o nd i t i on s  

b e tween  t h e  e x t reme s de s c r i b e d  b y  equa t i on s  2. 1 and 2.2, 
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b o t h  e than o l  and ye a s t  mas s may b e  p roduced  i n  any requ i re d  

p ro po r t i on - the  s o  c a l led  ' V ienna  p r o c e s s '  ( Ro s e , 1 9 6 1 ) . 

S u c h  s y s t ems  can  b e  c o n t ro l l ed b y  feed - b a c k  mec han i s ms 

us i n g  a l c oho l and oxygen  me a s ureme n t s .  

I n  p roduc t i o n  o f  b a k e r� yeas t a l one  a ful l y  ae rob i c  s t a t e  

mu s t  b e  ma i n t a ined  t o  p roduce max i mum y i e l d s  o f  ye a s t  ma s s  

( e qua t i on 2 . 1 ) .  T o  t h i s  end t h e  reve r s e  P a s t eu r  e ffe c t  

o r  C ra b t ree  effec t  mus t  b e  avo i de d  b y  regu l a t i on o f  the  

assimilable s ug a r  c oncen t ra t i on .  The  C rab t r e e  e f fec t i s  

a phe nomenon  o f  ye a s t  me tab o l i s m whe r eby a t  h i gh s ugar  

c o nc e nt r a t ion  t he anae rob i c  me t ab o l i s m  i s  man i fe s t  even  

i n  the  p re s e n c e  of  exc e s s  free  oxygen . S i m i l ar l y  an  

i nduc t i o n of  a pa r t i a l l y  fe rme n t a t ive s t a t e  may b e  e f fe c t e d  

by an e xc e s s ive l y  h i gh yea s t  c o n c e n t r a t i on wh i c h  reduc e s  

oxyge n pe rme a t i o n and i nc re a s e s  c a rbon  d i o x i d e  c o n c e n t ra ­

t i o n . The r e fo r e  a ve ry vi go rous  a i r  f l ow i s  requ i re d , 

p o s s i b l y  a s s i s t e d  by  me c h an i c a l a e r a t i on . 

On a mo l a r ba s i s , ye a s t  ma t t e r  h a s  an  app r o x i m a t e  comp o ­

s i t i on  o f  

( H a r r i s o n , 19 71)  

The s e  e l emen t s  are  provided from the s ou r c e s  o u t l i ne d  

b e l ow .  D u r i ng propaga t ion , a s ma l l  s e ed c u l t ure  o f  

y e as t i s  b u i l t  u p  t o  the  f i na l s i z e  b y  s ucc e s s i ve l y  

t r an s fe r r i ng t he c u l ture  t o  l a rg e r  p ropa ga t i o n  ve s s e l s  

w i t h  t h e  add i t i o n  o f  growth med i um . A f i ve s t a ge b u i l d  

up o f  c e l l  numb e r s  i s  t yp i c a l . A s  t he y e a s t c e l l s  

g row and rep roduce  as exua l ly, e s s e n t i a l  e l eme n t s  are  

t aken  fr om  the  s o urce  ma t e r i a l s , p r e s e n t  i n  t h e  p rop a ­

ga t i on m e d ium,and i nc o rpora t e d  i n t o  new c e l l  ma t t e r  b y  

t h e  b i ochem i c a l  p roc e s s e s  inhe r e n t  i n  ye a s t me t ab o l i s m . 

C a r b o n , hydrogen  and s ome o f  t h e  oxygen  r equ i r e d  fo r y ea s t  

p r o duc t i o n  are  u s ua l ly p r o v i d e d  i n  t h e  form o f  a c a rb o h y ­

d r a t e  a n d  c ane  mo l a s s e s  i s  frequen t l y  u s e d . The  mo l a s s es ,  



Tab l e  2 . 1 :  E l emen t a l  �ompos i t i on o f  Comme rc i a l  Yeas t s  
and M8l as s e s  ( Har r i s on , 1 9 7 1 ) . 

Va l u e s  i n  k g / l O O k g  o f  dry  ma t t e r . 

6 
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a b y - p roduc t o f  t h e  s ug a r  r e f i n i n g  i ndus t ry , g e ne ra l l y 

con t a i n s  about  f i f t y  p e r c e n t  a s s i m i l ab l e  s ug a r s  a l ong  w i th 

o th e r  o rg an i c  c ompounds , m i ne r a l s  and 1 6  t o  2 4  p e rc e n t  

wat e r . O t h e r  c a rbohyd r a t e  s o urces  u s e d  comme rc i a l l y a r e  

s p e n t  s u l ph i t e l i qu o r  from wood pu l p i ng a n d  w o o d  was t e  

i t s e l f .  Tab l e  2 . 1  l i s t s  the  e l emen t a l  c ompo s i t i o n  o f  

yea s t  c e l l s a l on g s i de t h a t  o f  c aremo l a s s e s . S i nc e  t h e  

comme rc i a l  propaga t i on  wou l d  s e e k  max i mum u t i l i t y  o f  i t s  

c a rbohyd r ate  s ou r c e  i t  i s  apparent  t h a t  a c a rb o n  l im i t e d  

growth  med i um b a s ed o n  mo l a s s e s  wou l d  b e  p r i nc i p a l l y  de f i ­

c i e n t  i n  n i t rogen  and phosphorus  and t o  a l e s s e r  e x t e n t  

i n  magne s i um , c a l c i um, z i nc , i ron , coppe r and o t h e r  

e l emen t s  found as  t ra c e s  i n  ye a s t  mat t e r . 

The n i t rogen  s ou r c e s  u s e d  t o  make up t he d e f i c i t  from 

mo l a s s e s;J;·r a dded  J.S ammon i um s a l ts (p r i n c i p a l l y ,  ammon i um 

s u l pha t e) and a s  u re a , a l though t h i s  l a t t e r  i s  l e s s  we l l  

ut i l i s e d  b y  the; eas t  b u t  is c h e ape r than  ammon i um su l pha t e . 

Me t a b o l i c pho s pho rus i s  provi ded a s  pho s pho r i c  ac i d  and / o r  

pho spha t e s  s u c h  a s  d i-arrnnon ium hydrogen  p h o s p ha t e . E l emen t a l  

oxygen  i s  requ i red fo r the  ae rob i c  p r o p a ga t i o n  o f  t h e  y e a s t  

and th i s  i s  p r o v i ded  b y  sparg i n g  the  fe rme n t e r  ve s s e l  w i th 

a i r . 

I n  add i t i on t o  the  above , l arge  quant i t i e s  o f  p r oc e s s  wa t e r s  

a r e  requ i red t o  make u p  t h e  requ i re d  vo l ume s o f  growth  

medi um a s  we l l  a s  mat e r i a l s  for  pH  c on t r o l  and a n t i - fo am i ng . 

2 . 1 . 2  Pr oce s s  De s c r i p t i on 

Ac tua l p r o c e s s  var i ab l e s and equ i pmen t  w i l l  d i ffe r from 

p l ant  t o  p l ant , b u t  t yp i c a l l y  a mu l t i - s t a g e  p r o p a ga t i on 

w i th four  o r  f i ve s t a g e s  i s  u s e d . F i gure  2. 1 i s  a f l ow 

d i a g ram fo r s u c h  a proce s s  us i ng mo l a s s e s  a s  t h e  p r i nc i p a l  

c a rb ohydra t e  s ou r c e . The  prop ag a t i o n  t a n k s  Y . t o  Y a r e  1 n 
b at c h  fe rme n t e r s  u s e d  t o  b u i l d up t h e  y e a s t  n umb e r s  t o  t h e  

r e qu i re d  l eve l fo r i n t roduc t i on i n t o  t h e  f i n a l  ferme n t e r  

vo l ume ( V ) . Th i s  f i n a l  ve s s e l  i s  a b a t ch p r o c e s? w i th a 



8 

c on t i nuous  fe ed o f  n u t r i e n t  med i um . To l im i t y e a s t grow t h  

a n d  avo i d  o xygen  s t a rva t i o n  the  nut r i en t  ava i l ab i l i ty i s  

c o n t ro l l ed .  I n i t i a l l y  nut r i ent  l eve l s  a re k e p t  l ow , t h e n  

a s  c e l l s r e a c h  the  e xponent i a l  growth  ph a s e  t h e y  are  

added  t o  k e ep pace  w i t h  yeas t g rowt h .  Thus  a t  any t ime 

t h e r e  1 s  o n l y  a sma l l  exce s s  o f  nut r i e n t  ove r c e l l s  ava i l ­

ab l e  t o  u t i l i s e  i t . 

The ope ra t ing  t emp e r a t ur e  o f  the  y e as t p ro p a ga t i o n  p r oc e s s  

i s  3 0 °C .  The aerob i c  conve r s i on o f  g l uco s e  t o  y e a s t 

ma t e r i a l  i s  a h i gh l y  exo t h e rm i c  one  and c o ns i de rab l e  amo un t s  

o f  h e a t  mus t  b e  d i s s i p a t e d  from t h e  fe rme n t a t i o n  ve s s e l  t o  

ma i n t a i n  t he ope rat i ng t emp e ra t u r e . C o o l i ng c o i l s  w i th in 

t h e  ve s s e l s  o r  e xt e rna l coo l ing  j ac ke t s  are  u s e d  for  t h i s  

p u r po s e . The free  ene rgy ch ange fo r t h e  r e ac t i on h a s  b e en 

c a l c u l a t ed a s  appro x i ma t e l y  1 . 5 5 x 1 0 7 kJ / t onne  y ea s t  fo rmed 

( Ha r r i s o n, 1 9 7 1 ) . 

Mo l a s s e s  i s  c l a r i f i ed by  c e n t r i fuga t i on p r i o r  t o  i t s  p a s ­

t e u r i s a t i o n  and u s e , t o  remove s l udge wh i c h  may b e  t o x i c  

t o  t he l a t e r  fe rmen t a t i o n . I t  i s  t h e n  d i l u t e d  t o  t h e  

r e q u i re d  s ug a r  concen t ra t i o n  a n d  b ecome s the  wo r t  u s e d  t o  

fe e d  t h e  fe rme n t e r . O t h e r  inpu t s  t o  t h e  fe rme n t e r , are  

t h e  n i t rogen  s o urce , m ineral  p r e p a ra t i on s  and comp re s s ed 

a 1 r . B e c a u s e  o f  t h e  l ow s o l ub i l i t y o f  oxygen  i n  t h e  grow t h  

med i um a n d  a i r  c o nt a i n s  o n l y  2 1  p e r c e n t  oxyge n , ab o u t  4 0  

t im e s  t h e  ab s o l u t e  requ i r ement  mus t b e  s upp l i ed . Th i s  

amou n t  o f  a i r  i s  e qu iva l en t  t o  1 0 4 m 3 p e r  t o n n e  o f  c omme r ­

c i a l  y e a s t p roduced . 

S p e c i f i c  g rowt h  r a t e s  o f  yeas t unde r favo urab l e  c on d i t i o n s  
- 1 a re a s  h i gh a s  0 . 6  h , t h i s  coup l ed w i th a y i e l d  o f  0 . 4 3  

fo r c onve r s i o n  o f  g l uc o s e  t o  c e l l  ma t t e r  g iv e s  a g l uco s e  

u t i l i s at i o n  o f  1 . 3 9 k g  g l u c o s e / (kg y e as t . h ) du r i n g  

u n r e s t r i c t e d  growth  and a n  o xygen u t i l i s a t i o n  r a t e  o f  

0 . 6 47 k g 0 2 / ( k g  y e a s t . h ) . 
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2 . 1 . 3  Sourc e s  o f  E f f l uent  from B a k e r� Ye a s t  Propaga t i on 

and t he i r  C h a r ac t e r i s t i c s 

The p r i nc i p a l  e ff l ue n t s  a r i s i n g  from the  produc t i on o f  

b a k e r s • ye a s t  are  exha u s t  a i r  and the  va r i ous  l i qu i d  wa s t e s  

st reams i nd i c a t ed i n  f i gu r e  2 . 1 .  

A i r  exhau s t e d  from the  fermen t a t i o n  t a nks  i s  ve n t ed 

t o  the  atmo s ph e re i n  ve ry l a rge  quan t i t i e s  as  p re v i o u s l y  

n o t e d  and  r e p r e s e n t s  no haza rd t o  t h e  e n v i ronment apart  

from the  c h a ra c t e r i s t i c  mo l a s s e s  odour . The  a i r  from  dry i n g  

t h e f i l t e red , c ompre s s ed y e a s t  t o  a c t i ve d ry yea s t , i f  s uch 

a p ro c e s s1ng  s t ag e  i s  i n c l uded , mu s t  be f i l t e red  to avo i d  

pollution b y  y e a s t  du s t . 

Th e p ri n ci p a l w a s t e  from a b a ke r s ' ye a s t  pla nt wh ich  po s e s  a 

po l lution a l p roblem i s , the refo r e, l iqu i d  in n a t u re . The s e  

l iqui<.l wastes a rc the mo l a s se s  s l udge f rom t he c l a rifi e r, 

s p e n t fe rme n t a t i o n  l i quo r ,  y e as t  c r eam w a s h  wate r ,  f i l t e r  

pr e s s  wat e r  and  fe rme n t e r  coo l i ng w a t e r .  

The frac t i o n  o f  the  t o t a l  po l l u t i on a l  l o ad t o  e ach  o f  the  

s t re ams i s  g i ve n  i n  T ab l e  2 . 2 ,  from wh i ch i t  may  b e  s e e n  

t h a t  t h e  maj o r i t y o f  the  oxygen  demand o f  the  ye a s t  p l an t  

e f f l uent  a r i s e s  from t h e  s pe n t  fe rmen t a t i o n  med i a . 

TAB L E  2 . 2 P o l l u t i o n a l  Lo ad o f  L i qu i d  was t e  s t re ams  

( S t ander  et a l, 1 9 7 1 ) 

S t ream 

Mo l a s s e s  s l udge  

Spe n t  nut r i en t  

Co o l i n g  w a t e r  

Wa s h  wa t e r  

) 
) 
) 

F i l t e r  p re s s  l i quor � 

% o f  t o t a l  
vo l ume 

n e g l ig i b l e  

2 0  

8 0  

% t o t a l  
po l l u t i on *  

1 5  

7 0  

1 5  

* 5 day  b i o chem i c a l  o x y g e n  demand ( BOD 5 ) b as i s 
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The mo l as s e s  s l udge 1 s  r e ad i l y s ep a r a t e d  from t h e  o th e r  

w a s t e  s t r e ams a s  i t  l e ave s t h e  ce n t r i fuga l c l a r i f i e r  a s  

a c ompact  s l udge . 

1 1  

The  s p e n t  fe rmen t a t i on med i um wh ich  comp r1s e s  on l y  20 pe r c e n t  

o f  t h e  t o t a l  l i qu i d  wa s t e  vo l ume has  70 p e rcent  o f  the  

po l l u t i ona l l o ad of  t he yeas t p l a n t  as s ociat ed w i t h  i t . 

A f t e r  p ro p a g at ion  o f  t h e  y ea s t  mas s ,  the  BOO S o f  t h i s  

s t r e am i s  ver y  h i gh (Tab l e  2.3) due t o  t h e  p re s e n c e  o f  t h e  

by - p rodu ct s o f  y e a s t grow t h a n d  r esidu al s ub s t ra t e  n o t  

11 t i 1 i s c d J u r i n g ye a s t g r o \v t h . T h c ye a s t i s s e p a r  a t  e d a s  

;1 c ream f r om the spen t mediu m by c en t r ifu ga.l sepa. r at or s ,  

;tft e r  wh i c h t he cre a m  is wash ed one o r  mo re t imes wit h 

fres h wat er t o  remove fu r t h e r  medium. Table 2. 3 lis t s  

the important w as te treatment ch a r acterist ics of t h e s p e n t  

l i qu o r . Sin ce a bat c h  propagation pr oc es s i s  u s e d  fo r 

commcrci:1l vcas t product i on, the spent nut rient media 

w a s t c s t r cam i s n o t a c o n t i n u o us f L o \v f r o m t h c p l a n  t h u t 

oc cu r s  also i n  bat ch es. 

TA B L E  2.3 Compo s i t i on o f  Spe nt L iquo r f rom B a k e r s  yea s t  

P ropag a t i o n 

( T r ub n i c k  & Rudo l fs , 1948) 

BOO S 
To t a l  s o l i d s  

S u s pended  s o l i d s  

To t a l  n i t rogen  

S u l ph a t e  

pH 

2000-lSOOO mg/1  

10000-20000 mg/1  

S0-200 mg/1  

800-900 mg/1  

2000-ZSOO ( a s  so4) mg/1  

4.S-6.S 

The i mpo r t ant  po i n t s  a re the  h i gh BO� and t o t a l  s o l i ds o f  

t h e  was t e  s t r e am and t h e  l ow s u s pe nded  s o l i ds l e ve l s . 

Th i s  l ow concent r a t i on o f  s us pe nded  s o l i d s 1 s  due t o  the  

ye a s t  c ream  s ep a r a t i on p roc e s s . The  w a s t e  1 s  a c i d i c  due  

to  t he pH  requ i rement  fo r y ea s t  g rowth  in  t h e  range  

4.0-S.S ( C ar r , 1970). 

• 



The o t her  l i qu i d  was t e s  from ye a s t p roduc t i o n  comp r i s e 

l a rge  vo l ume s o f  l ow B00
5 

wa t e r s . 
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Many yea s t  p l an t s  are l o c a t e d  w i t h i n  p o pu l a t i o n  c e n t r e s  

and d i s po s a l  o f  the  wa s t e  w a t e r s  po s e s  s e r i o us p rob l ems . 

Lo c a l  and n a t i o n a l  regul a t i o n s  o ft e n  fo rb i d  t h e  d i s p o s a l  

o f  any  un t re a t ed was t e  wat e r  i n t o  a r e c e i v i n g  wat e r .  I n  

New Ze a l and the  d i s p o s a l  c r i t e r i o n i s  b a s ed o n  ma i n t a i n i n g 

rec e i ving wa t e r  s t andards and t he re fore t h e  quan t i t y o f  

BO D 5 and s uspe nded ma t erial d i s ch a rged  p e r  un i t  t i me 1 s  

r e gul a t ed . A l ocal auth o r i t y  wou l d  b e  re l u c t a n t  t o  a c c e p t  

ye a s t plan t e f f l uent  fo r d i s po s a l  v i a  i t s  mu n i c i p a l  

sew e r age s y s t em h ec aus e o f  t h e  e f f l ue n t ' s  l a rge amount o f  

o r ganic ma t e ri a l p a s s ed on t o  t he rece i v i n g w a t e r .  I n  

aud i t i on , t h e  uc i d i c  n a t u r e  o f  t he yeas t e f f l ue n t  a nd i t s 

l1a t ch discha rge na t u re pose pro blems fo r dow ns t ream  t r e at­

men t facili t ies. T f  such f u c ilit ies inco rpo r a t e  bio l o gic al 

t rea t ment s t ages, seve ral weekly s l ug do ses o f  a high 

BOD 5 ac i d i c wa s t e  c o u l d  e a s i l y ove r l o ad th em . 

I n  mo s t  c a s e s  i f  a l o c a l  autho r i t y d o e s  a c c e p t  i ndus t r i a l 

wa s t e s  fo r t re a tment  and d i s p o s a� a l evy i s  i mp o s e d  o n  t h e  

i ndu s t ry b a s ed on  the  vo lume a n d  s t r ength  o f  t h e  d i s ch a r g e . 

As mo s t  b ak e rs '  yeas t p l an t s  are s i t ed  w i t h i n  mun i c i p a l  

b o undar i e s  such  l ev i e s  o n  was t e  d i s ch a r g e  a r e  p a r t i c ul a r l y  

impo r t a n t  s i nce  t h e  econom i c  v i ab i l i t y  o f  b ake rs ' ye a s t  

p roduc t i o n  c an b e  l a rge l y  dependent  o n  t h e  c o s t s  o f  was t e  

t rea tment  (Pep p 1 e r, 1970 l • 

2.2 Trea tment  o f  Was t e Wa t e r s  Arr is i n g  from t h e  P roduc t i o n  

o f  Comme rc i a l  Bakers ' Ye a s t 

Wa s t e  w a t e r s  from a y e a s t p l an t  have b e e n  shown t o  comp r 1 s e  

t h e  s p e n t  fe rmen t a t i on med i a, ye a s t  c r e am wash  wa t e r s, 

f i l t e r  p r e s s wa t e r  and fe rmen t o r  co o l i n g  wa t e r . The l at t e r  

two i t ems  h ave a m i n i m a l  e ffe c t  o n  t h e  po l l u t i on a l  l o ad 

from t h e  yeas t p l an t  but  g re a t l y  a ff e c t  t h e  o ve r a l l  vo l ume 
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o f  t h e  was t e  wa t e r  and the reby  t h e  c o nc e n t r a t i o n  o f  t he 

m i xed wa s t e s . A s ug g e s t ed p r a c t i c e  ( S t ande r e t  a l , l 9 7 1 )  

i s  t o  keep  t h e s e  re l a t i ve l y  c l e an e r  wa t e rs s e p a r a t e  f rom 

t h e  s pe n t  nut r i e n t , ye a s t  c r eam was h e s  and the s l udge  

from mo l a s s e s  c l a r i f i c a t i o n  . The mo l a s s e s  s l udge  may  

b e  c o n f i ned  a s  a c omp ac t mas s and d i s p o s e d  of  s e p a ra t e l y  

b y , f o r  i n s t ance  l and f i l l , thus  remo v i n g  f i ft e e n  p e r c e n t  

o f  the  p l an t ' s  o rg an i c  was t e . T h e  b u l k  o f  t he r e ma i n i ng 

BOD5 i s  t h e n  concen t r a t e d i n  a re l a t i ve l y  sm a l l  vo l ume ; 

wh i c h  may be t re a t e d  on s i t e ,  m i xed , a ft e r  t r ea tmen t , w i t h 

t he dilu t e  wash and co o l i n g wa t ers a n d  d i s c ha rged . 

The  t re;J t me n t a n d  d i s p o s a l o f  the s p e n t  nut r i e n t  and  ye a s t 

crea m wash w a t ers 1s t he basis of s t udie s o n  ye a s t  p l a nt  

e fflue n t t re a t me n t ;  a n d  t n  t his s t ud y , e x c e p t  wh e r e  n o t e d , 

yeas t plan t effluen t re fers t o  t hese was t e  wa t e r s . 

Yeas t pla n t e f flu e n t  i s  charac t erised by t he fo l l ow i ng 

po i n t s : ( a ) a pro n o u n c ed brown c o l o ur , ( b )  a h i gh 

c o n c e n t rat i o n o f  o rgan i c  mat e r i a l  i n  a t rue s o l u t i on o r  

c o l l o i d a l  s t a t e , ( c )  a t e ndency  t owa r d  anae r ob i c  ac i d  

fe rme nt a t i on , (d) t h e  fo rma t i on o f  hydrogen  s u l ph i de 

b y  reduc t i on  o f  s u l ph a t e s  and/ o r  decompo s i t ion o f  p ro t e i n s . 

( Lo ndong , 196 8) 

Up  unt i l  ab out  1 9 4 8 , t h e  b u l k o f  i n fo rma t i o n  on  t re a t m e n t  

o f  y e a s t  p l an t  e ff l ue n t s  had b e e n  ob t a i n ed f rom d a t a  o n  

i ndu s t r i a l  d i s c h a r g e s  from b r ew i n g a n d  fe rme n t a t i on 

i ndu s t r i e s . The e f f l ue n t s  from t he s e  i ndus t r i e s  a r e  

s im i l a r  i n  n a t u r e  t o  t he yeas t e f f l ue n t  ( T r ub n i c k  & 

Rudo l fs ,  1 9 4 8 ) .  To s ome e x t e n t  t h i s  i s  s t i l l  t h e  c a s e  and 

in  the fo l l ow i n g  r e v i ew s ome re fe r ence  to  i ndus t r i a l  

d i s ch a r g e s  s im i l a r i n  n a t u r e  t o  y e a s t p l a n t  e f f l ue n t  w i l l  

b e  made whe re r e l evan t . 

2 . 2 . 1 Chem i c a l  T rea tme n t  o f  Yeas t P l a n t  E ff l ue n t  

Chem i c a l  t re a tment s ,  wh i ch a r e  mo s t  o ft e n  a s s o c i a t e d  w i th 

t h e  t e r t i a r y  o r  p o l i s h i n g  s t age  o f  was t e  t re a tmen t  
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t e chno l o gy, h ave found l i t t l e  a pp l i c atio n  i n  t h e  t re a tme n t  

o f  yea s t plant  e f f l ue n t . Ea r l y  s t ud i e s  repo r t ed BOD5 
removals o f  z e ro t o  1 5  p e rc e n t  w i t h an  ave rage o f  1 0  

p e r c e n t  fo r an unspec i f i e d  chemic a l  t r eatment  and 4 t o  

4 0  p e r c e n t  w i th a n  ave rage o f  2 8  p e r c e n t  BOD5 remova l fo r 

e l e c t ro d i a l y s i s  (Trub n i c k & Rudo l fs ,  1 9 4 8 ) . 

Chem i c a l  c o a gu l a t i o n  t r i a l s  have f o und  t h a t  exc e s s i ve l y  

h i gh d os es o f  c o agu l e nt  we re requ i r ed t o  remove m i n i mal 

a moun t s  o f  o rgan i c  ma t e r i a l . Lime dos i n g  a t  5 0 0 0  mg/ 1 

r e moved 20 per cent o f  t h e  COD , c o a l  and  smokel e s s  fu e l  

;1 s c a rbon a d s o rbcn t s  we r e  on l y  marg i n a l l y e ffe ct ive 

(St an der et al , 1 9 7 1 ) . 

Some t r ials have b e e n  car rie d o u t t o  a s s e s s  the  e f f i cacy  

of  chem i c a l  c o a g u l e n t s  a s  c o l o u r remova l a g e n t s  i n  yeas t 

p l �1 n t  e fflue nt tre a t m e nt .  Th e yeast wast e p r e vio u s l y 

t reat ed bv ac t i vated slu dge c ou ld h ave s ome r e s i du a l COD 

and c o l o ur removed by a l um and fe rr i c  ch l o r i de ( F eC 1 3 ) 

c o a gu l a t i on .  The add i t i o n  o f  4 0 0 0  mg/ 1 o f  a l um removed 

2 8 . 7  p e rc e nt of the COD  a l ong  w i t h 2 9 . 9  p e r c e n t  of the  

c o l ou r  and  FeC 1 3 removed 2 2  p e r c e n t  COD and 1 5  p e rc e n t  

c olo ur a t  the  s ame do s age . Ove ral l  c olou r  removal from 

a two s t age  act i v a t e d  s l udge p r oc e s s  fo l l owed b y  4 0 0 0  mg/ 1 

alum t re a tment  was  8 4 . 9  p e rc e n t  ( Wu & Kao , 1 9 7 6 ). 

2 . 2 . 2  Aerob i c  B i olo g i c a l  T r e a tme n t  o f  Yeas t P l an t  E ffluent  

Three  t yp e s  of  ae rob i c  b i olo g i c al t r e a t me n t  s y s t ems have 

b e e n  appl i ed to yeas t plan t e fflue n t  t re atment . The s e  are ; 

a c t i v a t e d  s l udge , t r i c k l i ng f i l t e r s  and  ro t a t i n g  

b i o l o g i c a l  cont ac t o rs . 

All aerob i c  t r eatme n t s  i nvolve t h e  c o n t a c t  o f  the was t e  stream 

w i th an  a c t i ve m i xe d  b i omas s i n  t h e  p r e s en c e  o f  o xygen . 

I n  a c t i v a t e d  sludge t reatment  t he b i oma s s i s  p r e s e n t  a s  a 

b i olo g i c a l  sludge  adm ixed  w i t h  t h e  was t e  s t re am t o  form a 

homogenous  m ixed  l i quo r . Oxygen  i s  s up pl i ed b y  s parg i ng 
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t h e  m ixed l i quo r ve s s e l  w i t h a 1 r  o r  us i ng s u r fa c e  a e r a t o r s . 

B o t h  me t hods  u s ua l l y a l s o s upp l y  t h e  m i x i n g powe r t o  

ma i n t a i n  t h e  m i xed n a t u r e  o f  t h e  t re a t me n t  ves s e l c o n t e nt s . 

I n  t r ick l i ng  f i l t e r s , t h e  b i oma s s  i s  p re s e n t  a s  a f i l m  

a t t a c h e d  t o  a s uppo r t  med i um . The was t e  s t ream i s  

d i s t r i b u t ed  ove r  t h e  b i oma s s  and oxygen  i s  t rans fe r red  

i n t o  the  l i qu i d  a s  i t  p as s e s  t h r ough t h e  f i l t e r  vo i d s  by  

n a t u r a l c onve c t i o n of air  within the fi l ter . 

l�o t:tting biol ogical cont acto r s  consis t of a numbe r o f  

d i �c� :trLtngcd on a common drive axl e. The l ower p o r tion 

or th e dis cs is s uhmer gcd in the was te s t rc;tm and a b i oma s s  

Is  built u pon the d i scs as they ro t a t e  and a re a l t e r na t i v e ly 

imm er s ed in the was te water and the atmo sphere . 

fn �1cr ohic trc:ttmcnt of w:ts tc s treams the a c t i ve biomass 

u t i I i � c s o r g; 1 n i c m at c r i ;t L i n t he \v a s t e for grow t h and 

reproduct i on or new b i omass. [n the treatment of some 

indu s tr ial was tes , n u t r i e n t s  may need  t o  b e  added if t h e  

wa s t e  i s  deficient i n  them . 

I n  ae rob i c  b i o l o g i c a l  t r e a tme n t , t he o x i da t i o n  o f  o rgan1c 

ma t ter  t o  c a rb o n  d i o x i de and wat e r  re l e as e s  a c o n s i d e rab l e  

amount  o f  e n e rgy  wh i c h  is ava i l ab l e  t o  the  b i oma s s  fo r 

g row t h . He n c e  o n l y  ab o u t  S O  p e rc e n t  o f  t h e  o rgan i c  

mat t e r  removed from a was t e  s t ream  i s  a c t ua l l y  s t ab i l i s ed , 
' 

t h e  r ema i n de r b e i ng c o nve r t ed from  a s o l ub l e  o r  s u s pended  

fo rm i n t o  an  i n s o l ub l e  b i o l o g i c a l  s l udge  wh i c h  mus t be  

d i s p o s e d  o f  s e p a r a t e l y .  

Typ i c a l  ope ra t i ng p a r ame t e r s  fo r t h e  ae rob i c  s y s t ems 

men t i o ned  above a re: feed conc e n t r a t i o n s  o f  S O t o  4 0 0 0  

mg BOD S /�and re t e n t i on t imes  va ry i ng f rom 0 . 5  t o  2 4  h 

depend i n g  o n  t h e  s y s t em con f i g u ra t i on ( G r ady & L im ,  1 9 8 0 ) . 

The u s e  o f  pure  oxygen  r a t h e r  t h an a t mo s phe r i c  a i r  h a s  

b e e n  i nve s t i g a t ed fo r the s e  ae r ob i c  p r o ce s s e s  and h a s  found 

favou r  in  s ome app l i c a t i on s . 
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Ac t i va t e d  S l udge 

A s ummary of the  r e s u l t s  of ac t i v a t e d  s ludge t re a tmen t o f  

y e a s t e ff l ue n t  i s  p re s en t e d  i n  T ab l e  2.4. The  dat a i n  

t h e  l i t e r a t ure p r o v i de s  a n  i nc omp l e t e  p i c ture  o f  o rgan i c  

ma t e r i a l  remova l e f f i c i ency  b y  t h e  p ro c e s s . Howeve r ,  BO� 
remova l s  i n  exc e s s  o f  80 p e r c e n t  h ave b e e n  genera l l y  

found 3 l though a t  re l at i ve l y  l ow e r  s ub s tra t e c on c e n t ra t i o ns  

than t h e  yeas t p l an t  eff l uent ha s charac t e r i s t i c a lly . The  

78 to  96 pe rcent  BO� remova l s  r e p o r t e d  b y  Wu & Kao  (1976) 

we r e  fo r ye a s t  was t e  d i l u ted  w i t h t ap wat e r  a t  a rat i o  o f  

1 : 1 ,  howeve r ano t h e r  s t udy ( Oa z a i  e t  al�l966) ob s e rve d 

t h a t  no imp roveme n t  was  g a ined  by  d i l u t i o n  o f  t h e  e ff l ue n t  

p r i o r  t o  a c t i v a t e d  s l udge t re a t me n t .  

'[he l o ad i ng ra t e s  c i t e d  a re h i ghe r t han the  range  gene ra l l y 

c ons i d e re d  de s i rab l e  fo r c o nven t i o n a l  a c t i v a t e d  s l udge 

t reatme n t . 

BOO S remo va l  e f f i c i en c y  was  found t o  be  i nde pendan t o f  fe e d  

BOO S c o n c e n t r a t i o n  a t  f e e d  BOO S l eve l s  o f  l e s s  than  200 mg/i 

( G r i shna  & K l imenko , 1972), a l t hough the remova l e ff i c i ency  

was  dependan t  on  t he a c t i v a t ed s l udge  concen t r at i o n . The  

BOO S remov a l  rate  was enhanced  a t  h i g h e r  o p e r a t i n g  t emp e r a ­

t u r e s  b u t  acc l i ma t i o n  t emp e r at u r e w a s  re l a t i ve l y  un i mpo r t an t . 

( T a k i guch i ,  1967, 1968) The add i t i o n  o f  s up p l eme n t ary  

n u t r i e n t s  t o  t he a c t i va t ed s l udge d i d  not  improve t r e a tment  

e ff i c i e ncy  in  one  s tudy ; and an ab s en c e  of  p r o t o zoa  i n  

t h e  s l udge was t hough t t o  b e  due t o  s ome t ox i c i t y  o th e r  

t h an s u l ph i de ( S t ander  e t  al� 1971). C onve r s e l y  t h e  

a dd i t i o n  o f  urea  a s  a s up p l ement a ry n i t rogen  s ource  h a s  

b e en  shown t o  i mp rove b o t h  s l udge  s e t t l e ab i l i ty a n d  BOO S 
r emov a l  e ff i c i ency  (Tak i guch i ,  1967, 1968). 

No  a c t u a l  e c on om i c  ana l ys i s  o f  t h e  t r e a tmen t p ro ce s s  o f  

y e a s t p l an t  e ff l ue n t  b y  ac t i va t e d  s ludge  was  s h own fo r any 

o f  t h e  i nve s t i ga to r s� howeve r S t ande r e t  al (1971) 

c o n c l uded  t ha t , a t  t h e  r e t en t i on t im e s  e va l ua t e d , t h e  h i gh 

c o s t  o f  i n s t a l l a t i on and o p e ra t i o n  o f  a n  ac t iva t ed s ludge 



TABL E  2.4: Ac t i va t c<.l Sludge Treatment of Yeast PL!n t Effluent 

F e ed C o n c en t rat i o n Hydraulic 
Temp erat u re 

ret en t i o n 
BOD 5 COD 

time 
o

c 
mg/.Q, mg/ 9, h 

16300 21120 

2 0  

4200 

1 20 

72 

2350 7500 24 2S 

2350 7500 8 + 1 6 2 5  

* s uspen d e d  so l i d s  remo v a l  

Loading 
rate 

kg/m
3

.d 

<3  

1 . 0 - 2 . :;  

1.0-6.2 

6.6 

2.9 

Remova1 Efficicncies 

ROD
5 ,, ,, 

9n- 9 8  

>RO 
80 

8 0  

9 9 . 6  

78-93 

8 8- 9 6  

COD 

0 " 

64-65 

82- 8 7  
65-70 

3S - 4 0  

8 0-8S* 

9 6 - 9 9* 

NOTE S  1. Combin e d  yea s t eff l uen t a n d  dom e s tic s e w a g e 
2. Yeas t plan t e f fluen t a l o n e  

S o u r c e 

Da z a i  et al (196 6 )  

Ta k i gu c h i  (196 7, 196 8) 

) 
) L o n d o n g  (1968) 

2 ) 

G r i s h n a & K 1 im e nk o  ( 19 7 2 ) 

2 ) 
) S t and e r e t  al (1971) 

3 ) 

4 ) 
) Wu & Kao ( 19 7 6 )  

5 ) 

3. Ac t i va t ed s l u dge t re a t men t of e f f l u e n t  fr om an anae rob i c  d i ge s t er t re a t i n g  y e a s t  e ff l uent 
4. S i n g l e  s t age  24h re t e n t i o n t i me  
5. Two s t age 8h + 1 6 h r e t e n t i o n time 

...... 
-.....) 
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p l an t  c ou l d  n o t  c omp e t e  aga i n s t  an  anae rob i c  d i ge s t i on 

t re a tmen t a l t e rn a t i ve . They a l s o  p o i n t e d  out  t h a t  i f  

p o s s ib l e, the  y ea s t  p l a n t  e f f l ue n t  s ho u l d  b e  t re a t e d i n  

c omb i n a t i o n  w i t h dome s t i c  s ewage . 

Th i s  l a t t e r  a l t e rna t i ve i s  d e s c r i b ed 1 n  de t a i l  b y  L o ndong  

(1968) . The was t e  wat e r  from a We s t  Ge rman yea s t  p l an t  

p roduc i n g  b o t h  e t h ano l and  yeas t mate r i a l  from mo l as s e s  

c o u l d  n o t  b e  t re a t e d  o n  s i t e  due t o  t e chn i c a l  and  e c o n om i c  

d i ff i cu l t i e s  and s o  i s  t re a t ed i n  a s s oc i a t i o n  w i t h  dome s t i c  

s ewage  from a n e a rb y  c i t y . The  e f f l ue n t  s t ream was  

c a r r i ed 2 1  km  b y  a p i pe l ine  t o  the  t r eatment  fa c i l i t y . 

T r a n s i t  t ook on ave rage  one  day and the  e f f l ue n t  was 

c o o l ed and the p i p l i n e  f i t t ed  w i t h  p r e s s ure  re l e a s e  va l ve s  

t o  reduce  t h e  c hance s o f  g a s  p roduct i o n  i n  t h e  p i pe l i n e s . 

Aft e r  s e p a r a t e  p rc - a e r a t i o n  s t ag e s  t h e  dome s t i c  s ewage  a nd 

yea s t  p l ant  e f f l ue n t  a rc m i xed  i n t o  an  a c t i va t e d  s l udge  

b a s i n  whe re  80 p e rc e n t  of  the  c ommon B005 was  remove d . 

I n  an t i c i p a t i o n  o f  remova l o f  the  y ea s t  p l an t  t o  a new 

l o c a t i on whe r e  w a s t e  t r e atment  c o s t was  l owe r , fur t h e r  

t r i a l s  we re  c a r r i ed o u t  t re a t i n g  t h e  ye a s t  p l ant  e f f l ue n t  

i n  c omb i n a t i o n  w i th o th e r  i ndu s t r i a l  and domes t i c was t e  

wa t e r s . The c o s t s  o f  the  p r o c e s s e s  we re  c ompared  w i th 

t re a tmen t  o f  t h e  y e as t p l an t  e ff l u e n t  o n  i t s own . P ow e r  

c o n s ump t i on for  c omb i ne d  t r e a tmen t  w a s  c a l c u l at ed t o  b e  

0. 85-1. 25 k Wh / k g  BO� removed and 0 . 3 - 0 . 9 4 kWh / k g  B005 
removed fo r s e p a r a t e  t r e a tmen t . The  ove ra l l c o s t  o f  a e ro b i c  

t re a tmen t was  c a l cu l a t e d  t o  b e  4 - 1 0 p e r c e n t  o f  t h e  p roduc t ­

i on c o s t o f  t h e  y e as t . 

T r i c k l i ng F i l t e r  

The  app l i ca t i o n  o f  t r i c k l i n g  f i l t e r s  t o  t h e  t r e a tment o f  

, y e a s t  p l an t  e ff l u e n t  was  repo r t ed b y  Trub n i ck and  Rudo l fs 

( 1 9 4 8 )  t o  b e  ab l e  t o  remove 51 t o  87 p e r c e n t  o f  t h e  app l i ed  

BOD5, w i th a n  ave r age v a l ue of  72 p e r c en t . Howeve r n o  d at a  

fo r t yp e s  of fi l t e r  o r  o p e ra t i n g  p a rame t e r s  w e r e  quo t e d . 
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Mo re rece n t l y  a p i l o t - s c a l e  s tudy ( L i ne s ,  1 9 6 8  and J a c k s o n  

and  L i nes , 1 9 7 0 )  s howed t h a t  s t one - f i l l ed  b i o l o g i c a l  f i l t e r s  

l oaded  a t  0 . 4 3  k g  BODs /m3d c ou l d  ach i eve a n  8 0  p e r c e n t  BOD5 
remova l . Howeve r t h e  2 0 : 1  rec i rcu l a t i on ra t i o u s ed c ou l d  

p rove uneconom i c a l  o n  a fu l l  s c a l e  p l a n t . Sub s e quen t  wo rk  

us i ng p l a s t i c  f i l te r  med i a  ( ' F l o c o r ' b e in g  p r e f e r r e d )  

i n d i c a t ed t h a t  a t  p i l o t - s c a l e  l eve l s  a s im i l a r  8 0  p e r c e n t  

BO� remova l c o u l d  b e  ach i eved us i n g  t w o  f i l t e r s  i n  s e r i e s  

each  l o aded  a t  2 . 8  kg/m3d and h av in g  rec i rc u l a t i o n  r a t i o s  

o f  9 : 1 .  The s av i n g s  i n  f i l t e r  vo l ume are  t h e re fo r e  c o n s i ­

de rab l e .  I n  b o t h  t r i a l s  t h e  e ff l ue n t  s t r e am u s ed comp r i s ed 

s pe n t  fe rmen t a t i on me d i um with a BOD5 o f  approx i ma t e l y  

1 0 0 0 0  mg/� and o t her  ye a s t p l an t  wa s t e  w a t e r s  g i v in g  a 

c omb i ned BOOS o f  7 0 0 0 - 8 0 0 0  mg/� . 

T r e a t i ng ye a s t  p l an t  e ff l ue n t  d i l u t e d  t o  1 8 0 0  mg/� w i t h 

w a t e r, using an a e rob i c  t r i c k l i n g  filter - 82 . 6  p e r c e n t  o f  

t h e  BOO
S 

wa s removed a l ong  w i t h 56.3 pe rc e n t  o f  t h e  e f f l ue n t  

c a rbohyd r a t e  ( Sharkov, 1 9 7 0 ) . B o t h  t h e  vo l a t i l e fa t t y  a c i d  

and a l dehyde concen t r at i o n s  o f  t h e  wa s t e wa t e r  i nc re a s e d  

du r i ng t re a tmen t ,  t h e  forme r i nd i c a t i ng s ome anae rob i c  

a c t i v i t y  i n  the  f i l t e r . 

Ro t a t i ng D i s c  Con t ac t o r  

I n  a s e r i e s  o f  t r i a l s  ( B o t u k  e t  al� 1 9 7 5 ) ,  t h e  e ff l u e n t  from 

a b ak e r s ' ye a s t and e thano l p l ant  was  t re at ed u s i ng 

r o t a t i n g  d i s c c o n t a c t o r s . Th i s  p r o c e s s  i s  an  aerob i c  

c o n t a c t  one whereby  a b iomas s  i s  a l l owed t o  grow o n  d i s c s  

a rranged a l on g  a s p i n d l e . The row o f  d i s c s  i s  p ar t i a l l y  

s ubme rged  i n  the  e f f l ue n t  t o  b e  t r e a t e d  and a s  t h e  s p i n d l e  

ro t at e s the  b i omass i s  a l t e r n a t i ve l y  c on t ac t ed w i th t h e  wa s t e 

o rgan i c  ma t e r i a l  and a t mo s phe r i c  o xygen . I n  t h e  t r i a l s  t h e  

y e a s t a n d  a l coho l p l a n t  e ff lu e n t  w a s  d i l u t e d  t o  < 1 5 0 0  m g  

BODTOTAL/ 2 a n d  l o aded on  t h e  d i s c s  a t  0 . 0 5  k g  BODTOTAL /m2 d .  

Tre a tm e n t  e f fi c i en c y  was  8 6  p e r c e n t removal  o f  BOO . 

2 . 2 . 3  Anaerob i c  B i o l o g i c a l  T r e a tmen t o f  Ye a s t P l a n t  E ff l ue n t  

Anaerob i c  d i ge s t i on t ec hn o l ogy  h a s  b e e n  app l i ed t o  t h e  
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t re a tmen t o f  t h i s  was t e  wa t e r  w i t h  gene ra l l y  good r e s u l t s . 

The  d i ge s t e r  c o n f i gura t i on u s ed in  t h e  s tud i e s  were  o f  t h e  

s t i r red and  h e a t ed type . 

Removal  o f  Organ i c  Ma t e r i a l  

COD  remova l s  o f  7 7  p e rc e n t  for s pen t nu t r i e n t  and 6 p e rc e n t  

f o r  mixed  ye a s t  p l an t  was t e s  have b e e n  repo r t ed a t  r e t en t i o n  

t imes o f  6 t o  9 days  ( S t ande r e t  al, 1 9 7 1 ) . The above 

sub s t a t e  c o n c e n t rat i o n s  we re 7 7 0 0 0  mg COD/� and 2 2 0 0 0  mg 

COD/Q. re s p e c t i vel y .  Twe n t y  t o  30  p e r c e n t  of  the  COD  o f  

yeas t  pla n t  effluen t h a s  b e e n  s hown t o  be re s is t ant  t o  

b i olog i ca l d e gr a d a t ion e it h er a n a e r o b i c  or aerobic ( S t ande r 

c t a l � 1 9 7 1 ; Il an s f o r d t; R i c h t o r , 1 9 7 5 ) . Re g a r d 1 e s s o f 

th e se e ding and a cc limat ior1 t e chnique s us ed,  the  b i o l o g ic a l l y  

re s is t an t  frac t ions remai n e d  e ve n after a per i o d o f  up t o  

1 8  m o n t h s .  Th ere f o re t h e  above remova l s  represen t a t  leas t  

85  perc e n t r e m o val o f  t h e d e g r a dable COD fra c t io n . 

The e f fe c t  o f  o rgan i c  l o ad i n g r a t e  on remova l o f  o r gan i c  

mat erial i s  p r e s e n t e d  in Table 2 . 5 .  I n c re a s e d  s ub s t r a t e  

c on c e nt r a t i o n s  and d e c r e a s e d  hydrau l i c r e t e n t ion  t ime s , 

b o t h  o f  wh i c h  l e ad t o  i n c re a s e d  l o ad i n g  ra t e s  gave r i s e  

t o  reduced  frac t i o n a l  remova l s . 

Doub l i ng  t h e  l oa d i n g  r a t e  from 0 . 8  t o  1 .6 �g BOD 5 ;m3 d 

reduced  t h e  frac t i on  o f  BOD
5

removed from 0 . 9 0 t o  0 . 7 9 

( T rub n i c k  & Rudo l fs , 1 9 4 8 )  and  t h e  remova l o f  vo l a t i l e s o l i d s  

fe l l  from 0 . 8 6 t o  0 . 7 2 w h e n  the  l oa d i n g  r a t e  was  app rox i m ­

a t e l y  t reb l ed from 0 .  7 2  k g  VS/m3 d ( L i ng , 1 9 6 1 ) . I n  apparent  

c o n t rad i c t i o n  a re the  re l a t ive l y  c o n s t a n t  remova l s  o f  

9 5  p e r c e n t  ( Se n  & Bha s karan , l 9 6 2 )  and 7 5  p e r c e n t  ( Bo t u k  

e t  al� 1 9 7 3 ) ove r l o a d i n g  r a t e  ran ge s o f  0 . 7 4 t o  3 . 0  k g  BOD 5 / 

m 3d and 1 . 5  t o  2 . 5  k g  BOo 5 ;m 3d r e s p e c t ive l y . I n  t h e  forme r 

c a s e , t he BOD 5 r emova l  d i d  fa l l  s l i gh t l y  t o  9 1  p e r c e n t  when 

the organ i c  l o ad i ng r a t e  was  i n c re a s e d  to  3 . 7 6 k g  Boo 5 ; m3d .  

Max i mum l oad i n g  r a t e s  o n  d i ge s t e r  b i oma s s  g i v ing  r i s e  t o  

BOD 5 r�mo va l s  o f  7 0  t o  8 0  p e rc e n t  have b e en r e p o r t e d  a s  
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4 . 8  and 8 . 8  kg VS/m
3d for d i ge s t e r  vola t ile s ol i d s  o f  

c onc e n t ra t i ons  o f  1 0  and 2 0  p e r c e n t  r e s p e c t i ve l y  ( Sonoda  & 

Tanak a , 1 9 6 3 ) . 

TAB LE  2 . S  

L o a d i ng r a t e  
k g  BOD S /m3d 

Removal o f  Organ i c  Ma t t e r  By Ana e rob i c  

D i g e s t i on 

Remo val % Source  

9 0  BOD ) Trub n i c k & 0 . 8 
1 . 6 7 9  BOD � ) Rudo l fs ( 1 9 4 8 )  

0 .  7 2* 
2.1 * 

0 . 7 4 t o  3 . 0  
3 . 7b 

l.S t o  2 . S 

G a s  P r o duc t i on  

86  vs 
7 2  VS 

95 � 1 BOOS 9 1  BOD 5 

7S BOD S 
* VS n o t  BOO S 

) L i n g ( 1 9 6 1 )  ) 
) Se n & Bhas karan  
) ( 1 9 6 2 )  

B o t u k  et al ( 1 9 7 3 ) 

I n  mo s t  s t ud i e s  t o  d a t e  the  d i ge s t e r  g a s e s , s pe c i f i c a l l y  

t h e  me t hane  frac t i on have b e e n  c o n s i de re d  merely a u s e ful 

b y - p roduc t o f  BOO S removal . B e c a u s e  o f  t h i s  empha s i s  on 

o r g a n i c  mat t e r  remova l ,  l e s s  de t a i l ed d a t a  o n  gas  

p roduc t i on  and compo s i t i on i s  ava i l ab l e  in  the  l i t e ra t ure . 

Some d a t a  fo r gas  p roduc t i on i n  t h e  anaero b i c  d i g e s t i o n  

o f  yea s t  plant  e f f l ue n t  i s  p re s en t e d  i n  Tlble 25a .  There  

appe a r s  t o  be  a de c r e a s e  in  gas  p r oduc t i o n  a s  t h e  l o ad i n g  

r a t e  o n  t h e  d i ge s t e r  i n c r e a s e s  (T rub n i c k  & Rudolfs,  1 9 4 8 )  

howeve r one  s tudy ( Se n  & Bh a s k aran , 1 9 6 2 )  found t h a t  t he 

de c r e a s e  was  n o t  
3 k g  BOOS/ m  d but  

m
3 d , t h e  h i gh e s t 

s i gn i f i c a n t  a t  l o a d i n g  r a t e s  b elow 3 . 0 1 

a l a rge reduc t i o n  o c curred  a t  3 . 7 6  k g  BOD 5 ; 

l oad i n g  r a t e  t e s t e d . The s e  d a t a  fo l l ow 

a s im ilar t rend t o  t h e  de c r e a s e  i n  p e r c e n t age o r g an i c  

ma t t e r  remova l . I n  add i t i on t o  t h e  d e c r ea s i n g  

t o t a l  g a s  p roduc t i o n  a t  h i gh e r  l oad i n g  r a t e s ,  m e thane  
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c o n t e n t  o f  the  gas  a l s o  d e c r e a s e s  ( Se n  & Bha s k a ran , 

1 9 6 2 ; Hans ford & R i cht o r , 1 9 7 5 )  i nd i c a t i n g  a s t re s s i n g  

o f  the  anae rob i c  d i ge s t i on p ro c e s s  and t h e  p roduc t io n  o f  

c e l l u l a r  i n t e rmed i a te c ompounds r a t h e r  t han me thane . 

Due t o  t h e  l ac k  o f  d e t a i l  in  t h e  g a s  pr oduc t i o n  d a t a  i t  

i s  n o t  p o s s i b l e  t o  c a l c u l a t e  t h e  me thane p roduc t i o n  i n  

t e rms o f  t h E  t h e o re t i c a l  max imum a s  de s c r i b e d  by  M c C a r ty 

( 1 9 6 4 ) . Howeve r ,  S t ande r e t  a l  ( 1 9 7 1 )  quo t e  t h e i r  gas  

p roduc t i o n  a s  b e i n g  7 0  pe rc e n t  of  t h e  max imum , p r e s umab l y  

on the  s ame b a s i s . 

T /\ 13 L E  2 . S a : G a s  P roduc t i on from t h e  Anae rob i c  D i g e s t i o n  

o f  Ye a s t  P l ant  E f f l ue n t  

L o � cl i n g  Rat e  

k g  13 0 D
5

; m
3

cl 

0 . 8  
1 . 6  

1 . 2 5 t o  2 . 6 S 

3 . 7 6 

0 . 2 6 k g  C OD / k g  VSS . d  

l . S  t o  2 . 5  

G a s  
Produc t i on 

S O O t / k g  vs added 
4 3 0 £ / k g  v s  added 

S O O £ / k g  BOO S adde d 

1 3 7 £ / k g  BODs added  

7 5 0 0 - 8 0 0 0 9. / d  

Envi ronme n t a l  C o n s i de ra t i ons  

Cl ! 
4 Source  c o n t e n t  

0, 0 

7 3 . 9 )  Trub n i c k  
7 3 . 9 )  & Rudo l fs 

( 1 9 4 8 )  

Me rke l ( 1 9 5 9 )  
4 9  S e n  & 

Bha s k a ra n  
( 1 9 6 2 )  

S t ander et 
a l  ( 1 9 7 1 )  

5 6  t o  7 2  Bo t uk e t  
a l  ( 1 9 7 3 ) 

Two o f  t h e  imp o r t a n t  pa rame t e r s  for aerob i c  d i ge s t i o n  t o  

p ro c e e d  are  a p H  i n  t he range 6 . 6 t o  7 . 6 and a n  a b s e n c e  

o f  t ox i c  compounds (Mc C a r t y ,  1 9 6 4 ) . Ye a s t  p l an t  e ff l ue n t  

c o n t a i n s  c ompone n t s  wh i c h  c an adve rs e l y a f fe c t  b o t h  o f  

t h e  above envi ronmen t a l  r e q u i remen t s . I t  h a s  a l ow pH o f  

4 . 6  - 5 . 5  i n i t i a l l y , and a c a rb o hyd r a t e  c on c en t ra t i on o f  

u p  t o  1 . 5  p e r c e n t  ( w / v ) , wh i c h  i s  r e ad i l y c a t ab o l i s e d  t o  

o rgan i c  a c i ds b y  t he fe rme n t a t i ve b ac t e r i a  and  t h e r e b y  
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depre s s i n g  the  pH . Furt h e rmo re t h e  p r e s e n c e  o f  i n o rgan i c  

s u l pha t e s , due t o  t h e  add i t i o n  o f  nut r i e n t  s upp l emen t s  

t o  the  ye a s t  propa gat i o n  me d i um , may b e  reduc e d  t o  

mo re  o r  l e s s  t ox i c  s u l ph i des  i n  a n  a n a e rob i c  d i ge s t i o n  

e n v i r o nme n t . 

There  i s  s ome con t r ad i c t i o n  i n  the  l i t e r a t u r e  ove r pH  

ma i n t e na n c e  i n  t h e  d i ge s t i o n  o f  ye a s t p l an t  e ff l ue n t . 

Adj u s tme n t  o f  feed  pH t o  7 . 0  us i n g  s od i um hydrox ide  was  

found nec e s s ary to  ma i n t a i n  d i ge s t e r  cond i t i o n s  in  a 

fnvott r ab l c  pH range  ( L i n g , 1 9 6 1 )  but  no  b u f fe r i n g  was  

requ i red whe n e f f l ue n t  re c i rcul a t i on was  p r ac t i s e d  o n  a 

p i l ot  s c a l e  d i ge s t e r  ( S t ande r e t  a [ ,  1 9 7 1 ) . I n  a t h i rd 

c : t s e , bu ffe r i n g o f  pH was  requ i red a t  l oad i n g  r a t e s  b e l ow 

5 k g  COD/m 3 d whe reas  a t  h i gher  ra t e s  t he re was  s u f f i c i en t  

b u f fe r  c ap a c i t y  t o  ma i n t a i n  pH a t  a favourab l e  l e ve l . 

An amoun t o f  s u l ph a t e  i n  t h e  d i ge s t e r  feed  mate r i a l  o f  

2 0 0 0  mg/ £ ,  wh i c h  i s  i n  t he n o rm a l  range  fo r yeas t p l an t  

e f f l uen t s , d id n o t  adve r s e l y  a f fe c t  t h e  r a t e  o f  d i ge s t i o n  

( S t ande r e t  a Z , 1 9 7 1 ) ; 1 n  fac t , add i t i o n  o f  s u l ph a t e  t o  

a r t i f i c i a l l y  i n c r e a s e  t h e  c o n c e n t r a t i o n  t o  1 8 0 0 0  mg/ £ i n  

t h e  feed , g iv i n g  r i s e  t o  s u l ph i de l eve l s  o f  4 0 0  mg/ £ i n  

t he d i ge s t e r  were  not  de l e t e r i ous . The l im i t  s u l ph i de  

c on c e n t ra t i o n  g i v i ng r i s e  to  s eve re i nh i b i t i o n  of  1 5 0 mg/ £ 

(Mc C a r t y , 1 9 6 4 )  was  exceeded po s s i b l y due t o  t h e  b u i l d  

up o f  s ome s u l ph ide  t o l e rance  b y  t h e  d i ge s t e r  b i omas s 

ove r t h e  p e r i o d  o f  the  s tud i e s . 

2 . 2 . 4 M i xe d  Anae rob i c  and Ae rob i c  B i o l o g i c a l  T r e at me n t  

o f  Yeas t P l an t  E f f l u e n t  

F i gure  2 . 2  out l i n e s  a f i ve s t age was t e  t re a tm e n t  s y s t em 

from a b a k e � · y e a s t  p l an t  i n  Po l and . The s t ag e s  a r e  

( a )  me t h a n e  fe rmen t at i o n  i n  a two - s t age  anaerob i c  

d i ge s t i on p h a s e  b a s ed o n  i n i t i a l  s tud i e s  r e p o r t e d  

b y  Tomc z y n s k a  ( 1 9 7 1 ) ; 

( b ) s o l i d s  r emova l b y  s e d imen t at i o n ; 



( c )  ae rob i c  t r i c k l i n g  f i l t e r  t re a t me n t  o f  the  s e d imen ­

t a t i o n  s uperna t an t ;  

( d )  fu r t he r s e d i me n t a t i o n  o f  t he f i l t e r  e ff l uen t , and , 
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( e )  ae rob i c  l agoon t re a tmen t  b e fo re u l t ima t e  d i s charge . 

! � ( ) ( ) ( ) 

F I GURE 2 . 2  

Summa ry 

;.� 11 �� c r o b i l. 

d i g c' � t i o 1 1  

� S - I S S  :--; l' d j 1 : 1  \..' 1 1  t , I  t i \) l l  

:-; u  I i d :--; I �  ! J -
t u d r :  l' r I � 0 

r r i �..· U  i n g 
t" i I t c r 

Yea s t  P l a n t  Was t e Wat e r  Tre a tmen t  Sys t e m  

( Bas ed o n  Tomc z yn s k a , 1 9 7 1 ) . 

A l l va l ue s  i n  mg BOD 5 / £  e xc e p t  where  n o t ed 

The maj o r  p o l l u t i n g  was t e  s t re am a r i s i n g  from t h e  p ro du c ­

t i o n  o f  b ak e r s ' yea s t  i s  t h e  s p e n t  fe rmen t a t i on med i um from 

t h e  f i n a l  propag a t i o n  s t age . Othe r wa s t e s t re ams  are  t h e  

s l udge from mo l a s s e s  c l ar i f i c a t i on a nd t h e  c o o l i n g  a n d  

p l an t  w a s h  w a t ers . B o t h  the s e  l a t t e r  was t e  s t r e ams CJ u l d 

b e  re l a t i ve l y  s imp l y  s e p a r a t e d  from t h e  s p e n t  n u t r i e n t  

fo r s ep a r a t e  d i s p o s a l . The mo l a s s e s  s ludge c o u l d  b e  

d i s p os ed o f  b y  t rans po r t a t i on t o  a l an d f i l l  s i t e  a n d  t h e  

c oo l i n g and wash  wa t e r s  s en t  t o  a mun i c i p a l  s ewe rage  

s y s t e m . 



F o r a c omme r c i a l  y e a s t p l a n t  l o c a t e d  w i t h i n  a m un i c i p a ­
l i t y , s e p a r a t e  d i s p o s a l  o f  t h e mo l a s s e s  s l u d g e  r a t h e r  
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t h an d i l u t i n g  i t  a n d  w a s h i n g  i t  down t h e  s e w e r  wo u l d  
r e d u c e  b y  f i f t e e n  p e r c e n t  t h e  d i s p o s a l  c o s t s  fo r B O �  o n  
t h e  p l an t . On - s i t e t r e a t m e n t  o f  t h e  s p e n t  f e rme n t a t i o n  
m e d i um a s  a s e p a r a t e  s t r e am wou l d  f u r t h e r  r e d u c e  t h i s  cos t . 

T h e  f e rme n t a t i o n m e d i um h a s  b e e n  s u c c e s s f u l l y  t r e a t e d  f o r  
BO� r e mo v a l  h y b o t h  a e r o b i c  a n d  a n a e r o b i c  p r o c e s s e s . 
Wh i l e t h e  a e rob i c  t r e a t m e n t s  s u c c e s s fu l l y r e d u c e d  t h e  B O �  
b y u p  t o  99 p e r c e n t  t h e s e  s y s t em s  w e r e  o p e r a t i n g  a t  t h e  
u p p e r  l i m i t  o f  s u b s t r a t e  c o n c e n t r a t i o n  g e n e ra l l y a s s o c i a t e d  
w i t h a e r o b i c  b i o l o g i c a l  t r e a t m e n t .  � u r t h c r ,  t h e mo s t  
e f fe c t i v e a e rob i c  t r e a t me n t  p r o c e s s , a c t i v a t e d s l u d g e , i s  
a h i g h 1 y s o p h  i s t i c a t e d p r o  c e s s r e  qu i r i ng c 1 o s e c on t r o 1 o f 
o p e r a t i n g  p a r am e t e r s  a n d  h i gh o p e r a t i n g  c o s t s  o f  o x y g e n  
t r an s fe r  e q u i pm e n t .  T h e re i s  a l s o t h e  p r o b l e m o f  
d i s p o s a l  o f  t h e  b i om a s s i n t o  wh i c h  muc h o f  t h e  o r g an i c  
m a t e r i a l  i n  t h e  w a s t e  s t r e am i s  c o n ve r t e d . S i n c e  o ve r a l l 
y e a s t p r o d u c t i o n e c o n om i c s  a r e  d e p e n d e n t  o n  w a s t e  d i s p o s a l  
c o s t s , s u c h  h i g h  c o s t s  w o u l d  d i s a d v a n t a g e  ae r o b i c  t r e a t ­

me n t  s y s t em s  c o mp a r e d  t o  t h e  a na e r ob i c  o n e s . 

Y e a s t  p l a n t  e f f l ue n t  h a s  a l s o  b e e n  s h own t o  b e  a m e n a b l e  t o  
a n a e r o b i c  d i ge s t i o n  w i t h h i g h  o r g an i c  m a t e r i a l  r em o v a l 
e f f i c i e n c i e s . An a e r o b i c  p r o c e s s e s  i n  g e n e r a l  a r e  m o r e  
s u i t e d  t o  t h e  h i g h  BO � c o n c e n t r a t i on s  f o u n d  i n  y e a s t  
e f f l u e n t . I n  a p r o p e r l y  o p e r a t e d  a n a e r o b i c  d i g e s t e r  
o r g an i c  m a t e r i a l  i s  c o n v e r t e d t o  g a s e o u s  p r o d u c t s , p r i n c i ­
p a l l y  me t h an e  w i t h c o n s e qu e n t l y  l owe r s l u d g e  d i s p o s a l  c o s t s . 

D u e  t o  t h e  h i g h e r  i n f l u e n t  s ub s t r a t e  c o nc e n t r a t i o n s  a b l e  t o  
b e  a pp l i e d t o  a n  a n a e r o b i c  d i g e s t i on s y s t em , a s ma l l e r 
t r e a t m e n t  s y s t e m  i s  p o s s i b l e . 
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2 . 3  T h e  An a e r o b i c  Wa s t e  T r e a t m e n t  P r o c e s s  

I n  a n a e r o b i c  w a s t e  t r e a t m e n t , c omp l e x  o r g a n i c  m a t e r i a l s  1 n  
t h e  w a s t e  s t r e am a r e  c o n ve r t e d  t o  m e t h a n e  a n d  c a rb o n 
d i o x i d e i n  t h e  a b s e n c e  o f  mo l e c u l a r o x y g e n . T h e  p r o c e s s ,  
wh i c h  o c c up i e s  a n  e s s e n t i a l  n i c h e  i n  n a t u r a l  s e l f  p u r i f i ­
c a t i o n p r o c e s s e s , w a s  f i r s t  u s e d  i n  t h e  w a s t e  t r e a t m e n t 
f i e l d  fo r t h e  s t a b i l i s a t i o n o f  s e w a g e  s l ud g e s , b u t  h a s  
m o r e  r e c e n t l y  b e e n a p p l i e d t o  t h e  t r e a t me n t  o f  h i g h e r  
s t r e n g t h  i n d u s t r i a l  w a s t e s  ( T e b b u t t ,  1 9 7 1 ) . � l c C a r t y  ( 1964 ) 

h a s  s t a t e d f i v e  i mp o r t a n t  a d v a n t a g e s  o v e r  a e r o b i c  d i g e s t i o n . 
T h e s e  a r e : 

( l )  a h i g h e r  d e g r e e  o f  wa s t e  s t a b i l i s a t i o n ; 

( 2 ) a l o we r y L e l d o f  b i o l o g i c a l  s o l i d s ; 

( 3 ) l o we r n u t r i e n t  r e q u i r e me n t  d u e  t o  t h e  r e d u c e d  s o l i d s  
p r o d u c t i o n ;  

( 4 )  n o  r e q u i r em e n t  o f  o x y g e n ; 

( 5 )  p r o d u c t i o n  o f  m e t h a n e  g a s  w h i c h  i s  a u s e f u l  p r o d uc t . 

D u r i n g  d i g e s t i o n, o r g a n i c  m a t e r i a l  i s  c o n v e r t e d i n t o  m e t h a n e  
a n d  c a rb o n  d i o x i d e  a n d , a s  u p  t o  9 0  p e r c e n t  o f  t h e  e n e r g y  i n  
t h e  w a s t e  i s  r e t a i n e d b y  t h e  g a s , l i t t l e  i s  av a i l ab l e  f o r  
g r o w t h  a n d  c e l l  y i e l d s  a r e  l o we r t h a n  t h e  5 0  p e r c e n t  p o s s i b l e 
i n  a e r o b i c  s y s t e m s  ( Mc C a r t y , 1 9 6 4 ) . An a e r o b i c  d i g e s t i o n  
1 n  t h e rumen o f  s ome a n i ma l s  un de r n o rma l c o n d i t i o n s  s t o p s  
a t  a c i d  p r o duc t i on wh i c h  1 s  t h e n  u t i l i s e d  b y  t h e  a n i m a l 
f o r g r o w t h  a n d  e n e r g y . 

2 . 3 . 1 T h e o r e t i c a l  A s p e c t s  o f  Me t h a n e  P r o d u c t i o n  i n  An a e ro b i c  
D i g e s t i on 

D e s p i t e i t s  w i d e s p r e ad a n d  g r ow i n g  u s e t h e r e  h a s  b e e n , u n t i l  
r e c e n t  y e a r s , a p o o r  u n d e r s t an d i n g  o f  t h e  p r o c e s s  
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f u n d am e n t a l s . D e t a i l e d r e v i ew s  o f  t h e  p r o c e s s  m i c r o b i o l o gy , 
b i o c h em i s t ry ,  c h em i s t ry a n d  e n v i r o nme n t a l  f a c t o r s  h a v e  
b e e n  p ub l i s h e d  ( M c C a r t y , 1 9 6 4 ; K i r s c h & S y k e s , 1 9 7 1 ; 
H o b s o n  e t  al� 1 9 7 4 ; T o r i e n & H a t t i n g h , 1 9 6 9 ; K o t z e  e t  al� 

1 9 6 9 ; M a h  e t  al� 1 9 7 7 )  

On e m a j o r  p r o b l e m a p p e a r s  t o  b e  t h e g r e a t  d i f f i c u l t y i n  
i s o l a t i n g p u r e  c u l t u r e s  o f  t h e  m e t h an o g e n i c  a n d  a c e t o g e n i c  
o r g a n i s m s . 

E n v i r o n me n t a l  f a c t o r s  r e qu i r e d  f o r s u s t a i n e d  a n a e r o b i c  
d i g e s t i o n  a r e  

( 1 ) p H  i n  t h e  r a n g e  5 t o  8, h o w e v e r a c t i v i t y  d e c l i n e s  
s h a r p l y  b e l o w p H  6 . 6 ;  

( 2 )  a n  a b s e n c e  o f  o x y g e n ; 

( 3 )  s u f f i c i e n t  n u t r i e n t s ,  a n d , 

( 4 )  a n  a b s e n c e  o f  t o x i c  m a t e r i a l s . 

I n  a dd i t i o n t h e re a p p e a r  t o  b e  t w o  
d i g e s t i o n  o r g an i s m s  wh i c h  o p e r a t e  
r a n g e s ; t h e rm o p h i l i c o r g a n i s m s  a t  
a n d  me s o ph i l i c o n e s  a t  3 0  t o  4 0 ° C 
B r y a n t , 1 9 7 9 ) . 

g r o u p s  o f  a n a e r o b i c  
a t  d i f f e r e n t  t em p e r a t u r e 

t e mp e r a t u r e s  o f  4 5 t o  7 0 ° C 
( M a h  e t  al� 1 9 7 7 ; 

I n  m a n y  n a t u r a l  e n v i r o n me n t s  s u c h  a s  s w amp s a n d  o r g a n i c  
s e d i me n t s  i n  f r e s h  w a t e r  a n d  m a r i n e  e c o s y s t e m �  t h e  a n a e r o b i c  
d e c o mp o s i t i on o f  o r g an i c  m a t t e r  p l a y s  a n  i m p o r t a n t  r o l e  i n  
t h e  c y c l e  o f  n u t r i e n t s . An a e r o b i c  d i g e s t i o n  i s  a l s o  f o un d  
t o  s o me e x t e n t  i n  t h e  g u t  o f  r um i n an t s , a n d  m u c h  o f  t h e  
l i t e r a t u r e  o n  t h e p r o c e s s  i s  r e l a t e d  t o  r e a c t i o n s  i n  r u m e n  
f l u i d . 

T h e  m i c r o b i o l o g y  o f  a n a e r o b i c  d i g e s t i o n w a s  g e n e r a l l y 
t h o u g h t  t o  b e  d i v i d e d  i n t o  t w o  g r o u p s  ( To r i e n  & H a t t i n g h , 1969 ).  
O n e  g r o u p  f e rme n t e d  c o mp l e x or p o l ym e r i c c omp o u n d s  t o  f a t t y  
a c i d s , a l c o h o l s , c o 2 , NH 3 a n d  s u l ph i d e  b u t  w a s  n o t c a p a b l e  
o f  p r o du c i n g  t h e  e n d  p r o du c t  m e t h a n e . T h e  s e c on d  g r o u p  

w e r e  t h e  m e th an e  f o rme r s  wh i c h o b t a i n  e n e r g y  f o r  g r o w t h  
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b y  fe rme n t i n g  t h e  p r o du c t s  o f  t h e f i r s t  g r o u p  t o  me t h a n e  
a n d  c a r b o n  d i o x i d e . Re c e n t  r e s e a rc h  h ow e v e r h a s  s h ow n  
t h i s  t w o  s t a g e  s c h e m e  t o  b e  un s a t i s f a c t o r y  ( B r y a n t , l 9 7 9 ) . 
Me t h an o g e n i c  b a c t e r i a  a r e  u n a b l e  t o  c a t ab o l i s e  o r g an i c  a c i d s  
o t h e r  t h an a c e t i c  a n d  f o r m i c ,  a l c o h o l s  o t h e r  t h a n  me t h a n o l #  
a n d  t h e  p r o d u c t i o n  and u t i l i s a t i o n o f  h y d r o g e n  p l a y s  a 
c o n t r o l  r o l e  i n  t h e  fe rm e n t a t i o n  ( B ry a n t , 1 9 7 9 ; M a h  et 

a Z �  1 9 7 7 ) . 

A mo d i f i e d s c h e me fo r t h e  c o n ve r s i o n o f  c a r b o h y d r a t e s  t o  
m c t h a n  e a n d  C 0 2 i s  p r e s e n t e d i n  Fi g u r e  2 • 3 . 

Po l y s a c c h a r i d e  

! 
1 F E RMENTAT I V E  

Bi\Cl' f : R I A  

s u g a r s  

r------ p r o p i o n a t e , b u t y r a t e  
( e t h a n o l , l a c t a t e ) 

a c e t a t e , H 2 �:----�J J 
CO ( fo rm a t e ) H z  PRODUC I N G  AC ETOGEN I C  2 

2 I BACT E R I A 

3 METHANO G E N I C  
BACT E R I A  ------------�- cH4 + C 0 2 

F I GURE 2 . 3  G e n e r a l i s e d s c h em e  o f  t h e  t h r e e  s t a g e s 

i nvo 1 v e d  i n  a na e r o b i c  f e rm e n t a t i o n (Bryant , 19 79 ) .  

I n  t h e  a b o ve s c h em e  i n  a dd i t i o n  t o  t h e  p r e v i o u s l y  m e n t i on e d  
f e r m e n t a t i ve a n d  m e t h a n o g e n i c  g r o u p s  o f  b a c t e r i a , t h e r e  i s  
a n  i n t e rme d i d a t e  g r o u p  k n o wn a s  h y d r o g e n  p r o du c i n g  
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ace t ogen i c  b ac t e r i a . Th i s  l a s t  g roup ob t a in t h e i r  ene r g y  

fo r g rowth  b y  produc i n g  ace t a t e , 1-1 2 a n d  s ome t ime s C0 2 from 

t he p roduc t s  of  i n i t i a l  fe rmen t a t i o n  ( B ryan t , 1 9 7 9 ) . 

Wh i l e t h e  t h r e e  pha s e s  o f  the  anaerob i c  p r o c e s s e s  c an b e  

cons i d e r e d  s ep a r a t e  ( as i n  t h e  s cheme ) , t h e  me t ab o l i sm o f  

e a c h  i s  depende n t  o n  t h e  o t h e r s  ( B ryant , 1 9 7 9 ) . 

I n  t h e  f i r s t  s t age  o f  anae rob i c  degradat ion  o f  a 

t h e  p a t hways i l l u s t ra t e d  i n  F i g u re 2 . 4  h a ve b e e n  

( 1-l ob s on e t  a l ,  1 9 7 4 ; Mah e t  a l ,  1 9 7 7 ; Mc C a r ty ,  

T o r i c n & l l a t t i n gh , 1 9 6 9 ; B ryant , 1 9 7 9 ) . 

c a rbohydrat e , 

p ropo s e d  

1 9 6 4 ; 

Th e po l y s ac c h a r i d e  i s  hydro l ys ed t o  s u g a r s  wh i ch are  then  

fe rmen ted  t o  py ru\'a t c . E l ec t ro n s  de s i gn a t e d  a s  2 1-l a r e  

p roduced i n  the  fo rm o f  the  reduced n i co t i nam i de aden i n e  

d i n uc l e o t i de ( NJ\ DH ) . Pyruva t e  i s  t h e n  c a t abo l i s ed 

f u r t h e r  t o  ace t a t e , c o 2 and 1 1 2 o r  t h e p ro p i o n a t e , b u t yra t e  

o r  e t h a n o l ( B ryan t , 1 9 7 9 ) . 

D 

po l ys ac c h a r i de 

� 
2 1-l 

�a c e t l l - CO  A

4 H  r-------�, I ac e t a t e  
e t hano l _ -

[ b u t y r a t e  

� oxa l o a c e t a t e  

lcozl s uc c i n a t e  

a c ry l y l  C O  A 

2 Hl 
p r o p i o n a t e  

f i n a l  p ro du c t  = e x t r a c e l l u l a r  i n t e rm e d i a t e  

F I GURE 2 . 4  Pathways invo l ve d  1 n  f i rs t  s t ag e  fe rmen t a t ion  

of  carbohydr a t e  (Aft e r  Bryan t , 197 9 )  
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Rec e n t  s tud i e s  o f  the  me t abo l i c i n t e ra c t i on s  b e tween  t h e  

fe rme n t a t i ve and H 2 - u t i l i s i ng  m e t h anoge n i c  b ac t e r i a  

( Bryant , 1 9 7 9 )  sugge s t  t h a t  t h e  c on ce n t ra t i on o f  H 2 i n  

the  e c o s y s t em p l ays a c e n t r a l  ro l e  i n  c o n t ro l l i n g  t h e  

var i ous  produ c t  p r op o r t i ons  b y  t h e  fe rme n t a t i ve b ac t e r i a , 

t h rough t h e  fo rma t i on  o f  the  redu c e d  NAD a s  i n  equat i on 2 . 3 .  

NADH + H + � H z + 
+ 

NAD 

6G = + 1 7 . 9 7 kJ/mo l . 0 ( 2 . 3 ) 

K = 6 . 8 4 X 1 0 - 4 

F o r  de gradat ion  t o  p ro c e e d  p roduc t i o n  o f  H 2 from NADH 

o x i d a t i o n  1 s  e s s en t i a l . The  e qu i l i b r i um i s  howeve r in the  

d i re c t i on of  NAD H  p roduc t i on  un l e s s  t he H 2 p a r t i a l  p re s s u re 

i s  e x t reme l y  l ow ,  a s  i t  i s  i n  the p r e s e n c e  of H 2 ut i l i s i ng  

me t hanoge n i c  b ac t e r i a . When the  s ys t em i s  s t re s s e d  a s  1 n  

the  c a s e  o f  o ve r l oad ing  w i t h o rgan i c  ma t t e r  o r  reduced  

r e t e n t ion  t ime t he re i s  a t endency for  the  e l e c t rons  o f  

NADH gene r a t ed i n  fe rmen t a t i on t o  b e  u t i l i s ed  i n  c a t ab o l i s m  

o f  pyruva t e  t o  t h e  reduc e d  p roduc t s  e s pe c i a l l y  p rop i on a t e  

r a t h e r  t h a n  ace t at e , co 2 and H 2 . 

The fe rmen t a t i ve b ac t e r i a  a l s o u s e  many o th e r  c ompounds . 

L i p i ds a re hydro l y s e d , un s a t u r a t e d  fa t t y  a c i d s  hyd r o g e n a t e d  

a n d  l on g  cha i n  fa t t y  a c i d s  B - ox i d i s ed t o  p roduce  vo l a t i l e 

a c i d s  fo r s ub s e quent  conve r s i o n  i n  t h e  l at t e r  s t a g e s  

(Andrews & P e a r s on , 1 9 6 5 ) . T h e  b ranched  vo l a t i l e  a c i d s  

i s o - va l e ra t e  and i s o - butyrat e  m� a l s o  b e  p roduced  d i r e c t l y  

v i a  S t r i c k l and r e ac t i on s  ( e qua t i on s  2 . 4  and 2 . 5 ) from s ome 

am i n o  ac i d s . 

�H z 
C H  - CH - CH - C - COOH 3 I 2 1 

C H3 H 

l eu c i n e  

+ Z H 2 0 + C H  - C H - CH - COOH + NH3 3 1 2 
C H 3 

+ 4 H  + C 02 

i s o - v a l e ra t e  

( 2 .  4 )  



NH 2 I 
C H  - CH - C H - COOH 3 I 

C H3 

v a l i n e  

+ CH 3 - �H - COOH + NH3 
CH 3 

+ 4 H  + C 0 2 
i s o - b u t y r a t e  

3 1  

( 2 .  5 )  

The p roduc t s  o f  f i r s t  s t age  degrad a t i o n  apart  from C 0 2 , 

H 2 and ac e t a t e  are  ma i n l y  prop i o n a t e  and l o nge r cha in 

vo l a t i l e ac i d s  and are  an ae rob i c a l l y  ox i d i s ed to ace ta t e  

o r  a c e t a t e  and C0 2 (Mc C a r t y ,  1 9 6 4 ) . L i t t l e i s  known about  

the  e l e c t ron s i nk fo r reac t i o n s  and  in  t h e  k nown c a s e s  i t  

i s  H 2 . More  than  one  s p e c i e s  o f  a c e t o gen i t  b a c t e r i a  may b e  

ne c e s s a ry t o  c onve rt  s ome sub s tra t e s  s uc h  a s  odd numb e re d  

f a t t y  ac i d s . Fo r i n s t a n c e  one  s pe c i e s  m a y  b e t a - o x i d i s e 

an a c i d  t o  ac e t a t e , pro p i ona t e  and H ,  and ano t h e r  s p e c 1 e s  
'-

may be n e c e s s a ry fo r ox i da t i vc d e c a rboxy l a t ion  o f  p r o p i o na t e  

t o  a c e t a t e , co 2 and H 2 ( B ry a n t , 1 9 7 9 ) . 

The ma i n t enance  o f  an e x t reme l y  l ow H 2 pa r t i a l  p re s s u re  i s  

n ec e s s ary fo r the s e  a c e t ogen i c  bac t e r i a  t o  g row and 

c a t ab o l i s e  s ub s t ra t e s . 

I n  pure c u l t ur e s  t h e  fre e ene rgy change  d o e s  n o t  favour 

c a t ab o l i sm of the fa t ty ac i d s , but  favo urab l e  e n e rge t i c s  

re s u l t when  c o c u l tured  w i th the  me t h anogen . 

D i re c t  e v idence  for  t he ob l i ga t e  H 2 - produc i n g  ac e t ogen i c  

pha s e  was  p rov i d ed b y  B ryant  et a l  ( 1 9 6 7 )  when t h e  ' s p e c i e s ' 

Me t h a n o b a c c i l l u s  ome l i e n s k i i  w a s  r e s o l ved i n t o  two s p e c i e s  

s yn t roph i c a l l y  c onve rt i ng e thano l t o  me thane . The o x i da t i on 

o f  e t hano l t o  ac e t a t e  i s  t h e rmodynam i ca l l y un favourab l e  

( e q ua t i o n  2 . 6 ) un l e s s  c oup l e d  w i t h  t h e  H 2 u t i l i s i ng  b a c t e r i a . 

6G0 = + 1 9 . 2  k J / mo l . ( 2 . 6 )  
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O t h e r  e v i de n c e  i s  p ro v i ded b y  t h e  i s o l a t i on o f  a fa t ty a c i d  

c a t ab o l i s i n g  bac t e r i a , appa re n t l y  a new s pe c i e s , t h a t  

degrade s even c a rb o n  numb e red fa t t y  a c i d s  b u t yra t e , c ap r oa t e , 

c a p ry l a t e  t o  ace t a t e  and H 2 . Odd numb e r ed a c i d s  va l e ra t e  

and hep t ano a t e  w e r e  degraded t o  a c e t a t �  p ro p i on a t e  and H 2 . 

The b ac t e r i a  c o u l d  o n l y  b e  g r own i n  synt roph i c  a s s o c i a t i o n  

w i t h  a hyd rogen  u t i l i s i ng de s u l ph ov i b r io or me thano g e n . 

No o t h e r  e l e c t ron dono r s , a c c e p t o r s  o r  ene rgy s ou r c e s w e r e  

u t i l i s ed (Mc l n e ry e t  a Z �  1 9 7 9 ) . Th i s  s p e c i e s  d e g rades  

b u t y r a t e  a c c o rd i n g  to  equa t i on 2 . 7 .  

2 C !: L COO .) 

6G  = + 4 8 . 1  kJ/mo l . 
0 

A new g e n u s  a n d  s pe c i e s  o f  b ac t e r i a  Sy n t r o p h o b a c t e 1 • 

( 2 . 7 ) 

w o l i n i  wh i c h d e g r a d e s  p ro p i on a t e h a s  b e e n  i s o l a t ed i n  

c o c u l ture  w i t h t h e h y d ro g e n  u t i l i s i n g  D e s u l p h o ! • i b r i o  s p ec i e s  

wh i c h  c anno t u t i l i s e  o rgan i c  ac i d s  o t h e r  t han fo rma t e . The 

free  ene rgy change  for  t he p ro p i on a t e  d e g rada t i on  1 s  

+ 7 6 . 1  kJ /mo l ( Boone  & B ryan t , 1 9 8 0 ) . 

Thr e e  s t ra i n s  o f  a new  genus an d s pe c i e s  o f  b a c t e r i a , 

Sy n t r o p h omo nas  w o l fe i  were  i s o l a t e d  and charac t e r i s ed b y  

Mc l nery  e t  a Z  ( 1 9 8 1 ) . Th i s  o rgan i s m  

c 8 s at u r a t e d  fat ty ac i d s  t o  a c e t a t e , 

us i n g  p r o t o n s  a s  t h e  e l e c t ro n  s i n k . 

b e t a - o x i d i s e s c 4 t o  

o r  a c e t a t e  and p ro p i o n a t e  

T h e  o rgan i sm c o u l d  o n l y  

b e  i s o l a t e d  i n  c o c u l t u r e  w i t h  H 2 u t i l i s in g  De s u lp h o v i b r i o  

o r  me t h anogen  and h ad g e n e r a t i o n  t imes  o f  5 4  t o  8 4  h o u r s . 

L ac t at e  may a l s o b e  c omp l e t e l y  d e graded t o  c a rb o n  d i o x i de 

and me t hane b y  a s yn t roph i c  a s s o c i at i on o f  Me t h a n o s a r c i n a  

b a r k e r i i  a n d  De s u l p h o v i b r i o  s pe c i e s  (Mc l ne ry and B r y a n t , 

1 9 8 1 ) . 

Me t h an ogen i c  b ac t e r i a  are  o n l y  d i re c t l y  i nvo l ve d  i n  t h e  

t h i rd s t age  o f  anaerob i c  d i ge s t i on , a l t h o ugh t h e i r  
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impo r t ance  t o  the  H 2 produc i n g  a c e t o ge n i c s  has  a l re a dy b e e n  

d i s cus s e d . They a r e  t h e  on l y  o rgan i sms  c ap ab l e  o f  u t i l i s i n g  

e l e c t rons  and b reak i ng down a c e t a t e  i n  t h e  ab s en c e  o f  l i gh t , 

o r  o th e r  e l ec t ro n  a c c ep t o r s  such  a s  s u l ph a t e  o r  n i t ra t e. 

I n  the  ab s ence o f  the  methanogens , o rgan i c  a c i d s  from the  

fe rmen t at i ve s t age  of  anae rob i c  d e g r ada t i o n  wou l d  accumu l a t e  

y i e l d in g  a n  ene rgy c o n t e n t  a l mo s t  a s  g r e a t  a s  t h e  i n i t i a l  

o rg an ic  w a s t e  ( B ryant 1 9 7 9 ) . 

The methanogen i c  b ac t e r i a  appe a r  t o  b e  a un i que g ro up o f  

o rgan i sms  w i t h  c ommon ene rgy p roduc i n g  me t ab o l i sms , t h e  

s t o i ch i ome t ry o f  wh ich  i s  p re s e n t e d  b e l ow .  

Energy  Sourc e s  o f  Me thanogen i c  Bac t e r i a  

( A f t e r  Bryant , 1 9 7 9 )  

1 .  A l l s pec 1 e s  

2 .  Many s pe c i e s  

4 HC OO H 0 + H + + 2 

3 .  F ew s pe c i e s  

6G ' - 3 2 . 4  k c a l / mo l . 0 

� C H4 + 3HC0 3 
6G ' = - 3 1 . 2  k c a l /mo l . 0 

C H3C OO + H 2 0 � C H4 + HC0 3 

4 .  One s pec i e s  

6 G� = - 7 . 4  k c a l /mo l . 

6G ' = - 7 5 . 2  k c a l /mo l . 0 

A l l o rg an i sms  s tu d i e d  were  ab l e  t o  us e H 2 t o  reduce  c a rb o n  

d ioxide  t o  me t h ane . A l t hough s ome 7 0  p e r c e n t  o f  the  me t hane 

p roduced  from the  o rgan i c  mat e r i a l  was  d e r ived  from t h e  

me t h y l  group o f  ac e t a t e  (McC a r t y , 1 9 6 4 )  o n l y  a f e w  s pe c i e s  



are  k nown t o  reduce  a c e t a t e  i n  t h i s  way . The s e  i n c l ude 

Met h a n o s a r c i n a  b a r k e r i i. the  o n l y  e xamp l e  to  be  i s o l at e d  

i n  pure  c u l ture  (Mc l n e ry & Bryan t , 1 9 8 1 ) . Th i s  l a t t e r  

3 4  

i s  a l s o  t h e  on l y  o rgan i sm known t o  c o n v e r t  e t hano l t o  me t hane 

d i re c t l y . 

Wo rk  i s  b e i n g  c a r r i ed o u t  t o  fur t h e r  e l uc ida t e  the me t ab o l i sm 

o f  the  me t hanogen i c  b ac t e r i a . The  c o n t r i b u t i o n  o f  e ach o f  

the  o rgan i c  ac i d  i n t e rme d i at e s  has  r e c en t l y  b e e n  rep o r t e d  

(Mac k i e  & B ryan t , 1 9 8 1 ) . A l t hough the  a c i d s  o f  C 3 a n d  g re a t e r  

a r e  conve r t ed t o  m e t hane v i a  ace t a t e  i t  w a s  found from 

rad i o ac t ive t r a c e r  s t ud i e s  that  prop i on a t e  and b u t y r a t e  

re s pec t i ve l y  cont r ib u t ed 1 3  t o  1 7  and 7 t o  9 p e r c e n t  o f  t h e  

methane . 

The y i e l d  o f  me th ane has  b een pred ict ed s t o i c h i ome t r ic a l l y  

from a know l edge o f  t h e  chem i c a l  c ompo s i t i o ns  o f  t h e  s ub s t ra t e . 

( e qua t i on 2 . 8 ) . 

a b C H 0 + ( n - - - -) H 0 n a b 4 2 2 
( � - a 

2 8 ( 2 . 8 ) 

( Buswe l l  & Mue l l e r , 1 95 2 )  

I n  was t e  t re a tme n t  s i t uat i o n s  whe r e  the  s ub s t ra t e  i s  n o t  a 

pure  compoun d , the  t h e o re t i c a l  max i mum me t h ane y i e l d  i s  

0 . 3 5 m 3 p e r  k i l og ram o f  COD  o f  u l t i m a t e  BOD s t ab i l i s e d . 

(Mc C a r t y ,  1 9 6 4 ) . 

I n  s ummary i t  i s  n o t e d  t h a t  ana e r ob i c  d i ge s t i o n  i nvo l ve s  a 

c omp l ex i n t e rac t i o n  b e tween  t h r e e  g roups  o f  o rg a n i sms  n ame l y ; 

( 1 )  the  fe rmen t a t i ve o rg a n i sms wh i c h  d e g rade comp l ex 

mo l ec u l e s  t o  s imp l e r  compounds ma i n l y  pyruva t e , 

organ i c  ac i d s , hyd r o g e n  and carbon  d i ox i de ; 

( 2 )  an a c e t ogen i c  hyd rogen  p ro duc i n g  group wh i ch 

degrade h i gh e r  o r g an i c  ac i d s ,  l ac t a t e , e thano l and 

perhaps  o t h e r  c ompounds to a c e t a t e  and hydroge n , 

( 3 )  a me thanogenic g roup a l l o f  wh i c h  r educe  c arbon  

d i ox ide  t o  m e t h an e , a few  r educe  a c e t a t e  and  one  
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s p e c i e s  reduc e s  e th an o l  t o  me t h ane . 

The me t ab o l i c a c t i v i t i e s  o f  t he l a t t e r  two groups  i s  l arge l y  

unknown and i s o l a t i o n  o f  pure  c u l t u r e s  o f  t h e  o rg an i sm s  i s  

d i f f i c u l t .  Hydro g e n  concen t r a t i o n  pl ays  a n  e s s e n t i a l  ro l e  

i n  ove r a l l c o nve r s i o n  o f  o rg an i c  m a t e r i a l  t o  met hane . I t s  

c o n c e n t r a t i o n  mus t  b e  k e p t  a t  an ext reme l y  l ow l eve l t o  

a l l ow t h e  a c e t o ge n i c  o rgan i sms t o  h ave favourab l e  

t h e rmodynam i c s  fo r t h e i r  c a t ab o l i sm o f  s ub s tr a t e s . 

2 . 3 . 2  Anae rob i c  P r oc e s s  De s i gn s  

The re a re s ev e r a l  d e s i gn s  o f  anaerob i c  p r o c e s s e s  b a s e d  on  

t h e  k i nd of  reac t o r  u s e d . Th e s e  are ; 

( 1 ) the  anae rob i c  d i g e s t e r  wh i c h  is a s t i r re d  t ank  r e a c t o r ; 

( 2 )  c on t ac t  d i ge s t e rs a l s o  known a s  anaerob i c  ac t i va t e d  

s l udge  reac t o r s  wh i c h compr i s e  a reac t i on ve s s e l  and a 

c e l l  s e p a ra t i o n  pha s e  fo r b i oma s s  r e c yc l e , and , 

( 3 )  t h e  anae rob i c  f i l t e r  wh i ch i s  s im i l ar t o  t h e  ae rob i c  

t r i c k l i n g  f i l t e r . 

Mo re  r e c en t l y  a fou r t h  c o n f i gu ra t i on h as b ee n  t r i ed , t h a t  o f  

a f l u i d i s e d  b ed o f  i ne r t  mat e r i a l  a t t ached  t o  wh i c h  i s  

t h e  anae rob i c  d i ge s t i on b ioma s s . F i gure  2 . 5 i l l us t r a t e s  

s chemat i c a l l y  t he t y p e s  o f  anae rob i c  d i ge s t i o n  r e ac t o r s . 

Conve n t i on a l  s y s t e m s  u s ua l l y  c omp r i s ed c i rc u l a r  conc r e t e  

t a n k s  w i t h  f i xed o r  f l o a t ing  cove rs . F e e d  was  o n  a c o n ­

t inuous  o r  i n t e rm i t t an t  b as i s  and re t e n t i o n  t ime s o f  3 0  t o  

6 0  days we re  c ommo n . Thes e f i r s t  anae rob i c  d i g e s t e r s  w e r e  

unm ixed  a n d  unh e a t e d  a n d  c o n s equent l y  were  very  i ne f f i c i e n t . 

M i x i n g , e i th e r  mechan i c a l l y  o r  b y  gas  o r  c o n t e n t s  r e c i rc u ­

l at i on , and h e a t i n g  b y  ext e rn a l  o r  i n te r n a l  h e a t  exchangers  

l ead t o  reduced  r e t en t i on t imes  of  10  t o  20  days  and the  

p r e s e n t  g e n e r a t i o n  of  s o - ca l l e d  h i gh - ra t e  d i g e s t e rs . 

A l t hough anaerob i c  d i g e s t e r s  f in d  mo s t  app l i c at i on s  i n  t h e  

t re a tmen t  o f  p r imary s ewage  s l ud g e s  wh i c h  are  s t ab i l i s e d  i n  

app ro x ima t e l y  1 5  d .  a t  3 0  t o  3 5 °C ,  s ome o th e r  was t e s  a r e  

amen ab l e  t o  s uc h  t re a tment, s uc h  a s  s e c o ndary  s ewage s l udge s , 
and s ome  i ndus t r i a l  was t e s

-
( G r ady & L im ,  1 9 8 0 ) .  
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F I GURE 2 . 5 :  Schema t i c d i a g ram o f  s ome anae rob i c  
wa s t e t re a tmen t  c o n f i gur a t i o n s . 



---------------

3 7  

The g a s e s  p roduce d  b y  anae rob i c  d i g e s t e r s  a r e  gene r a l l y  

b urnt  t o  p roduce he a t i n g  fo r the  d i ge s t e r  and feed_ma t e r i a l , 

powe r fo r a t rea tment  fac i l i t y , o r  ve n t e d . 

The anaerob i c  con t a c t  pro c e s s was  d e ve l oped  i n  r e s pon s e  t o  a 

need  t o  ma i n t a i n  a h i gh c o ncen t r a t i o n  o f  a c t ive  b i omas s t o  

t re a t  r e l a t i ve l y  d i l u t e  was t e  s t reams . Th i s  c o n f i gu ra t i on 

i s  ana l o go u s  t o  the  a c t ivated  s l udge p r o c e s s  and was  f i r s t  

app l ied  t o  the  t re a tment  o f  meat  p ac k i n g  wa s t e s  ( Sc h r o e p f e r  e t  a l � 

1 9 5 5 ) . Such a was t e  s t r e am i s  re l a t ive l y  d i l ut e  comp a red 

to s ewage  s l udge s and hydrau l i c r e t e n t i on t ime s of the o rde r 

o f  1 2  h o u r s  a re pos s i b l e  us i n g  th i s  p roc e s s . The ma i n  

d i s advan t a ge o f  t h i s  s y s tem  i s  as s o c i a t ed w i t h s o l i d s  s e p ­

a r a t i o n fo r recyc l e , requ i r i ng d e g a s i f i c a t ion  o f  the  s l udge 

and/ o r  the u s e  of chem i c a l  f l o c cu l an t s  e s pe c i a l l y in the  

t re a t me n t  of  s o l ub l e  wa s t e s  and  t he requi remen t fo r 

e x t e rna l he a t i n g s i nce the  d i l u t e  was t e s  g e n e r a t e  i n s u ff i c i en t  

me t hane t o  ma i n t a i n  the  3 5 °C ope r a t i n g  t empe r a t ure . A l though 

t h i s  p r o c e s s  has b een  app l ied  to s ome i ndus t r i a l  was t e s  i t s  

a c c e p t anc e has  b een  l im i t e d  even t hough i t  i s  mo re  e conom i c a l  

t h an a c t i v a t e d  s l udge  t re a tment ( P f fe fe r , 1 9 7 9 ) . 

I n  o rd e r  t o  ove r come the  p rob l ems a s s o c i at e d  w i th s o l i d s  

r e c o ve r y o f  t h e  anae rob i c  cont ac t p ro c e s s ,  two d i g e s t e r  

c o n f i gu ra t i on s  u t i l i s i n g  a f i xed b i oma s s  h ave b een  deve l oped . 

Th e s e  a re t he anaerob i c  expanded b e d  reac t o r  and the  

anaerob i c  f i l t e r . B o t h  s y s t ems emp l o y  an inert  s uppo r t  

med i um t o  wh ich  t h e  b i oma s s  adh e re s the reby  e l i m i n a t i n g  the  

n e e d  fo r s o l i d s  r e cyc l e  and  a l l ow in g  the  wa s t e  wa t e r  to  p a s s 

t hrough the  s y s t em a t  sho r t  r e t en t i o n  t ime s . 

The  expanded b ed reac t o r  u t i l i s e s  a b i omas s a t t ached  t o  a 

g r anu l a r  s upp o r t  wh i c h  i s  f l u i d i s ed i n  o p e ra t i o n  the r e b y  p r o ­

v i d i ng a l arge  s u r face  a r e a  and rap i d  t reatment  o f  the  w a s t e  

(Je r i s e t  a l � 1 9 7 7 ) . The  s ys t em has  b e e n  u s e d  t o  t re a t  

d i l u t e  was t e  wat e r s  o f  l e s s  t han  6 0 0  m g  COD/ £ ( Sw i t z e nb aum , 

1 9 7 8 )  a t  r e t e nt io n  t imes  o f  s eve r a l  hours  and n e a r  amb i e n t  

t empe r a t u r e . Th i s  w o r k  l e d  t o  t h e  po s s ib i l i ty o f  u s i n g  

t h e  p ro c e s s  fo r t h e  t reatment  o f  dome s t i c  s ewage  w i t h o u t  
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th e  n e e d  fo r the  c o s t l y a e r a t i on o f  conve n t i o n a l  aerob i c  

s y s t ems . I t  has  a l s o  b e e n  app l i ed t o  the  t re a tmen t  o f  

med i um s t re n g t h  i ndus t r i a l  was t e s  o f  up t o  5 0 0 0  m g  COD/ � 

a t  re t e n t i on t ime s o f  2 . 6  t o  9 . 3  h ( Boen i ng & Lars en , 1 9 8 1 )  

A l t hough h av i ng low  o p e ra t i n g  c o s t s , the  expanded b e d  p ro c ­

e s s  i s  e x t reme l y  s en s i t i ve t o  var i a t i ons  i n  f l ow r a t e  hence  

r e qu i r in g  a cont i nuous feed  and cons t a n t  mon i t o r i ng . 

The anae rob i c  f i l t e r  o n  the  o the r hand i s  the  s imp l e s t  o f  

t he anae rob i c  d i ge s t e r s , c omp r i s i n g  s imp l y  a packed  bed  o f  

suppo rt  med ium i n  a c y l ind r i c a l  ve s s e l  and pump i n g  t o  pas s  

the  wa s t e  wa t e r  up through i t . I t s  e a s e  o f  o p e r a t i o n  and 

ve r y  l ow ope ra t i ng co s t s  ( P f fc fe r , 1 9 7 9 )  and r e l a t ive  

i mmun i t y to  shock  l o ad i n g ( J e nne t t  & D e nn i s , 1 9 7 5 ; Jenn e t t  

d e  Wa l l e ,  1 9 7 6 )  and i n t �rup t ions  in  feed  r a t e  (Tay l o r  & 

Burm , 1 9 7 5 ) , i nd i c a t e  i t s  p o t e n t i a l  e f f i c a c y  in the  pre ­

t r e a t m e n t  o f  a h i gh s t re n g t h  i ndus t r i a l  wa s t e , l ow in sus ­

p e n d e d  s o l i ds s uch a s  ye a s t  p l a n t  e f f l ue n t . 

2 . 4  The Anaerob i c  F i l t e r  

The u s e  o f  a n  i n e r t  s uppo r t  med i um t o  m a i n t a i n  a h i gh c o n ­

c e n t r a t i o n  o f  b i omas s i n  an anae rob i c  d i ge s t o r  w i thout  

washout  a t  h i gh hydr au l i c  l o ad i n g s , was  i n i t i a t e d  s eve r a l  

decades  ago . Th e add i t i on o f  a s b e s t o s  f i b r e s  t o  a d i g e s t e r  

t re a t i ng d a i ry p l an t  e ff l uen t s  w a s  repo r t ed b y  Buswe l l ,  

1 9 3 6 . The  u s e  o f  a packed  b e d  c o n f i gura t i o n  o c c u r r e d  s ome 

2 5  y e a r s  l a t e r  w i t h  t he de s c r ip t i o n  o f  an  up f l ow p e r c o l a t i n g  

f i l te r ( D ewe s , 1 9 6 0 ) . Th i s  l a t t e r  s ys t em w a s  u s e d  t o  

anae rob i c a l l y  t r e a t  s eve r a l  i ndus t r i al e ff l uen t s  i n c l ud in g  

t h o s e  a r i s ing  from the  p r o c e s s i ng o f  da i ry p roduc t s , and 

t h e  p roduc t ion  o f  wood pu l p  and c i t r i c  a c i d . Ac i d  fe rmen ­

t a t i o n  i n  the  f i l t e r  had a ' rap i d  p ur i fy in g  e ffe c t ' o n  the  

was t e  wat e r s  and r e s i du a l  i mpur i t i e s  could  b e  removed by  

chem i c a l  t re a tmen t . The  ground- b re a k i n g  w o r k  o n  an  

anae rob i c  d i g e s t e r  c on f i gu r a t i o n  wh ich  had m i n im a l  mai nt e ­

nance  r e q u i rement s  and s ludge hand l i n g  prob l ems , and had  the  

p o t en t i a l  t o  operate  a t  n e a r  amb i e n t  t empe rature s , w a s  

c a r r i ed out  b y  Young a n d  McC a r ty ( 1 9 6 7 ) . 
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f-o l l ow i ng t h e  i n i t i a l  s tudy , the anae rob i c  f i l t e r  has  

been  app l i ed t o  the  t re a tmen t  o f  a va r ie t y  o f  wa s t e s t r e ams  

b o th s yn t h e t i c ( P l umme r e t  a l �  1 9 6 8 ; Mue l l e r  & Manc i n i , 

1 9 7 5 ; Kahn & S idd i gi , 1 9 7 6 ) , and r e a l . The s e  l a t t e r  

i n c l uded  t he was t e  w a t e r s  a r i s i n g  from indus t r i a l  a c t iv i t i e s  

o f  : pharmac eut i c a l  compan i e s  ( J cnne t t  & D e nn i s , 1 9 7 5 ; 

Se e l e r  & J enne t t , 1 9 7 8 ; Sachs  e t  a l �  1 9 7 8 ) ; a 

t anne r y  (Arora  e t  a l �  1 9 7 5 ) ; a b rewe r y  ( Fo r e e  & Lo van , 

1 9 7 1 ,  1 9 7 2 ) ; the  p e t rochem i c a l  i ndus t r y  ( Hovi ous  e t  a l �  1 9 7 1 )  

s he l l f i s h p r o c e s s i n g  ( Huds o n  e t  a l �  1 9 7 8 )  and m i l k  p ro ce s s ­

i n g  ( Pe t c r s o n , 1 9 7 5 ) . I n  as s o c i a t ion  w i t h  dome s t i c was t e s  

t re a tment, t h e  anae rob ic  f i l t e r  h a s  b e e n  app l i ed t o  t h e  t re a t ­

ment  o f  was t e  a c t ivated  s l udge  ( l ! aug  e t  a l �  1 9 7 7 )  from 

s ewage  t re a tment ,  the  l e a chate from s an i t a ry  l and f i l l  s i t e s  

(de  Wa l l c G Ch i an , 1 9 7 7 ; Johanson  & C a r l s o n , 1 9 7 6 ) , and r aw 

s ewage  ( G c n u n g  e t  a l �  1 9 7 9 ) . 

W i t h remova l o f  o rgan i c  ma t e r i a l  as  a s e con d ar y c o n c e r n , 

t h e  anae rob i c  f i l t e r  has  b e e n  u t i l i s ed  i n  the  den i t r i f i c a t i on 

o f  was t e  wat e r s  ( S t  Aman t & McC a r ty , 1 9 6 9 ; Tamb l yn & Swo r d  

1 9 6 9 ;  Ande r s o n  & I b r ah im , 1 9 7 8 )  a n d  t o  r e covery  o f  ammo n i a  

( T ru l s s on , 1 9 7 9 ) . 

2 . 4 . 1  F i l t e r  D e s i gn 

The de s i gn o f  the  anae rob i c  f i l t e r s  u s e d  i n  mo s t  s t ud i e s  

h a s  fo l l owed  t h e  p a t t e rn o f  t ho s e  u s e d  i n  t h e  f i r s t  s tudy 

b y  Young & Mc C a r ty , ( 1 9 67 ) . Expe r imen t a l  un i t s  are  c y l i nde r s  

o f  a h i gh a s p e c t  ra t i o , moun t e d  ve r t i c a l l y  a n d  f e d  from t he 

b o t t om . P ac k i n g  mat e r i a l  has  var i e d  i n  b o th c ompo s i t i o n  and 

p ac k i n g  dens i ty . Ro c k  f i l l i n g s  g i ve r i s e  to  vo i d  r a t i o s  

o f  t he o rd e r  o f  0 . 4 5 ( Young & Mc C a r ty , 1 9 6 7 ; Jenne t t  & 
D e nn i s , 1 9 7 5 ; Sachs  e t  a l �  1 9 7 8 ; Hob s o n  e t  a l �  1 9 7 8 ) . Vo i d  

r a t i o s  o f  0 . 9 5 and gre a t e r  have b e e n  ach i e ve d  w i t h  t h e  u s e  

o f  p l a s t i c  s uppo r t  med i a  o f  s im i l ar t y p e  t o  ae rob i c  t r i c k l i n g  

f i l t e r  med i um . I n  a dd i t i o n  s ome nove l p a c k i ng m a t e r i a l s  

have b e e n  u s e d  s uc h  a s  oys t e r  s he l l s  (Hud s o n  e t  a l , 1 9 7 8 ) . 

Mod i f i c a t i on s  t o  t h i s  b a s i c  de s i gn h ave b e e n  made i n  s eve r a l  

s tudi e s . Mu l t ip l e  f i l t e r  un i t s  i n  s e r i e s  h ave b e e n  
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s ucc e s s fu l l y  u s ed t o  e x t end f i l t e r  capac i ty ( E l - Sha f i e  

& B l oodgood , 1 9 7 3 ) . An a t t emp t made t o  s e p a ra t e  t h e  a c i d  

forma t i on and rne t hano gen i c  s t ag e s  b y  us i n g  a n  ac i d i c  s t i rr e d  

t an k  reac t o r  fo l l owed by  an anae rob i c  f i l t e r rne t w i th o n l y  

l im i t e d  s uc c e s s ( No rman & Fros t e l l ,  1 9 7 7 ) . Re p l acement  

of  an en  t r aprnen t rned i  urn  b y  l on g  n a r row t ub e  s J  the  ins  i de s  

o f  wh i c h  comp r i s e  t h e  s uppo r t  s u r fac� has  a l s o  b e e n  r e p o r t ed 

( vaP den B e r g  & L e n t z , 1 9 8 0 ) . 

The s c a l e  o f  mo s t  anae rob i c  f i l t e r  s t ud i e s  has  b e e n  l im i t e d  

t o  l ab o r a t o ry o r  b ench  s i z e  un i t s . Howeve r , a t  l e a s t  two 

c omme rc i a l s c a l e  un i t s  have been comm i s s i on e d  ( T ay l o r  & 
Burrn , 1 9 7 5 ; W i t t  e t  a l , 1 9 7 9 ) . 

2 . 4 . 2  Ope rat i o n a l  Cond i t i o ns  

S t e ady s t a t e  o p e r a t i onal  data  from t h e  l i t e ra ture  is  p r e s e n -

ted  1 n  Tab l e  2 .  6 .  T h e  pr i n c i p a l i nput  p a rame t e r s  

a re t h e  i n f l ue n t  s ub s t ra t e  conce n t rat i o n  and t h e  hydraul i c  

re t en t i on t ime , t h e  l a t t e r  b a s e d  o n  i n i t i a l  f i l t e r  vo i d  

vo l ume . T o g e t he r t he s e  p arame t e rs a re us ed t o  de f in e  the  

o rg an i c  l o ad i n g  o n  t h e  s y s tem  i n  t e rm s  of  k g  o rgan i c  mat e r i a l /  
3 m . d .  

I n  F i gure  2 . 6 the  range o f  i n f l u e n t  s ub s t r a t e  concen t ra t i o ns 

and hyd r au l ic re t e n t i on t imes  t e s t e d  are  p r e s e n t e d . The  

l in e s  are  p o i n t s  o f  e qua l o rgan i c  l oa d i n g  r at e . 

A l though  t he max imum s ub s t ra t e  concen t r a t i on s  and hydrau l i c 

re t e n t i o n  t imes  u s e d  are  1 6 0 0 0  rng  COD/ � and 1 0 . 5  d 

r e s pec t i ve l y  ( F i gure 2 . 6 ) , the  b u l k o f  t h e  t r i a l s  have b e e n  

c a r r i ed out  unde r c o nd i t i on s  o f  l e s s  than  6 0 0 0  rn g  C OD / � 

and 5 d  hydrau l i c  r e t en t i o n  t ime . 



TABLE 2 .  6 :  S t eady State Pe r formance D a t a  fo r some Anae rob ic F i l t e r >  

E f f luent  

Inf luent HRT Loading rate COD BOO, Alka l in i t y  VFA pH me thane J 
in 

COD BOO
S 

COD BOO Temp . Removal Removal mg/� mg/� 

kg/m 
3

d 

gas 

mg/R. d oC mg/ �  % mg/ 1. % ( 1 )  ( 2 )  % 
1 500 • 0 . b3 2 38 • 2'5 1 00 92 1 � 5  9 8  4 • 1 5  • 72. 0 
1 �00 • 0 32 4 . 7 6  • 2 5 1 1 0 9 1  5 3 5  97 5 • 22 • 72 0 
1 500 • 0 1 b  9 38 • 2 5  300 79 . 3 225 8 4  3 • 1 4 9 • 72 0 
1 500 • o oa 1 8  7 �  • 25 bOO 3 6 .  7 525 63 2 • 225 • 72 0 
3000 * I .  26 2 38 * 2 5 1 70 9 3 . 4 20 99 . 2 • 1 8  • 72 . 0 
3000 • 0. 63 4 7 6  * 25 280 88 4 1 30 95 . 5 * 78 * 72 . 0 
3000 • 0. 1 6  1 8 . 7 5  * 2 5 8'1 5 63 . 0 705 7 5  4 • 1 B 5 * 72. 0 
1 500 * 0. 63 2 38 * 25 2 0  99 . 4 20 98 7 * * * 12 o 1 Y o u n g  I; ' k C a r t y  ( 1 9 o 7 )  
1 500 • 0. 32 4 ? A  • 25 1 3 5 90 5 1 3 5 90 B * • • 72. 0 
1 50() • 0. 1 6  9 . 38 * 2 5  3 1 0  79 0 3 1 0  7 9 .  4 * • * 72 . 0 
1 500 • 0. 08 1 B  7 5  • 2 5 4 70 68 . 4 4 70 6B. 5 • * • 7'2 . 0 
3000 • I . 26 '2.  38 • 25 3b 98 . 6 36 9B . 6 * • • 7 2 .  0 
3000 • 0. 63 4 7 6  • 25 230 9 2 . 0 230 95 0 • • • 72 . 0 
6000 * 0. 63 9 .  38 • 2 5  1 24 9 7 .  7 1 2 4 9 7 .  8 • • • 72. 0 
6000 • 0 32 18 7 5  • 2 5  772 8b. 9 7 7 2  B 4 .  0 • • • 72 . 0 

546 975 3 . 4 b  1 6 1 0 . 6 1  3 5  • Bb . 0 • • 3760 • • 5 6 .  0 
240:'i 1 548 2 5 0  3 .  79 0 . 4 1  3 5  • b 8 .  0 • • 2790 1 5 4 5  • 5 2 .  o I P l u mme r e t  a L  ( 1 9 o 8 )  
4850 3705 0 . BB 7. 0 1  0 . 5 3 3 5  • 4 5 .  0 • • 2750 '2.460 • 3 7 .  0 
5000 3B90 0. 54 1 0  20 0 . 3 8 3 5  • 3 5 .  0 * * 284 5  3 3 5 5  • 32 0 
1 000 • '2. 00 0 . 22 • 25 4 5  9 5 .  5 * • 270 36 b. 5 • 
1 2 50 • I .  50 0. 37 • 2 5  74 93. 7 • • 538 60 b .  8 • 
1 250 * 1 .  00 0. 5 6  • 2 5  56 9 5 .  3 • • 672 32 7 .  2 • 
4000 • I .  50 1. 1 7  • 2 5  BB 9 7 .  8 • • 896 72 7. 4 • 
400<) • 1 .  00 1 7 6  • 2 5  99 9 7 .  5 • • 463 68 b . 4 ! I J e n n e t t  f, D e n n i s  ( 1 9 7 5 )  
400\l • 0 75 2 :J4 • 2 5  1 97 95.  I • • 372 4 B  6 . 7 
40(J(J • 0 50 3 ��� ... • 2 5  254 93 7 • • 332 1 32 6 7 * 
BOOO • I. 00 3 �;· • * 3 B l  9 5 . � • • 4 1 6  1 02 6 . 7 • 

1 6000 * 2. 00 3 ��' • 2 5  390 97. 6 • • 4 4 6  1 56 6 .  7 • 
1 0000 • 0 . 7 5 1 3  3 0  • 3 0  3300 70 . 3 .. • • • 7 . 0 62 . 0  E l  S h a f i e  f, B l ood9ood  ( 1 9 7 3 )  

6600 1000 1 .  7 5  3 7 9  - L O O 32 • 6 4 .  0 • 57 . 0 • • • • Tay l o r  f, Burm ( 1 9 . 5 )  
2500 • B. 3 0  0 . 30 • 2 5  70 97. 0 • • 5'10 • 6. 9 .� 
2500 • 3. BO 0 6 5  • 2 5  93 96. 0 • • 630 30 b . B 72 . 0  

2500 • 2. 00 1 1 7  • 2 5  1 20 94 . 5 • • 760 30 b. 9 72 . 0 
2 500 • I .  33 1 7':1 • 2 5 1 77 93. 0 • • B80 30 6. 9 70 . 5 
1 2 50 • 0. 67 1 75 • 2 5  1 7 5 86 . 0 • • BOO • 6 . 8 10 . s I 625 • 0. 33 1 7 �  • 2 5  1 70 72 0 • • 730 30 6. 8 70. 5 P e t e r s o n  ( 1 9 7 5 )  
5000 • I .  33 3. 5 0  • 2 5  3 5 5  9 3 . 0 • • 930 30 6 9 70 . 5 
2500 • 0. 6 7 3. 50 • 2 5  3 50 8 6 . 0 • • 890 • 6. 9 70. 5 
1 2 50 * 0 33 3 �0 • 2 5  3 50 7 2 .  0 • • 820 30 6. 9 70. 5 
7 500 • l .  33 5 -, r L J  • 2 5 665 9 1 . 0 • • 1 1 30 • b . 9 b9. 0 

3400 • 4. 30 0. 80 • 3 5 • 9 0 .  0 • • 3000 • • 

.. �] F o r e e  F. L o v a n  ( 1 9 7 2 )  
330 • 1 .  26 0. 26 • • 1 1 5  6 5 .  0 * • • 26 8 .  0 
990 • 1 .  26 0. '/9 • • 1 80 B2. 0 • • .. 39 7. 9 

2640 • l .  26 2. 1 0  • • 327 88. 0 • • • 37 8 .  0 A r o r a  e t  a L  ( 1 9 7 5 )  
4290 • 1 .  26 3. 40 • • 23 1 4  46. 0 • • • 47 7. 9 
56 1 0  • 1 .  2b 4. 4 5  • • 4 1 30 26. 0 • • • 60 8. 2 
9 500 3000 2. 00 4. 7 5  0 . 6 3  32 2300 76. 0 4 50 85. 0 3500 300 7. 1 70. 0 H a ug e t  a l  ( 1 9  7 2 )  � 

f-0 
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2 �00 • 0. 70 3. 57 • 32 • 
2500 • 1 .  90 1 .  32 • 32 • 
2800 • 1 .  �0 1 .  87 • 37 • 
9500 4250 5. 90 1 . 60 0. 72 30 1 330 
9500 4250 5. 00 1 .  90 0 . 8 5  2 5  1 500 
9500 4250 2 . 40 4 . 00 1 .  77 30 950 
9500 4250 1 . 4 0 6. 70 3. 04 30 1 7 5 5  
5260 * 9 . 40 0. 56 • 33 270 
7 1 40 • 1 0 .  50 0. 68 • 33 1 7 0 
5400 • 6 . 60 0. 82 • 33 250 
5500 • 4 .  70 1 .  1 7  • 33 240 
6800 • 3. 10 2. 1 9  • 33 350 
2000 * 1 . 50 0. 56 • 35 500 
6000 * 1 .  50 1 . 67 • 35 4920 
2660 * 1 .  00 2. 26 • • 90 
1 730 • 0. 94 1 .  83 • * 1 0  
26 1 0  • 1 .  02 2. 56 • • 560 
1 360 • 0 . 92 1 .  47 • * 1 3 5 
2 1 1 0 • 0. 33 6. 40 • * 42 2 500 • 0 . 33 7. 50 * * 400 
1 760 • 0 . 34 4 . 92 * * 1 70 

404 • 3. 1 0  0 .  1 5  • * 79 
3 � 7  3 1 0  1 .  60 0 . 2 5  1 .  2 4  * 70 

89 • 0. 33 0. 36 • • 4 3  
404 • 2. 5 1  0 .  1 8  • • 284 
357 3 1 0  1 .  68 0 .  24 1 .  2 9  • 1 58 

89 • 0. 3 5  0 .  3 4  • • 4 3  

* n o  data avai lab le 
( 1 )  as Caco3 
( 2 )  total volatile acida as acetic 

64. 0 • • • • 
76. 0 • • * • 
90. 0 • • • • 
86. 0 1 5 5 96. 3 • • 
8 4 .  2 23 5 94 . 5 • • 
90. 0 90 97 . 9 * * 
8 1 .  ' 475 88 . 8 * * 
9 5 .  0 * * 750 35 
96. 0 • • 775 2 5  
9 5 .  5 • • 550 1 5  
9 5 .  5 • * 430 1 5  95 . 0 • • 330 1 5  
7 5 . 0 • * * * 
1 8 . 0 * • * * 
96 . 5 * • * * 
99. 4 • • * • 
78. 5 • * * * 
99 . 0  * * • * 
9 8 .  0 * • * * 
8 4 . 2 * • * * 
99. 0 * * • * 

* • * 460 * 
• 58 * 460 • 
* • * 26� • 
* • • 460 * 
* 88 • 370 7 
* * • 240 * 

• 

!] * 
• 

7. 4 0  

.. � 
7. 80 87 . 6 
7. 60 86. 3 
7. 90 86. 9 
6 . 9 5  80. 0 
7. 20 70 . 0 
7. 00 • 
7. 00 65. 0 
6 . 80 
7 . 20 :J 7. 20 

* 
* 
* 
* ! I  * 
* 
* 

7. 30 
7. 20 aa . � � 7 .  20 
7. 20 

• 
7. 1 3  

Ho v i u s  e t  a L  ( 1 9 7 1 )  

van Ve 1 s e n  e t  a L  ( 1 9 7 9 )  

No rman & F r o s t e l l  ( 1 9 7 7 )  

Sachs  e t  a L  ( 1 9 7 8 )  

Ande r s o n  & I b r a h i m  ( 1 9 7 8 )  

Hud s o n  e t  a L  ( 1 9 7 8 )  

� 
N 
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The l e ge nd fo r F i g u re 2 . 6 1 s  a s  fo l l ows : 

A Young and McC a r ty ( 1 9 6 7 )  p r o t e i n  and 

c a rb o hydrate  was t e . 

B I b i d  - VFA was t e . 

c P l umme r e t  a l  ( 1 9 6 8 )  

[ )  Jc nne t t  & Denn i s  ( 1 9 7 5 ) 

E E l - Sh a f i e  & B l oodgood ( 1 9 7 3 )  

1 :  Tay l o r  ti Bur m ( 1 9 7 5 ) 

c Pe t e r s o n  ( 1 9 7 5 )  

H r : o rce  & L o v a n  ( 1 9 7 1 )  

A r o r a  e t  a l ( 1 9 7 5 )  

J l la ug  e t  a l  ( 1 9 7 7 )  

K Mo v i ous  e t  a l  ( 1 9 7 1 )  

L van Ve l s e n  e t  a l  ( 1 9 7 9 )  

M Norman & F ro s t e l l ( 1 9 7 7 )  

N Sachs  e t  a l  ( 1 9 7 8 )  

0 Ande r s o n  e t  a l  ( 1 9 7 8 )  

P & Q Huds o n  e t  a l ( 1 9 7 8 )  

I n  t e rms  o f  o rg an i c  l oad i n g  rat e , b a s ed on  t h e  i n i t i a l  vo i d  

vo l ume o f  t h e  f i l t e r s , t h e  po i n t s  ( E )  and ( Q ) i n  &gure  2 . 6 

repre s e n t  r e s pe c t ive l y  t h e  h i gh e s t  l o ad i n g  r a t e  o f  1 8 . 7 5 

k g  COD/m3 d and t he l owe s t  o f  0 . 1 5 k g  COD/ m3d .  I t  i s  

ax i oma t i c  t ha t  any numb e r  o f  comb i n a t i on s  o f  s ub s t ra t e  c o n ­

c e n t r a t i o n  and re t e n t i o n  t ime w i l l  y i e l d  t h e  s ame o r ga n i c  

l o a d i n g  r a t e  and s uc h  are  a l s o  i n d i c a t e d  i n  F i gure  2 .  6 .  

I n  t e rms  o f  t h i s  p a r ame t e r , mo s t  s tud i e s  h ave b e e n  c o n c e n ­

t ra t e d  i n  t h e  r ange  o f  1 . 0  k g  COD/m3 d t o  1 0 . 0  k g  COD/m3d ,  
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wh i c h  i s  i n  t h e  range  gene r a l l y  a s s o c i a t e d  w i th anae rob i c  

d i ge s t i on p r o c e s s e s . 

2 . 4 . 3  Remo v a l  o f  O rgan i c  Ma t e r i a l  

The p e rc e n t age  remova l o f  COD b y  a n  an ae rob i c  f i l t e r  i s  

i l l us t ra t e d  i n  re l a t i on s h i p  t o  t he o rg an i c  l o ad in g  r a t e  1 n  

F i gure  2 . 7 .  A l though  t h e re i s  muc h  s c a t t e r  i n  t h e  d a t a  

t h e re i s  a g e n e r a l  t rend t owards  a l ower  p e rc e n t  r emoval  a t  

h i gh e r  o rgan i c  l o a d i n g  r a t e s . R e g re s s i on l i n e s  c a l cu l a t e d  

fo r e ach  d a t a  s e t  us i n g  the  l ea s t  s quare s c r i t e r i o n  and 

f o r c i ng the  i n t e rc e p t  t h rough the  po i n t  1 0 0  p e r c e n t  COD 

remo va l at  z e ro o rgan i c  l o ad i n g  r a t e  have b e e n  d r awn i n  o n  

F i gure  2 . 7 . The s t a t i s t i c a l  s i gn i f i c ance  o f  e a c h  l i ne  i s  

p re s en t ed i n  1ab l e  2 . 7 . The d a t a  s e t s  om i t t ed from Tab l e  

2 . 7  a re s o  b e c au s e  o f  i n s u f f i c i e n t  d a t a  po i n t s  t o  comp u t e  

the  re gre s s i o n  l i ne . 

Good  c o r r e l a t i o n  b e tween p e rc e n t  COD  moved and  o rgan i c  l o ad ­

i n g  r a t e  we re  ob s e rved fo r a pro t e i n / c arbohydr a t e  was t e  

( Young & Mc C a r ty , 1 9 6 7 ) , and a s he l l f i s h  p ro c e s s i n g  was t e  

( Hud s on e t  a l , 1 9 7 8 ) . S omewha t  l e s s  we l l  c o r r e l a t e d  d a t a  

was  ob s e rved fo r the  t an n e ry wa s t e ( A r o r a  e t  a l ,  1 9 7 5 ) , t he 

p ro t e i n / c a rb o hyd rat e was t e  o f  No rman & F ro s t e l l  ( 1 9 7 7 )  and  

t h e  s he l l f i s h  proc e s s i ng was t e  wat e r  t re a t ed w i th a r o c k ­

f i l l ed anae rob i c  f i l t e r  ( H ud s o n  e t  a l , 1 9 7 8 ) . Howeve r ,  t h e  

d e g r e e  o f  t r e atmen t p e r fo rman c e  s e emed n o t  o n l y  depende n t  o n  

t h e  t ype  o f  was t e  t re a t e d  but  o n  t h e  p ar t i c u l a r  s y s t em u s e d  

b y  e ach  s tudy , as  shown by t h e  d i f fe re n c e  be twe e n  the  protein/ 

c a rbohydrate  was t e  p e r fo rmanc e s  o f  Young & McC a r t y ( 1 9 6 7 )  

and No rman & F r o s t e 1 1  ( 1 9 7 7 ) . These had s lopes of  - 1 . 857 and 

- 3 . 2 4 0  ( %  COD / k g  COD/m3 d )  re s pe c t i ve l y . C:mverse1y there was s imilari 

b e tw e e n  t h e  p e r fo rmance f i gures  fo r b o t h  t h e  p ro t e i n /  

c a rb ohyd r a t e  and vo l a t i l e  ac i d  was t e s  t re a t ed o n  t h e  s ame 

f i l t e r s  by Young & McCa r t y ( 1 9 6 7 ) . 
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TABL E  2 . 7  D e t a i l s  o f  Regre s s i o n  L i n e s  i n  F i gure 2 . 7 .  

S l op e  Coe ff i c i e n t  o f  Da t a  ( % COD ( R ) ) ( r
2

) Was t e - t ype S e t  k g  COD/m3d de t e rm i na t i on 

A - 1 . 8 5 7  0 . 9 7 1  p ro t e i n / c a rb ohydra t e  

B - 1 . 2 0 5  0 . 7 8 9  vo l a t i l e  a c i d  

D - 1 . 2 2 5  0 . 4 4 1  ph armac e u t i c a l  

G - 4 . 1 3 6 0 . 6 0 3  m i l k  

I - 1 5 . 3 7 0 . 8 5 9  t anne ry 

L - 3 .  2 2 0 .  7 8 6  c a l f man u r e  

M - 3 . 2 4 0  0 . 8 0 8  p r o t e i n / carbohyd r a t e  

0 - 1 . 8 6 5  0 . 5 2 2  N0 3 - N / b rewery  

r - 1 1 7 . 6  0 . 9 5 6  Sh e l l f i s h  proce s s i n g  

� - 1 9 3 . 1  0 . 8 3 0  Sh e l l f i s h p r o ce s s i n g  

1 o y s t e r  sh e l l  f i l t e r  p ac k i ng 

2 r o c k  f i l t e r  p a c k i n g  

1 

2 

) 

S ou r c e  

j Young & Mc C a r t y  ( 1 9 6 7 )  

) Young & McC a r t Y ( 1 9 6 7 )  

Jenne t t  & Denn i s , ( 1 9 7 5 )  

P e t e r s on ( 1 9 7 5 )  

Arora  e t  al ( 1 9 7 5 )  

van  Ve l s en  e t  al  ( 1 9 7 9 )  

No rman & F r o s t e l l  ( 1 9 7 7 ) 

Ande r s on e t  al ( 1 9 7 8 )  

) Hud s o n  et al ( 1 9 7 8 )  
) 

� 
-....] 
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The ava i l ab l e  BOD 5 d a t a  (T ab l e  2 . 6 ) i nd i c a t ed s im i l ar t rends  

to  COD  data  ( F i gu r e  2 . 8 ) . 

The i n i t i a l anae rob i c  f i l t e r  inve s t i ga t i on ( Young & M c C a r ty , 

1 9 6 7 )  was  u s e d  t o  deve l o p  a mathema t i cal mode l i n c o rp o ra t i n g  

b i o l o g i c a l growt h , s o l i d s  t ran s p o r t , d i ffus i on a l  r e s i s t an c e  

o f  t h e  b i o f i l m  a n d  n on - s t e ady s t a t e  s o l i d s  bu i l d - up . Th i s  

mode l was  c o n s i d e red  t o o  c omp l ex fo r anal ys i s  o r  des i gn 

(Mue l l e r  & Manc i n i , 1 9 7 5 ) .  A s imp l e  equa t i o n  t o  pred i c t  t he 

remova l  o f  s o l ub l e  u l t i ma t e  BOD was  a l s o  p r e s e n t ed ( Young 

& M c C a r ty ,  1 9 7 5 )  

where  

E 1 0 0  ( 1 -i-) 

E = % u l t ima t e  BOD  remov a l  

t = hydrau l i c  de t en t i on t ime 

E = a s y s t em c o n s t an t  

( 2 .  9 )  

F o r  t he s y s t em s t ud i ed , a t  2 5 °C t h e  v a l ue o f  E w a s  found t o  

b e  1 . 8  h .  F i gure  2 . 9  i s  a p l o t  o f  ob s e rved COD remova l s  a s  

a fun c t i on o f  hyd rau l i c  re t en t i on t ime  f o r  an a e rob i c  f i l t e r  

s t ud i e s ( T 3 b l e  2 .  6 )  and s up e r i m p o s e d  i s  equa t i on 2 .  �l . Th i s  

m a y  b e s e en  a s a m j d r �� n g c o f v e r y s c :.� t t e red d a t a p o i n t s . 
L ower  removal s t h an t h o s e  p r e d i c t e d b y  equa t i o n Z . � l w e r e  

c on s i d e r e d  t o  b e  d u e  t o  t h e  n a t u r e  o f  t h e  wa s t e  o r  t o  h i gh 

s o l i d s  c a rr yove r ( Mu c l l e r  & Manc i n i , 1 9 7 5 ) . 

A k in e t i c s t udy o f  t h e  anae rob i c  f i l t e r  ( Mu e l l e r  & Man c i n i , 

1 9 7 5 )  c on c l ud e d  t h a t  a c omp l e x m o d e l  emp l o y i n g M i c h a e l i s  

k i n e t i c s , a pH i nh i b i t i on fu n c t j o n and s e para t e  o r g u n i s m 

fra c t i on s but  n e g l e c t i n g  s o l i ds t ran s port  and b i o f i l m  

d i ffus i on s imu l a t ed t h e  s t eady s t a t e  data . Bu t a s i mp l e  

mode l emp l oy i n g  f i r s t  o r d e r  k i ne t i c s  approx i ma t e s  t h e  pe r ­

fo rman c e  and was  more  rea d i l y  u s e ab l e  fo r s y s t em d e s i gn and 

an a l y s i s . I t  mus t  be n o t ed t h a t  the fo rme r mode l was b a s ed 

on an a s s ump t i on t h a t  t h e  o r g an i c  c arbon  was  c onve r t ed t o  

methan e  i n  two  s t a g e s  by c onve r s i on t o  vo l a t i l e  a c i d s  t h en c e  

t o  m e t h an e , wh i ch i s  now n o t  i n  favou r . 
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The app l i c a t i o n  o f  f i r s t  o r d e r  k in e t i c s  t o  t h e  d a t a  i n  T ab l e  

2 . 6  has  b e e n  c a r r i ed o u t  a s  fo l l ow s  : 

F rom Q. n  S 
s

o - k t ( 2 . 1 0 )  

whe r e  S = f i n a l  s ub s t r a t e  c o n c e n t r a t ion  (mg/ £ )  

S
0 

= i n i t i a l  sub s t r a t e  c o nc e n t r a t i o n  ( mg / Q. )  

k f i r s t  o rd e r  r a t e  c on s t an t  ( d - 1 ) 

t = r e t e n t i on t ime ( d )  

i t  fo l l ows t h a t  

a n d  s i n c e  

O L R  

s 
s 

0 
s 0 

t h e 

s 
= 0 

t 

o rg a n ic 

( ��) � . 

l o a d i n g 

( 2 . 1 1 )  

r a t e  l S  de f i n e d  a s  

( 2 . 1 2 )  

w h e re  t t s  t h e  r e t e n t i o n  t i me b a s e d o n  i n i t i ;:ll vo i d  vo l ume , 

t h e n  from equa t i o n  2 . 1 1 :  

s 
0 

and a p l o t  o f  

= OLR  
- I(  

( 2  . 1 3 )  

aga i n s t O L R  s h o u l d  b e  l i n e a r  w i th s l ope  

F i gu re 2 . 1 0 i s  t he p l o t  o f  equ a t ion  2 . 1 3 fo r the  d a t a  1 n  
·rab l e 2 . 6 ,  a n d  T�b l e  2 . 8  g i ve s  v a l u e s  o f  k c a l cu l a t e d  from 

l i n e a r  regre s s i o n  t ime s . 
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TAB L E  2 . 8 :  F i r s t  O rd e r  K i n e t i c  C on s t a n t s  f o r Remo v a l o f  C O D  b y  A n a e r o h i c  i = i ] t c r s 

D a t a  
S e t  

A 

B 

D 

G 

I 

L 

M 

0 

p 
Q 

k ( d - 1 ) C o e f f i c i e n t  o f  

X 1 0 6 d e t e rm -i n a t i o n 

8 . 7 9 5  0 . 8 7 8  

8 . 2 4 5  O . H b 8  
1 .  4 5 0 . 8 0 5 

2 . 0 9 0 . 9 0 6  
0 . 3 3 7  0 . 8 :i 4  

0 . 9 3 5  0 . 7 7 8  

0 . 7 0 5  0 . 8 4 2  

5 . 5 5 0 .  6 7 5 

1 . 5 8  0 . 6 9 3  

0 . 5 8 2  0 . 3 9 9  

NOTES  

1 p r o t e i n / c a rb o h y d r a t e  w a s t e  
2 vo l a t i l e  a c i d  wa s t e 
3 o y s t e r  s h e l l p a c k i n g 
4 r o c k  pack i n g  

( r 2 ) 
S o u r c e  

1 ) Y o u n g  & �1 c C a r t y  ( 1 9 6 7 )  
7 ) l. 

Y o u n g � �lc C a r t y ( 1 9 6 7 )  

. J c n n e t t  & D e n n i s  ( 1 9 7 5 )  

P e t e r s o n  ( 1 9 7 5 )  

A r o r a  e t  a l  ( 1 9 7 5 )  

v :1 n  V e l s c n  e t  a l  ( 1 9 7 9 )  

N o r m a n  f1 F r o s t e l l  ( 1 9 7 7 )  

An d e r s o n  e t  a l  ( 1 9 7 8 )  

3 ) 
4 ) H u d s o n  e t  a l  ( 1 9 7 9 )  

tJ1 
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s s  

The re i s  a greater range  i n  r a t e s  b e twe e n  t h e  d i f f e r e n t  f i  1 t e r  

s y s t ems r a t h � r  than  b e twe e n  was t e  type s a s  wou l d  b e  expe c t ed . 

F o r  i n s t ance  t h e  d i ffe rent  was t e s  t re a t e d  i n  one  s t udy b y  

the  s ame f i l t e r  ( Young  & McC a r t y  1 9 6 7 )  s h owed v e ry s i m i l a r r a t e  

c on s t an t s  fo r b o t h  pro t e i n / c a rb ohydra t e  was t e s  and a 
- 6  - 1 vo l a t i l e a c i d  one , 8 .  7 9 S  and 8 . 2 4 S  x 1 0  cl r e s p e c t ive l y .  

Wh e re a s  i n  ano the r s t udy ( No rman & F ro s t e l l , 1 9 7 7 )  t re a t me n t  

o f  a p r o t e i n - c a rbohyd r a t e  was t e  y i e l de d  a r a t e  c o n s t an t  

sma l l e r  b y more than  a n  o rde r o f  magn i t ude . 

A l t h ough the  o r g a n i c  l o ad i n g  ra t e  i s  comp r i s e d  o f  b o t h  t h e  

i n f l ue n t  s ub s t ra t e  c o n c e n t rat i on a n d  t h e  hydrau l i c r e t e n t i on 

t i me i t  i s  n o t  pos s i b l e  t o  de t e rm i ne t h e  e ffe c t s  o f  e a ch  

pa rame t e r  from t h e da t a  in  the  l i t e ra t ure . I t  has  b e e n  n o t e d  

th �t t C O D  r e mo v a l s  a r c  h i ghe r a t  l on g e r  hyd r au l i c  r e t e n t i o n  

t i me s regard l e s s  o f  t h e  sub s t ra t e  concen t r a t i o n , p r e s umab l y  

clue t o  a b e t t e r  b a l a n c e  b e t w e e n  t h e  fc rmen t a t i ve and 

m c t h a n o g c n i c  ph a s e s  o f  d i ge s t i o n . A l s o  a t  l o n g e r  re t en t i on 

t i me s t here  w i l l  be  l e s s  washout  o f  free  s w imm i ng b a c t e r i a  

(Mo s c y , 1 9  7 8 )  . 

F rom t h r e e  s tud i e s  ( Yo un g  & McC a r ty , 1 9 6 7 ; Jcnne t t  & Denn i s , 

1 9 7 S ; Pe t e r s o n , 1 9 7 5 )  da t a  a t  cons t a n t  o rgan i c  l o ad i n g  r a t e s  

we re g a t h e r e d  for d i f fe re n t  hydrau l i c  r e t en t i on t ime - i n f l ue n t  

s ub s t r a t e  concen t r a t i o n  c omb i n a t i o n s . T h e  l a t t e r  t w o  s tud i e s  

no t e d  t h a t , a t  organ i c  l o ad i ng r a t e s  o f  3 . 5 2 k g  COD/m
3 d and  

a t  1 . 7 S and 3 . 5 0 k g  COD/m3 d ,  t h e  h i gh e r  p e r c e n t ag e  remov a l s  

o f  COD were  favoured b y  l onge r hydrau l i c  r e t e n t i o n  t i me and  

h i gh e r  i n f l ue n t  s ub s t ra t e  c o n c e n t r a t i o n . Young & Mc C a rty 

( 1 9 6 7 )  ob s e rved t h a t  ove r  a s im i l ar range of 2 . 3 8 to 4 . 7 6 

k g  COD/m3 d ,  the  p e r c e n t age  C O D  removed was almost constan t  although 

s l i gh t l y  h i ghe r for  t h e  l on ge r  r e t en t i o n  t ime - h i gh e r  

s ub s t ra t e  concen t ra t i on c a s e s . Howeve r a t  h i g h  o r g a n i c  

l o a d i n g  r a t e s  o f  9 . 3 8 and 1 3 . 7 6 k g  COD/m3d ,  t h e  p e r c e n t a g e  COD 

removed was  g re a t l y  enhanced  by the  l onge r re t e n t i on t i me -

h i gh e r  s ub s t ra t e  c o n c en t ra t i on comb in a t i on . 

The e ffe c t s  o f  hydr au l i c  r e t en t i o n  t ime  and  i n f l ue n t  s ub s t ra t e  

c o n c e n t r a t i o n  o n  e ff l uen t COD c o n c en t r a t i on a r e  i l l us t ra t ed 
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I n  F i gu r e s  2 . 1 1  a n d  2 . 1 2 .  I t  was  o b s e r ve d  t h a t  reduced  

e f f l ue n t  COD  re s u l t ed from  b o t h  a reduc t i o n  i n  i n f l u e n t  

C O D  a t  c o n s t an t  hydrau l i c re t e n t i o n  t i me and i nc r e a s e d  

hydrau l i c  r e t e n t i on t i me a t  c o n s t an t  i n f l ue n t  sub s t r a t e  

c o n c e n t r a t i o n . A l though  t he magn i t ude  o f  e a ch e f fe c t  

5 8  

w a s  not  ab l e  t o  b e  quan t i f i ed  i t  i s  c l e a r  from  the  f i g u r e s  

t h a t  i n f l ue n t  s ub s t r a t e  concen t r a t i o n  was  va r i ed  o ve r  

a m u c h  g r e a t e r range  o f  va L e s  than the  hydrau l i c r e t en t i o n  

t i me . 

2 . 4 . 4  C o n ve r s i o n  o f  COD  t o  Me th ane  

T a b  I e 2 . :1 i s a p r e s e n t a t i on o f t h e a v a i 1 a b l e g a s d a t  a . B a s e d 

o n  th e t h e o r e t i c a l  ma x i mum o f  0 . 3 5 m3 / k g COD s t ab i l i s e d , 

c o l umn  [o u r  i s  th e rat i o  o f  th e a c t ua l y i e l d  t o  t h e  th e o re t i c a l  

y i e l u .  Whe r e m o r e  t h an one  f i g u re L S  a v a i l a b le  fo r a g i ven  

s t u u y ( P e t e r s o n , 1 9 7 5 ; van V e l s e n  e t;  a l �  1 9 7 9 ; N o rman � 

l : r o s t e l l ,  1 9 7 7 )  t h e f r a c t i o n o f  t h e o r e t j c a l  y i e l d a c h i e v e d  

d c c  r e ;t s c u a s  t h e o r g a n  L C  l o a d i n g rate  on  t h e s y s t em i n c r c a s ed . 

I f  conve r s i o n t o  me thane  i s  a l s o  an in d i c a t i o n  o f  c o n ve r s i o n  

o f  C O D  t o  ce l l  mat e r i a l  ( Pe t e r s on , 1 9 7 5 ) , t he n  as  t he l oad i ng 

r a t e  i n c r e a s ed mo re  o rgan i c  m a t e r i a l  was  b e i ng c o nve r t e d  t o  

c e l l u l a r  ma t e r i a l . Th i s  wo u l d  fo l l ow f rom a cons i de ra t i on  o f  

the  b i ochem i s t ry o f  anae r o b i c  d i ge s t i o n  ( Br y a n t , 1 9 7 9 ) , t h a t  

a s  t h e  s y s t em b e come s t re s s e d  due t o  a h i gh l o ad i n g  r a t e  t h e  

fe rme n t a t ive  b a c t e r i a wou l d  p ro l i fe ra t e  a s  c o nd i t i o n s  b e c ame 

adve r s e  fo r t he me t hanogen i c  b a c t e r i a . I n  add i t i o n  t o  t h e  

d a t a  i n  T ab l e  2 . 9  s eve r a l  wo r k e r s  h ave i nd i c a t e d  t h a t  me thane  

produc t i o n  a c c oun t ed fo r 8 3 . 5  to  9 7 . 9  pe rc e n t  ( Young � 

Mc C a rty, 1 9 6 7 ) , up t o  9 0  p e rc e n t  ( J c n n e t t  & Denn i s, 1 9 7 5 )  

and 8 9  pe r c e n t  ( d e  Wa l l e & C h i an , 1 9 7 6 , 1 9 7 7 )  o f  t he COD 

removed ; and t ha t  the rema i nde r was  p r e s umab l y  c o nve r t ed t o  

new c e l l  ma t e r i a l . 



TA B L E  2 . 9  Me t h a n e  Y i e l d s  fo r Anae r o b i c  F i l t ra t i o n  

Was t e  t ype 

Syn th e t i c  ( ' Me t re c a 1 ' )  

M i l k  Proce s s ing  

H e a t  t re a t ed a c t i v a t e d  
s l udge 

C a l f  manur e  

Syn t he t i c  c a rb ohyd r a t e  
a n d  p ro t e i n  

O L R  
3 kg  COD/m d 

1 3 . 3  

0 . 6 5 
1 .  1 7  
1 .  7 5 
1 .  7 5 
1 .  7 5 
3 . 5  
3 . 5  
3 . 5  
5 . 2 5 

4 . 7 5 

1 . 6 
1 . 9 
4 . 0  
6 . 7  

0 . 5 6 
0 . 6 8  
1 . 1 7 

* 

G a s  
CH 4 Fra c t i on o f * p roduc t i o n  con t e n t  t h e o re t i c a l  

m 3 ;m3
d % y i e l d 

-

3 . 4 1 6 2  0 . 6 0  

0 . 4 2 1  7 2  o .  7 9  
0 . 4 1 4  7 2  0 . 7 8 
0 . 4 0 7  7 0 . 5  o .  7 5  
0 . 3 6 2  7 0 . 5  0 . 6 7  
0 . 3 7 5  7 0 . 5  0 . 6 9 
0 . 3 3 2  7 0 . 5  0 . 6 1 
0 . 3 1 1  7 0 . 5  0 . 5 7 
0 . 3 3 3  6 9  0 . 6 0 
0 . 3 0 6  6 5  0 . 5 2 

0 . 5 0 7 0  0 . 8 9 

0 . 6 1 8  8 5 . 2  0 . 9 8 
0 . 4 2 0  8 7 . 6  0 . 6 0 
0 . 8 4 1  8 6 . 3  0 . 5 8  
0 . 9 5 0  8 6 . 9  0 . 3 9 

0 . 5 7  
0 . 6 6 
0 . 7 5 

c o r r e c t ed f o r  t emp e r a t u r e  

S o u r c e  

E l - Sh a f i e  e t  a [  ( 1 9 7 3 ) 

Pe t e r s on ( 1 9 7 5 )  

H a ug e t  a l  ( 1 9 7 7 )  

van Ve 1 s en e t  a l  ( 1 9 7 9 )  

No rman & 
F r o s t e l l ( 1 9 7 7 )  

Vl 
\.0 
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2 . 4 . 5  Rec i rc u l at i o n  o f  F i l t e r  E f f l ue n t  

T h e  u s e  o f  s i n g l e  p a s s  anaerob i c  f i l t e r s  h a s  gene ra l ly b e e n  

t h e  c a s e  i n  mo s t  p r e v i ou s  s tud i e s . Fo r t h i s  cond i t i o n , 

s t e ady s t a t e  cond i t i o n s  we re a s s umed fo r a p l ug  f l ow re g ime 

and k i ne t i c  mode l s  de r i ved us 1 n g  z e ro and f i r s t  o rde r k i n e t i c s  

(Jenn i ng s  e t  a Z �  1 9 7 6 )  and Monod k i ne t i c s  ( Young  & M c C a r ty , 

1 9 6 7 ) . 

Va r i a t i o n s  1 n  t he p a rame t e rs , pH , COD , vo l a t i l e ac i d  con ­

c e n t r a t i on were ob s e rved a t  d i ffe rent  co l umn h e i g h t  i n c reme n t s  

( Yo u n g � Mc C a r ty , 1 9 6 7 ; J c n ne t t  & D e n n i s , 1 9 7 5 ; Mue l l e r  

t; Ma n c i n i ,  1 9 7 5 ) . To prevent  l a rge  p H  d ro p s  a t  t h e  b o t tom  

l i n l e t )  o f  t he  f i l t e r s, due  t o  rap i d  vo l a t i l e  ac i d  p roduc t i o n , 

l a rge  quant i t i e s  o f  b u f fe r  s o l u t i o n s  needed  to  b e  added . 

P u r t h e r , t h e  ma j o r i t y o f  t h e  COD  removed b y  t h e  f i l t e r  was  

r emo ved i n  the  b o t t om p o r t i o n  of  the  f i l t e r  c o l umn . 

To p r eve n t  s uc h  p H  s w t n g s  and ut i l i s e · t h e  e n t i r e c o l umn 

h e i gh t , a f l ow r e g ime i n  wh i c h  mo s t  o f  t h e  f i l t e r  e ff l ue n t  

w a s  rec i rc u l a t ed , w a s  p r o p o s e d  ( de Wa l l e  & C l1 i an , 1 9 7 6 ) . 

The f l ow p a t t e rn e n s u r ed t h a t  t h e  f i l t e r  was  e s s en t i a l l y  a 

c omp l e t e l y  m i xed s y s t em .  H i gh s t re n g t h , ac i d i c  was t e  s t re ams  

cou l d  be  t rea ted  b y  s uch  a p roc e s s  w i t ho u t  t he need fo r the  

c o n s t an t  add i t ion  of  a l k a l i .  I n t e rn a l  pH  was  ma i n t a i ne d  b y  

d i l ut ion  o f  t he fe ed by  the  rec i rc u l a t e d  e f f l u e n t  wh i c h  a l s o  

r e t a i n e d  b uffe r  c apac i t y e s pec i a l l y  i n  t h e  fo rm o f  ammon i a . 

Re c i rcu l a t i w  was  a l s o p re d i c t ed t o  improve  f i l t e r  e ff l ue n t  

qua l i t y . Th i s  l a t t e r  w a s  b a s ed o n  p re v i ous  ob s e rva t i o n s  

t h a t  a t  c o n s tant  o rgan i c  l o a d i n g  r a t e b e t t e r  e ff l ue n t  q ua l i t y  

re s u l t e d  from a l owe r i n f l uent  s ub s t ra t e  c o n c e n t r a t i o n  

( J e nn e t t  & Denn i s , 1 9 7 5 ) . 

The imp roveme n t  i n  e ff l ue n t  qu a l i t y  was  n o t  demo n s t r a t e d  how­

ever  and fur t h e r  s t ud i e s  conc l uded  that  c i rc u l at i o n  of  t h e  

f i l t e r  e ff l ue n t  d id no t i mp rove t re at me n t  c ap a c i t y  e i th e r  

(Johan s e n  & C ar l s o n , 1 9 7 6 ) . 

On the  o t h e r  hand the  b ene f i t s  o f  reduced  r i s k  o f  s h o c k  

l o a d i n g , t o x i c  mat e r i a l  d i l u t i o n  a n d  r e t en t i o n  o f  b uf fe r i n g  
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capac i t y  h ave b e e n  we l l  demon s t ra t e d  ( W i t t  e t  a l �  1 9 7 9 )  

2 . 4 . 6  F i l t e r  S t a r t  U p  

I n  a l l  t h e  s t ud i e s  o n  t h e  anaerob i c  f i l t e r  ( A F ) , the  t e s t un i t s  

h ave b e e n  s e eded  w i t h  mat e r i a l  from  an  a c t ive l y  o p e r a t i n g  

anae rob i c  d i g e s t e r , a l t h ough a l t e rn a t i ve s e e d  s o u r c e s  a r e  

ava i l ab l e 1 fo r  i n s tance  c at t l e  manu r e  ( S e n  & Bha s k a ran , 1 9 6 4 ). 

Young & McC a r t y ( 1 9 6 7 )  �va l ua t e d  two m e t hods  o f  s e ed i ng t h e  

AF . A heavy s e ed o f  vo l a t i l e s o l i d s  from an  anae rob i c  digester 

i n t roduc e d  at the b a s e  o f  the f i l t e r  i n i t i a l l y  and aga i n  

a f t e r  2 0  J o p e rat i o n gave r i s e  t o  g re a t e r  than  9 0  p e rc e n t  

C O D  remova l i n  t h e  A F  a ft e r  4 0  d .  A l i gh t e r  s e e d  d i s t r i b u t ed 

th rougho u t  t he c o l umn he i gh t  r e s u l ted  i n  t h e  AF  ach i e v i ng 

9 0  p e r c e n t  COD r emova l a ft e r  8 0  d ,  thus  the  h eavy b o t tom  

s e e d  was  r e c omme nded fo r f i l t e r  s t a r t  up to  p revent  washout  

of  the  s l owe r g r o w i n g  m e t h anogen ic o r gan i sms . Th i s  adv i c e  

h a s  b e en  fo l l o we J h y  l a t e r  wo r k e r s . 

Sub s t r a t e  cho i c e  a t  s t a r t  up  i s  e i t he r  b e tween  a much d i l u t e d 

s o l u t ion  o f  the  u l t ima t e  t e s t  mat e r i a l  o r  a s yn the t i c  s ub s t ra t e  

and t h e  AF  i s  ' weane d ' o n t o  t h e  t e s t  mat e r i a l . B o t h  me t h o d s  

h ave b e e n  u t i l i s ed . Jenne t t  & Denn i s  ( 1 9 7 5 )  a n d  Sachs  e t  a l  

( 1 9 7 8 )  b o t h u s e d  t h e  AF  t o  t re a t  a p h a rmac e u t i c a l  was t e ; 

t h e  fo rme r s t a r t ed t he i r  AF on  a g l uc o s e  and t r ace  e l emen t  

m i x t u r e  and t h e  l a t t e r  u s e d  2 0 0 0  mg COD / £  m e t h an o l  s o l u t i o n ; 

t he AF  was  g r adua l l y ' we aned ' o n t o  pure  p h a rmaceut i c a l  was t e  

ove r a p e r i o d  o f  s ome w e e k s . E l - Sh a f i e  & B l oo dgood ( 1 9 7 3 ) , 

a ft e r  s e e d i ng the i r  mul t i p l e  e f fe c t  AF  w i t h a c t ive  anae r o b i c  

d i ge s t e r  supe r n a t a n t , s t a r t ed w i t h  a n  A F  fe e d  c o n c en t ra t i o n  

o f  1 0 0 0  m g  COD / £ wh i c h  w a s  i nc r e a s e d  t o  1 0 0 0 0  m g  COD / £ ove r 

a p e r iod  o f  1 2  wee k s . The AF was s t a r t ed on  t h e  s ub s t ra t e  

u s e d  t h r oughout  t he t e s t . 

As f a r  a s  r e s t a r t i n g  t h e  AF  a ft e r  a b re a k  i n  ope r a t i on g o e s , 

t h e  f i l t e r  c an b e  o p e r a t e d  w i th o u t  r e - s e e d i ng a ft e r  s h u t  

d o w n  p e r i o ds  o f  s eve r a l  mon ths  (Tay l o r  & Burm, 1 9 7 5 ; E l - Shafie 

and B l o o dgood , l973)  which would be advant ageous  fo r t re atme n t  o f  

was t e  w a t e r s  o n  a s e as on a l  o r  i nt e rm i t t e n t  b a s i s . Pe t e r s on 
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( 1 9 7 5 )  no t e d  t h a t  much o f  the  b i omas s i n  t h e  A F  was  a s s oc i ­

a t e d  w i t h t h e  i n t e r s t i c e s  in  t h e  pac k in g  med i um and  o n l y  a 

t h i n  f i l m was  ac t ua l l y a t t ached  t o  the  me d i um i t s e l f .  To  

t e s t  a me t h o d  o f  c l e an i n g  the  AF , the  ' i n t e r s t i t i a l ' b i oma s s  

was  f l ushed  o u t  and a f t e r  re s t a rt a t  a l ow O L R  ( 0 . 6 5 k g  COD/  

m3 d )  a h e a l t hy me t h an e  p roduc t i on  was  man i fe s t  a f t e r  2 4 h  

o p e r a t i on . A s imp l e  b a c kwash  f o r  s o l i d s  remo val  f rom t he 

f i l t e r  was  p ro po s e d . 

2 . 4 . 7  Nu t r i e n t  Requ i reme n t s  

l l u e  t o  t h e  l ow l eve l o f  s o l i ds  synthe s i s ge n e ra l l y  expe r i enced  

w i t h  anae ro b i c  d i ge s t i o n , t h e  requ i reme n t  fo r n i t ro g e n  and  

J lh o s phorus  nu t r i e n t s  i s  muc h l owe r t h an fo r a e rob i c  p ro c e s s e s .  

l 'o e n s u r e  t h a t  t h e  f i l t e r  o p e r a t i on was  n o t  l im i t e d due t o  

n u t r i e nt  ava i l ab i l i t y , J c nnc t t  & Denn i s  ( 1 9 7 5 ) added n i t ro g e n  

a n d  pho s pho rus t o  ma i n t a i n  a C O D : N  and COD : P  ra t i o s  o f  

1 0 0 : 5 . 9  and 1 0 0 : 1  r e s p e c t ive l y .  Tay l o r  and  Burm ( 1 9 7 5 )  a l s o  added 

n i t ro gen to e n r i ch the COD : N  r a t i o  o f  1 0 0 : 4 . 2  p r e s e n t  i n  t h e  

whe a t  s t a r c h  e ff l ue n t  t re a t e d  b y  the i r  fu l l - s c a l e  AF . I n  

b o t h  c a s e s  t he n u t r i e n t s  w e r e  added t o  t h e  f i l t e r  w i t h  t h e  

f e e d  mat e r i a l . 

I n  o th e r  s t ud i e s , l ow nut r i e n t  l eve l s  i n  t h e  fe e d  w e r e  n o t  

c o n s i d e red t o  adve r s e l y  a ffe c t  A F  o p e ra t i on even  t h o ugh t h e  

COD : N  a n d  C OD : P  r a t i o s  we re r e s pe c t i ve l y  1 0 0 : 0 . 3 7 and 

1 0 0 : 0 . 2 2 ( Fo re e  & Lovan , 1 9 7 1 )  and  1 0 0 : 2 . b  and 1 0 0 : 0 . 0 2 3  (de  

Wa l l e  & Ch i an, 1 9 7 6 ) , a s  app re c i ab l e  quan t i t i e s  o f  b o t h  

n i t ro g e n  and pho s phorus  we re found i n  t h e  A F  e ff lu e n t . 
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3 . 1 S t a t i s t i c a l  Exp e r i men t a l  Des i gns  

T h e  c l as s i c a l  app roach  t o  s c i e n t i f i c  ex pe r ime n t a t i o n  in  
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w h i c h  e a c h  fac t o r  s t ud i e d  i s  var i ed i n d i v i dua l l y wh i l e  o th e r s  

a r e h e l d  a t  a c o n s t an t  o r  b as e  l e ve l h a s  s e ve r a l  d rawb a c k s . 

T h e  r e s p o n s e  o f  the  a l t e re d  s t a t e  1 s  c omp a red  t o  a c on t ro l 

o n e  1 n  w h i c h a l l f ac t o r s a r e he l d  a t  t he b a s e  l e ve l . Th i s  

a l l ow s fo r e v a l u a t i o n o f  t h e  magn i t ude o f  t he  e f f e c t  o f  

e a c h  fa c t o r ,  b u t  o n e  c a n n o t ; 

( a ) a t t a ch c o n f i d e n c e  l e v e l s t o  t h e e s t i m a t e s  o f  s u c h  

e f fe c t s ; 

( b )  e s t i ma t e  e x p e r i m e n t a l o r  r e s i d u a l e r r o r  L n  t h e  t e s t 

d a t a ; 

( c )  e s t i m a t e  t he e ffec t s  o f  i n t e ra c t i on b e tween  t wo 

fac t o r s . 
( L i p s o n  & She t h , 1 9 7 3 )  

Th i s  l a s t  p o i n t  has  b e e n  s h own t o  b e  mo r e  impo r t an t  i n  

b i o l o g i c a l  s y s t ems wh ich  t end t o  b e  f a r  m o r e  comp l e x t h an 

chem i c a l  o r  phys i c a l  p ro c e s s e s  (Maddox & R i c h e r t , 1 9 7 7 ) . 

An a l t e rn a t ive  app roach  t o  expe r imen t a l  d e s i gn i s  t o  u s e  a 

fa c t o r i a l  de s i gn and ana l y s i s  o f  v a r i an c e  t e chn i que s . I n  

a f ac t o r i a l  e x p e r ime n t  s eve ra l d i f fe re n t  s o u rc e s  o f  v a r i a t i o n  

may b e  a c t i n g  s imu l t aneous l y  o n  a s e t  o f  t e s t s  and s o  t he 

va r i an c e  o f  t h e  o b s erva t i o n s  1 s  t h e  s um o f  t h e  v a r i an c e s  o f  

e ac h  i ndependen t s o u rc e . An a l ys i s o f  var i an c e  t e c hn i ques  

may t h e n  b e  app l i ed t o  b re ak t h i s  t o t a l  ob s e rved  va r i a n c e  

i n t o  v a r i an c e s  due t o  each  ma i n  f ac t o r , i n t e ra c t i on b e tw e e n  

fac t o rs and r e s i du a l  o r  expe r i me n t a l  e r ro r .  Each  v a r i at i o n  

i s  t e s t e d  f o r  s t a t i s t i c a l  s i gn i f i c an c e . 

C on s i de r a t i o n  o f  a hypo t h e t i c a l  expe r iment a l  de s i gn  a t  t h i s  

p o i n t  wou l d  b e  app ro pr i a t e  t o  de f i n e  s ome t e rms . The  
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r e s po n s e o f  t h i s  sy s t em i s  c o n s i de re d  t o  b e  s ub j e c t  t o  t h e  

e f fec t s  o f  i ndependent  p a rame t e r s , s ay A , B  and C .  E a c h  o f  

the s e  pa rame t e r s  i s  t o  b e  t e s t e d  a t  two l eve l s . The fu l l  

fac t o r i a l  exp e r iment  fo r t h i s  c a s e  i s  de f i n e d  i n  T ab l e 3 . 1 .  

TAB LE  3 . 1 

I� u n 

1 

2 

3 

4 

s 

b 

7 

8 

-1 
1 

Expe r imen t a l  D e s i gn Fo r a Fu l l  Fac t o r i a l  

Expe r imen t  I nvo l v i n g  Th r e e  F a c t o rs a t  Two 

Leve l s  Each  

r n c t or 

A B c Code  

- 1  - l - 1  - 1  

1 - 1  - l a 
- I 1 - 1 b 

1 1 - I a b  

- I - I 1 c 

1 - 1  1 ac 

- 1  1 1 b e  

1 1 1 a b e  

i nd i c a t e s  a fac t o r  a t  i t s  l ow l ev e l  

i nd i c a t e s  a fac t o r  a t  i t s  h i gh l eve l 

A fac t o r  i s  a p r o c e s s  va r i ab l e  wh i c h  c a n  b e  ma i n t a i ne d  a t  

a f i xed l eve l . The fac t o r s  a re a l s o  k nown a s  t h e  i ndepen ­

den t i nv a r i ab l e s  and the  expe r imen t a l  de s i gn s  are b a s e d  on  the  

c omb i n a t i o n s  of  t h e s e  var i ab l e s . F ac t o rs may b e  e i th e r  

quan t i t a t i ve , f o r  i n s t ance  a conc e n t r a t i o n ; o r  qua l i t a t i ve ,  

s uch a s  t h e  p r e s en c e  o r  ab s en c e  o f  a p a r t i c u l ar s pe c i e s . 

An e xp e r i me n t a l  run o r  t r i a l  i s  o n e  s e t  o f  c omb i n a t i on s  o f  

fac t o r  l eve l s  d e f i n ed i n  t h e  e xp e r imen t a l  de s i gn . I n  T�b l e  

3 . 1  each  row repre s e n t s  one  expe r imen t a l  run . 

The  r e s p o n s e  o f  t h e  s y s tem  unde r s tudy i s  any me a s ured  

p a r ame t e r  from an  exper imen t a l  run . Any numb e r  of  r e s po ns e  

v a r i ab l e s  may b e  u s e d  i n  t h e  s i gn i f i c an c e  t e s t in g  o f  t h e  



6 5  

fac t o r s . Sys t em r e s pons e va r i ab l e s  are  t e rmed t h e  depen ­

d e n t  va r i ab l e s . 

I n  a fac t o r i a l  exp e r i me n t  a l t h ough s ev e r a l o f  t h e  i ndepe n ­

dent  var i ab l e s  are  var i ed s imu l t aneous l y , var i ab l e s  o t h e r  

t h a n  t ho s e  unde r i n ve s t i ga t i o n  mu s t  b e  s t r i c t l y c on t ro l l ed .  

To  m in im i s e  the  e f fe c t s  o f  ope r a t o r  and e n v i ronme n t a l  

i n f l uence s , t h e  o r d e r  i n  wh i c h  t h e  runs  a re c a r r i ed out  

i s  random i s ed . S i n c e  a n a l y s i s  o f  var i an c e  depends  o n  t h e  

l aws  o f  p ro b ab i l i t y ,  such  random i s a t i o n  s h o u l d  d i s t r i b u t e  

t he e f fe c t s  o f  unk nown o r  unc o n t ro l l ab l e  i n f l uenc e s . 

Ana l y s i s  o f  the  d a t a  from fac t o r i a l  expe r i men t s  t o  a s c e r t a i n  

the  s i gn i f i c ant  var i ab l e s  a n d  i n t e ra c t i o n s  i s  we l l  i l l us -

t ra t eu i n  s t at i s t i c a l  t e x t s  ( L i p s o n  & Sh e t h , 1 9 7 3 ; 

C h a t f i e l d , 1 9 7 0 ) . C ompu t a t i on s  o f  a n a l y s i s  o f  va r i ance  

a r c r e l a t i v e l y  s i m p l e  fo r t w o  a n u  t h r e e fac t o r  e x pe r i m e n t s 
b ut b e c o me p r o g r e s s i v e l y  mo r e  d i f f i c u l t  a s  t h e numb e r  o f  

f a c t o r s are  i nc r e a s ed . 

3 . 2  Sys t e m  Mode l l in g  

Expe r iment a l  de s i gn s  l end  thems e l ve s  we l l  t o  ma t hema t i c a l  

mode l l i n g  us ing  r e g re s s i o n  ana l y s i s . R e g re s s i o n  a n a l y s i s  i s  

u s e d  t o  de t e rm i n e  t h e  func t i on a l  r e l a t i o n s h i p  b e twe en 

va r i ab l e s . Th i s  is  d i s t i n gu i s h e d  from c o rre l a t i o n  ana l y s i s  

wh i c h  de t e rm i n e s  t h e  degree  o f  a s s o c i a t i o n  b e twe e n  va r i ab l e s . 

R e g re s s ion  mode l s  are  quan t i t a t ive  re l at i o n s h i p s  b e twe e n  

t h e  s e l ec t ed exp e r imen t a l  fac t o r s  and  t h e  r e s p on s e  va r i ab l e  

and are  u s ed for  p r oc e s s  d e s c r i p t i o n , p r e d i c t i o n  o f  p r oc e s s  

b eh a v i o u r  and pro c e s s  c on t ro l  and  o p t imi s a t i o n . 

Such  mode l s  h ave t h e  fo rm 

whe re 

y = f ( x , B ) + e ( 3 .  1 )  
y = t h e  depende n t  v ar i ab l e  

x = t h e  i ndepende n t  var i ab l e s ( x , . . .  x k ) 

B = r e g re s s i o n  p a r ame t e r s  o r  c oe f f i c i e n t s  o f  t h e  

independe n t va r i ab l es de t e rm in e d  from t h e  



s amp l e  d a t a  

e = unce r t a i n t y  1 n  t h e  mode l 

f the  r e s p o n s e  func t i o n  wh i c h  de s c r i b e s  a 

s ur face  i n  k d imens i o n a l  s pace . 
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The r e g re s s i o n  e qua t i on i s  a r e s p o n s e  s u r fa c e  and t h e  

s t anda rd  r e g r e s s i o n  mode l i s  l in e a r  i n  t h e  r e g re s s i o n  p a r a ­

me t e r s  a l t hough t he p r o c e s s  var i ab l e  l eve l s  may b e  t h e  

r e s u l t  o f  comp l ex n o n  l i n e a r  func t i o ns . 

M o d e l s  o f  s y s t ems  may b e  e i t h e r  emp i r i c a l , s uc h  a s  r e g re s s i o n  

re l a t i o n s h i p s  o r  mechani s t i c . The l a t t e r  a r e  b as ed o n  unde r ­

l y i ng ph y s i c a l o r  chem i c a l  c o n s i d e r a t i o n s  and g i ve an  

i n s i ght  i n t o  t h e  pro c e s s  mechan i sm .  The p a r ame t e r s  i n  

m e c h a n i s t i c mode l s  have p h y s i c a l  s i gn i f i cance , a r e  u s ua l l y 

c o m p l e x ,  a n d  t h e mod el s c a n  h e  e x t r o pa l a t e d  b e y o n d  t h e  r a n g e  

o f  da t a  u s e d t o  e l u c i d a t e  t h e m . 

Emp i r i c a l  mode l s  o n  t h e  o t h e r hand  h ave pa r ame t e rs o f  no 

p ar t i cu l ar phy s i c a l  s i gn i f i c an c e  and c an n o t  s a fe l y be 

e x t ra p o l at e d  b e yond the l im i t s  o f  t he expe r imen t a l  range . 

Th e r e  a r e  d i ffe r e n t  c l as s e s  o f  expe r imen t a l  de s i gn and t h e y  

f i nd app l i c a t i on depend i n g  on  the  t ype  o f  r e s u l t s o ught . 

Box  ( 1 9 6 4 )  d e s c r i b e s  an on  go i ng p r oc e s s  o f  de s i gn and 

an a l ys i s  ( F i gu r e  3 . 1 ) u t i l i s i n g  the d i f fe re n t  c l a s s e s  o f  

e xp e r imen t . I n  F i gure  3 . 1  the  i n i t i a l  de s i gn  wou l d  b e  a 

s imp l e  s c r ee n in g  t e s t  t o  f i nd the  s i gn i f i c an t  va r i ab l e s , t h i s  

wou l d  b e  fo l l owed b y  des i gn s  t o  e l uc i d a t e  mode l s  w i th 

s ub s equen t l y  h i gh e r  o rde r s  o f  p ar ame t e r  e s t i ma t e s . 

F I GURE  3 . 1  The m 0 de l b ui l d in g  p r o c e s s  (Bo x , 1 9 6 4 )  
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Us i n g  t h i s  p rocedure  a sma l l s ub - r e g i o n  o f  t h e  re s p o n s e  

s u r face  i s  f i na l l y  de l i n e a t e d  wh i c h  m a y  b e  e xp e c t e d  t o  

c on t a i n  a n  o p t imum s e t  o f  cond i t i on s . A n  examp l e  o f  t h i s  

me t h o d  i s  used  b y  Rams ay ( 1 9 8 2 ) . 

Aft e r  de c id i n g  upon t h e  de s i gn and c a r ry i n g  i t  o u t  t o  c o l l e c t  

the  d a t a  t h e  a n a l y s i s  t o  e s t ima t e  fac t o r  e f fe c t s  and 

r e g re s s ion  e qua t i o n s  i s  d e s c r i b e d  in  the fo l l ow i n g  s e c t i on 

3 . 3  T y p e s  o f  E x p e r i me n t a l  D e s i gn 

·rh e r c  a r e  ma n y  t ypes  o f  e x p e r i me n t a l  de s i gn . Howeve r ,  fo r 

the  purp o s e s  o f  t h i s  s t udy  o n l y  a b r i e f  me n t i o n  o f t w o  

c l a s s e s  o f  d e s i gn w i l l  be made . Thes e a re the  f i r s t  and 

s e c o nd o rder  fac t o r i a l  d e s i gns . The o rd e r  o f  t h e s e  des i gns  

re fe r s  to  the  o rd e r  o f  t h e  p o l yn o m i a l  gene r a t ed from 

r e g r e s s i o n a n a l y s i s  o f  the  d e s i gn .  F i r s t o rde r m o de l s  have 

f a c t o r s t e s t e d at t w o  l e v e l s  e a c h  a n d  t h i s  a p p r o x i ma t i o n  

a s s ume s t h e  r e s p o n s e  s u r f a c e  1 s  p l a n a r . A t w o  f a c t o r , f i r s t  

o rde r r e s p o n s e  s u r fa c e i s s hown i n  Fi gure  3 . 2  

x 2  

F I GU RE 3 . 2  Re s po n s e  surface  fo r a gen e r a l  two fa c t o r  

fi rs t  ord e r  mode l 

The  gen e ra l i s ed  f i r s t  o rd e r  r e s p on s e  equat i o n  i s  de f ined  i n  

equat i o n  3 . 2 .  

where  

( 3 . 2 ) 

B0 = a c o n s t a n t  

B - = a c o e ff i c i e n t  o f  t h e  m ai n  e ffec t  o f  fac t o r  x .  1 1 
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B . . = a c o e f f i c i e n t  o f  the  i n t e r ac t i o n  b e tween  l J  
fac t o r s  x .  and x .  l J 

B - . k = a c o e f f i c i en t  o f  t he i n t e rac t i o n  b e tween  l J  
fac t o r s  x .  x . and xk . 

l J 
e = expe r imen t a l  e r ro r 

Re g re s s i o n  t e c hn i qu e s  are  u s ed i n  the  ana l y s i s  o f  expe r im ­

ent a l  d e s i gn s  a n d  whe reas  t h e  t rue  v a l ue o f  pa rame t e r , B i ' 

w i l l  a l ways  h e  unknown , s t a t i s t ic a l l y  s i gn i f i c an t  e s t imat e s  

o f  t h e  p a r ame t e r s  m a y  b e  m a d e . T o  i n d i c a t e  t h a t  t h e s e  

fa c t o r p a r am e t e r s  a rc e s t ima t e s  t h e  n o t a t i o n f3 .  i s  u s e d . l 

f n  mo s t  mode l l i n g  s i t u a t i o n s  t h e  i n t e r a c t i on  o f  g r e a t e r  than  

t w o  ma i n  e f fe c t s  i s  i g n o r e d  a s  t h r e e  fac� o r  o r  g re a t e r  

i n t e r a c t i o ns  a rc c o n s i de red  t o  h e  e x t r e m e l y  rare . 

A [u l L  f a c t o r i a l  d e s i g n  f o r a f i r s t  o r d e r d e s i gn hav i ng k 

fac t o r s  has  2 k runs . The r e s u l t i ng  mode l f i t s  t he d a t a  

exac t l y  a t  the  e x p e r imen t a l  p o i n t s  but  no  i n fo rma t i o n  i s  

ava i l ab l e  about  l a c k  o f  f i t  o r  pure e r ro r . The a im o f  t h e s e  

exp e r ime n t s i s  u s ua l l y t o  s c re e n  a numb e r  o f  va r i ab l e s t o  

iden t i fy t h o s e  mo s t  s i gn i f i c an t  and t o  t e s t f o r  i n t e rac t i ons . 

Ful l z k expe r imen t a l  de s i gn s  requ i re many runs . F o r  i n s t an c e , 

a 6 fac t o r  de s i gn requ i re s  6 4  runs  for  t he fu l l  d e s i gn 

w i t h o u t  any re p l i c a t i o n , and gene r at e s  s u ff i c i e n t  d e g re e s  o f  

fre edom t o  e va l ua t e  a g rand me a n  8 , s i x ma i n  e ffe c t s , 1 5  0 
two fac t o r  i n t e rac t i on s , 2 0  t h r e e  fac t o r  i n t e rac t i o n s , 1 5  
fou r  fac t o r  i n t e rac t i o ns , 6 f i ve fac t o r  i n t e rac t i o n s  and  one  

s i x fac t o r  i n t e rac t i on . Ho l d i n g  to  the  a s s ump t i o n  t h a t  

i n t e ra c t i o n s  o f  g r e a t e r  t h an t w o  ma i n  e ffec t s  a r e  t o  b e  

i gn o r e d  t h e n  much o f  the  p rev i ou s l y  men t i oned  i n fo rma t i o n  i s  

was t e d . To  ec onom i s e , the  exp e r imen te r may e l e c t  t o  p e r form 

o n l y  a frac t i on o f  the fu l l  de s i gn such as � or � .  Th i s  

p r ac t i s e  howeve r l e ad s  t o  c o nfound i n g  o f  e ffe c t s  i n  e a c h  

o t he r . I n  a h a l f rep l i ca t e  exper imen t ,  e ach  c o l umn i n  t he 

� mat r ix h a s  a t wi n  i n  the  p a r t  o f  t h e  de s i gn n o t  c a r r i e d  

o u t  and i n  t h i s  c a s e  t h e  c oe f f i c i e n t s  a r e  e s t ima t e d  i n  p a i r s . 
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F r ac t i o n a l  fac t o r i a l  de s i gn s  h ave d e f i n i n g  re l at i o n s h i p s  

wh i c h  i nd i c a t e  wh i c h  pa rame t e rs a re c o n founded  i n  e ac h  

o t h e r . F o r  e xamp l e  a des i gn w i t h t h e  de f i n i n g  re l at i on s h i p  

D = A B  = C G  = E F  ( 3 .  3 )  

me ans  t h a t  t h e  e s t ima t e  o f  t h e  m a i n  e f fe c t  o f  fac t o r  D i s  

a c t ua l l y t h e  s um o f  t h e  e ffe c t  o f  D p l us  t h e  i n t e rac t i o n s  

AB , C G  and E F , o r  

( 3 . 4 ) 

and  p o s i t i ve ma i n  e f fe c t s  may t h e re fo re b e  cance l l e d  o u t  b y  

s e ve r a l  n e g a t i ve i n t e rac t i ons . T o  m i n imi s e  t h e  l at t e r  pos ­

s i b i l i t y , t h e  frac t i on  o f  the  fu l l  d e s i gn i s  c h o s e n  wh ich  

has  the  d e s i red  p a rame t e rs  c on founded w i t h h i gh o rde r i n te r ­

a c t i o n s  wh i c h  a r e  un l i ke l y  t o  b e  s i gn i f i c a n t . Tab l e s o f  

f r a c t i o n a l f a c t o r i a l  d e s i g n s  a re ava i l ab l e i n  t h e  l i t e r a t u re 

fo r g i ve n ma i n  e f fec t s  and i n t e ra c t i on s  fo r up t o  t e n 

fa c t o r s ( D av i e s , 1 9 5 4 ; N a t i on a l  Bureau  o f  S t andards , 

1 9 5 7  and 1 9 5 9 ) . 

Sec ond Orde r D e s ign s 

I f  a l a rge  l ac k  o f  f i t  has  b e e n  found from a f i r s t  o rd e r  

mode l o r  i f  a n  o p t i mum i s  s u s pe c t ed o r  a s i gn i f i c an t  devi a t i o n  

from l in e a r i t y  h a s  b e en  found , t h e  e xpe r imente r may cho o s e  

a s ec o nd o rd e r  e xp e r imen t a l  de s i gn . 

S e c o nd o r d e r  mode l s  have t h e  gene r a l  fo rm o f  equa t i on 3 . 5 ,  

i n  wh i c h  t h e  i n t e ra c t i o n s  o f  g r e a t e r  t han two  fac t o r s  and 

i n t e r ac t i o n  b e tw e e n  l in e a r  and quadr a t i c  t e rms  are  c on s i de re d  

t o  b e  o p t i on a l  

y = so 
+ s .  + B . .  + s . .  2 X ·  x . x . X -1 1 1 )  1 J 1 1  1 

+ s . " k x .  + s . . .  2 2 x . xk X ·  x . 1 J 1 J 1 J J  1 J + s . . . .  X - 2 ( 3 . 5 ) 1 1 J J  1 x . J 
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The two t ype s o f  s econd  o rde r des i gn s  are  c ompo s i t e des i gn s , 

wh i c h  are  two l eve l  fac t o r i a l s  w i th add i t i on a l  run s a t  m i d  

range and/ o r  out l y i ng p o i n t s  and t h r e e  l eve l fac t o r i a l  o r  

frac t i o n a l  fac t o r i a l  de s i gns . The fo rme r are  n o t  s u i t ab l e  

for  u s e  w i t h  qua l i t a t i ve 

e ach fac t o r  are  ut i l i s ed . 

fac t o r s a s  up t o  f i ve l eve l s  o f  

F ac t o r i a l s  o f  3 k  runs are  exp e n s i ve o f  t ime and mat e r i a l s  

i f  k > 3 , but  they  c an b e  frac t i on a t e d , a l t hough n o t  a s  s imp l y  

a s  fo r two l e ve l  d e s i g n s . For  i n s t ance  the re  a re 2 4 d i ffe r e n t  
4 - 1  3 d e s i gns  i n  wh i ch the  de f i n ing  c o n t ra s t i s  a four fac t o r  

i n t e r a c t i on . 

h 3 4 - 1 
. d d 3 3 

. d '  T e nomenc l a t u r e  1 s  u s e  a s  oppo s e  t o  t o  1 n  1 c a t e  

t h a t  t h e  expe r iment  i s  a frac t i on o f  a fu l l  four fac t o r  

expe r ime n t  n o t  a fu l l  3 fac t o r  one . I n  add i t i o n  t o  t rue 

f r a c t i o n ;t l  fac t o r i a l  d e s i gn s va r i o us i n c o mp l e t e d e s i g n s a re 

a v a i l a b l e  fo r t h r e e  l e v e l a n d  m i x e d  t wo a nd t h ree  l eve l de s i gn s  

( Webb , 1 9 7 1 ) . 

3 . 4 D a t a  Ana l ys i s  

I t  h a s  b e e n  n o t ed p re v i ous l y  t h a t  ana l ys i s  o f  v a r i ance  i s  

a powe r fu l  t echn i que i n  s t at i s t i c s . F o r  a s imp l e  one  fac t o r  

exper imen t , a one way ana l y s i s  o f  va r i an c e  may b e  u s e d  t o  

ana l ys e  the  d a t a . Two fac t o r  expe r i me n t s  may b e  t e s t e d  fo r 

s i gn i f i c ance  u s i n g  a two way a n a l y s i s  o f  var i anc e  

o r  the  a l go r i t hmn o f  Ya t e s . Re gre s s i o n  mode l -

l in g  i nvo l v e s  f i t t i n g  a c urve t o  the  o b s e rved  da t a . The 

c r i t e r i o n  ado p t e d  i s  t h a t  of  l e a s t  s quare s . 

To  e s t ima t e  the  magn i t ude o f  the  e f fec t s  o f  gre a t e r  t h a n  two 

fac t o rs ,  ma t r i x  no t a t i on i s  u t i l i s ed wh i c h  r e ad i l y l e nds  t he 

d a t a  t o  man i pu l a t i o n  b y  d i g i t a l  comput o r s . The  ma t r ix 

r e p re s e n t a t i on for  t h e  mode l 

r = 8 X + e ( 3 . 6 ) 
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where the unde r s c o r e d  pa rame t e r s  are  mat r i c e s  i s  a s  fo l l ow s  

y l 1 x l l 
x 2 1  · · · · · . xp l  

Y 2 1 x l 2  x 2 2 · · · · · · l X = 

Yn 1 x l n  . . . . . .  X pn 

B o e l 
s 1 e 2 

r� c = 
-

(� e n n 

Th i s  mod e l  i s  fo r e xp e r imen t a l  de s i gn i nvo l vi n g  p fac t o r s  

and n runs  o r  ob s e rvat ions . E s t imat i o n  o f  t h e  r e g re s s i o n  
" 

parame t e r s  � i s  c a r r i ed o u t  b y  mu l t i p l e  l in e a r  r e g re s s i o n  

us i n g  t h e  l e as t s qu a r e s  c r i t e r i on . I n  mat r i x  form the  l e a s t  

s qu a r e s  e s t imat e  1 s  

T " T X X (3 = X f 

and s o l v i ng for  8 
" T - 1  T 8 = c �  �) x r 

( 3 .  7 )  

( 3 . 8 ) 

I n  e qua t i o n s  3 .  7 and 3 .  8, 8 ind i c a t e s  t h e  mat r i x  i n  an e s t i ma t e  

o f  t h e  t rue  8 .  The s up e r s c r i p t s  T a n d  - 1  ind i c a t e  t h e  

t rans p o s e  and i nve r s e s  o f  t h e  r e l evan t  mat r i ce s  r e s p ec t i v e l y . 

C a l c u l a t i n g  t he ma t r ix o f  c o e f f i c i en t  e s t imat e s  i s  s imp l i fi e d  

b y  t rans po s i n g  t h e  l eve l s  o f  t h e  i ndependent  var i ab l e s  i nt o  

a coded  fo rm . Fo r two l eve l fac t o r s  t h e  h i gh e r  l eve l  i s  



7 2  

repre s e n t e d  a s  t h e  va l ue 1 and t h e  l ow e r  l eve l a s  - 1 .  Each  

e l eme n t  in  t h e  mat r i x  x I S  t r ans p o s e d  as  fo l l ows : 

X o . I J 
a c t ua l v a l ue - � ( H igh va l ue - l ow va l ue )  

� (high value - l ow va l ue) 

Th r e e  l eve l fac t o r s a re coded as  - 1 ,  0 and 1 fo r t h e  l ow , 

( 3 . 9 ) 

m i d  range  and h i gh l eve l s  r e s p e c t ive l y . Th i s  c o d i n g  s ys t em 

a s s ume s t h a t  sma l l e r  nume r i c a l  va l ue s  o f  t h e  fac t o r  l eve l s  

do n o t  l o s e  s i gn i f i c an c e  t o  t h e  l a rg e r  o n e s  i n  t h e  c a l cu l a ­

t i on  o f  p a rame t e r  e s t i m a t e s .  The l eve l s  fo r a t h r e e  l eve l 

fac t o r  mu s t  a l s o b e  e q ua l l y , b ut n o t  n e c e s s a r i l y  l i n e a r l y  

s pa c e d . The y may fo r i n s tance  h ave equa l l y  s pa c e d  l o g a r i t hmns 

o r  i nd i c e s . 

The  ma t r i x  o f  res idua l s , � 1 s  c a l c u l a t e d  from t h e  f i t t e d  

m o d e l u s i n g  e q u a t i o n � . L O .  

e ( 3 . 1 0 )  

The r e s i dua l s  are  t h e  d i ffe re nce s b e tween t h e  a c t u a l  �y s t em 

r e s p o n s e  � and  t h e  re s pon s e s  p red i c t e d  b y  t h e  mo de l , � ·  

Re s idua l s  a r i s e  from random var i a t i o n  and l ac k  o f  f i t i n  

t h e  mode l . I n s p e c t i on o f  t h e  r e s i d u a l  ma t r ix i s  impo r t an t  

a s  l a rge dev i a t i o n s  from pred i c t e d  b eh av i ou r  cou l d  i n d i c a t e  

m i s t a k e s  I n  me a s u reme n t s  and i n f l uence  t h e  va l i d i ty o f  a s s ump ­

t i o n s  made . The  re s i dua l s  are  a l s o  u s ed i n  t h e  e s t ima t i on 

o f  t h e  var i an c e  o f  t h e  p a rame t e r  e s t imat e s  us i n g  equat i o n s  

3 . 1 1 a n d  3 . 1 2 i n  wh i c h  s 2 i s  t he es t imate  o f  a 2 • 

2 s T e �/ n - p  

Th 
0 0 0 

( �
T 

�) - 1  2 e var i ance � e o - va r i an c e  mat r i x  s , p r o v i de s 

i n f o rma t i o n  o f  t he i n t e rdepende n c e  o f  t h e  p a r ame t e r s  

a s  fo l l ow s  : 

( 3 . 1 1 )  



e l l  c 2 1  
c l 2  

c 
-

c 
l p  

whe r e  c .  == the  va r 1 ance  o f  L 
c . . the  e o - va r i an c e  l J  

T h e  c o r r e l a t i o n o f  B . a n d  s . 

eo - va r i ance  

1 

( B . ' (3 . ) 1 J 
( va r . B .  va r .  (3 . ) Yz 

l J 

J 

(3 .  l 
o f  

l. S  

c p l  

c 
p p 

s . and (3 .  1 J 

g i ve n  h y  

c . .  l J 1 ( C .  C . ) -z l J 
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( 3 . 1 2 )  

( 3 . 1 3 ) 

A s i gn i f i c an t l y  h i gh c o r r e l a t i o n  ind i c a t e s  t h a t  the  e s t im ­

a t e d  va l u e  o f  one  p a r ame t e r  i s  v e r y  much depende n t  o n  t h e  

c h o s e n  v a l ue o f  ano t h e r  a n d  r e s u l t s  from t h e  cho s en des i gn 

o f  e xpe r imen t . I f  t he remova l o f  o n e  o r  more  fac t o r s  i n  t he 

d e s i gn l e ave s t h e  o t h e r  p arame t e r  e s t im at e s  unchanged t he 

d e s i gn i s  s a i d t o  b e  o r t hogona l . Th i s  s i t u a t i o n  may on l y  

a r i s e  i f  t h e  xT x mat r i x  i s  d i agona l . I f  xT x i s  d i agon a l  

t h e n  t h e  var i an c e - e o - va r i ance  mat r i x w i l l  a l s o  b e  d i agon a l  

( e quat i on � . 1 2 ) and t h e  c o r re l at i o n  b e t w e e n  B i and B j mus t  

b e  z e ro ( e q ua t i on 3 . 1 3 ) . 

Wh i l e  s uch  independence  o f  p a r ame t e r  e s t imat e s  o f  e a c h  o th e r  

i s  de s i r ab l e i n  t h e  d a t a  ana l y s i s , i t  i s  b y  no  means  

e s s e nt i a l . S ince  o rthogon a l i t y i s  depende n t  on  t h e  de s i gn 

o f  t h e  e xp e r imen t , whe re  a cho i c e  o f  de s i gn s  i s  p o s s ib l e  

t h e  mo s t  o rt h o gon a l  i s  u s ua l ly cho s en .  The  m a g n i t ude o f  

t h e  de t e rm in a n t s o f  xT x fo r e a ch de s i gn a r e eva l u a t e d  and 
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the  l ar g e r  the  magn i t ude , the  b e t t e r  t h e  o r thogona l i ty .  

The s t a t i s t i c a l  s i gn i f i c ance  o f  the  t e rms in  the  r e g r e s s i o n  

equa t i on i s  as s e s s ed us i n g  t h e  F and t t e s t  s t a t i s t i c s . A 

s imp l e  and p a r s imon i o u s  mode l i s  de s i r ab l e  from b o t h  s t at i s ­

t i c a l  and p r ac t i c a l  p o i n t s  o f  v i ew . S t at i s t i c a l l y , t h e  

var i ance  o f  t h e  p re d i c t i on i n c re a s e s  w i t h t h e  numb e r  o f  t e rms  

and j us t  a s  a mode l w i t h  too  few t e rms  unde r f i t s  the  d a t a , 

one  w i th t o o  many o ve r f i t s  i t . In  the  ana l ys i s  o f  v a r i ance , 

p a r ame t e rs wh i c h  a re not  s t a t i s t i c a l l y  s i gn i f i c an t a re de l e t e d . 

Th i s  i n  e f fe c t  me a n s  t h a t  the  nu l l  hypo t he s i s  imp l i c i t  i n  F 

and t t e s t  s t at i s t i c s  i s  a c c e p t e d . 

T o  s e e how we l l  the  e s t ima t ed r e g re s s 1 on l i ne f i t s  t h e  

o b s e rvat i o n s f r om t h e  e x p e r i m e n t a l  d e s i gn 1 a quant i t y known 

a s  t h e  c o e f f i c i en t  o f  d e t e rm i n at i o n i s  fo u n d . The  t o t a l  

v ;; r i ;; t i o n  o f  y a b o u t t h e r e g r e s s t o n l i n e  i_ s  p a r t i_ t i o n e d  i n  

t h e  ;; n a l y s i s  o f  v a r i an c e  i_ n to  t h e  e x p l a i n e d  a n d  u n e x p l a i n e d  

c omponent s repre s e n t ed r e s p e c t i v e l y  a s  t h e  s um o f  s qu a r e s  due 

to  r e g re s s i on and the r e s idual  s um of square s . The  c o e f f i c i e n t  

o f  d e t e rm i na t i on i s  t h e  r a t i o  o f  e xp l a i ned va r i a t i on o f  

t o t a l  v a r i a t ion  a n d  t h i s  me a s u re s  h o w  w e l l  t he mode l f i t s  

t h e  d a t a . The  c l o s er the  va l ue o f  t h e  c o e f f i c i en t  o f  de t e r ­

m i n a t ion  i s  t o  un i � t he b e t t e r  the  mode l f i t s  the  da t a . Wh en  

t h e  r e g re s s i on equa t i on de s c r ib e s  a s t r a i ght  l i ne  t h e  c o e ff i c i ­

e n t  o f  de t e rm i n a t i o n  i s  t h e  s quare  o f  t h e  c o r re l a t i o n  

c o e f fi c i en t . 

The cho i ce o f  t h e  numb e r  o f  t e rms  i n c l uded i n  t h e  p a r s i mo n i ous  

mode l i s  up  t o  t h e  e xpe r imen t e r .  Obv i o us l y  a l l s t a t i s t i c a l l y  

s i gn i f i c an t  t e rms  w i l l  b e  i n c l uded b u t  s ome t e rm s  may a l s o  b e  

i n c  1 uded wh i c h  , a l though on 1 y marg in a l l y  s i gn i f i c an t , improve 

the  f i t  o f  the  mode l a s  me asured  b y  the  c o e f f i c i e n t  o f  

de t e rm in a t i o n . 
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EXPER I ME NTAL PROGRAMME 

4 . 1  Scope  o f  T h i s  S t udy 

I t  has b e e n  s hown in an e a r l i e r  c h ap t e r  t h a t  
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- The anae rob i c  f i l t e r  i s  c apab l e  o f  t re a t ing  w a s t e  

wa t e r  s t re ams , wh o s e  organ i c  mat e r i a l  i s  e s s e n t i a l l y  

i n  a d i s s o l ved s t a t e , w i t h s ho r t e r  r e t en t i o n  t imes  

than  tho s e  requ i red fo r c o nve n t i on a l  anae rob i c  

p ro c e s s e s . 

- Ye a s t p l an t  e f f l u e n t  1 s  a w a s t e  wat e r  s t r e am 1  t h e  

o r g a n i c  comp o n e n t  o f  wh i c h  i s  p redom i n a n t l y  d i s ­

s o l ved , and  t h i s  was t e  s t ream i s  amenab l e  t o  

anae rob i c  w a s t e  t r e a t m e n t . 

- S t a t i s t i c a l l y b a s e d  e x p e r i m e n t a l  d e s i g n s  m a y  b e  

mo re e f f i c i en t  a t  g e ne r a t i n g d a t a  t h an  t h e  c l a s s i c a l , 

one  change a t  a t i me1 method . 

B a s e d  on  t h e  above o b s e rva t i o n s  t h i s  s tudy was  i n i t i a t e d  

t o  gene r a t e  des i g n  re l a t i on s h i p s  fo r t h e  anae rob i c  f i l t r ­

a t ion  o f  a h i gh s t rength  l i qu i d  w a s t e  n ame l y  ye a s t  p l an t  

e f f l u en t . Such de s i gn d a t a  a re l ac k i n g i n  t h i s  f i e l d . 

I t  w a s  env i s aged  t h a t  s uch r e l a t i o n s h i p s  c o u l d  b e  u s ed 

t o  de s i gn an on - s i t e  was t e  t r e a tme n t  s y s tem . 

By us i n g  a s t at i s t i c a l l y  b a s e d  expe r ime n t a l  de � i gn , emp i ­

r i c a l  r e l a t ions h i p s  b e tween  s y s t em r e s po n s e  p a rame t e rs and  

s e v e r a l  i ndepend e n t  p ro c e s s  var i ab l e s can  be  gene r a t e d  

us i n g  comput e r i s e d  l in e a r  r e g re s s i o n  t e chn i q ue s . 

I n  t h e  fo l l ow ing  s e c t i on , the  s e l e c t i o n  o f  var i ab l e s  t o  

b e  t e s t e d  and  t h e  e xpe r imen t a l  p r o c e du r e  a r e  d i s cu s s ed . 
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4 . 2  Exp e r ime n t a l  P r o cedure 

4 . 2 . 1  Se l e c t i o n  of  Var i ab l e s t o  b e  T e s t ed 

Se l e c t i on o f  t h e  i ndepende n t  proc e s s  var i ab l e s mus t o f  

n e c e s s i t y b e  c a re fu l  s ince  t h e  numb e r  o f  expe r imen t a l  runs  

r e q u i red i s  re l a t e d  d i re c t l y  to  the  n umb e r  of  va r i ab l e s  t o  

be  t e s t ed . The var i ab l e s  cho s e n  a l s o  had t o  b e  t h o s e  

thought  t o  b e  o f  ma j o r  s i gn i f i cance  from a n  e n g i n e e r i n g  

de s i gn p o i n t  o f  v i ew . F rom a rev i ew o f  c u r r e n t  l i t e ra t ur e , 

f i ve pa rame t e r s  we re cho s e n  i n i t i a l l y .  Th e s e  were : 

A I n f l u e n t  s ub s t r a t e  c o n c e n t ra t i on ( I SC ) 

B l lyd rau 1 ic  r e t e nt ion t i me ( HRT ) 

C Tempe rat ure  

[ )  Re c i rcu l a t ion  rat io  

E An ae rob i c  f i l t e r  s i z e 

F a c t o r s A anJ B above  c an b e  c omb i n ed  t o  gene r a t e  the  p a ra ­

me t e r  kn own a s  o r gan i c  l o a d i n g  rate  and  are  o f  imp o r t a nce  

i n  any m i c ro b i a l  ferment a t i o n . By v a r y i n g  I SC and H RT 

i nde penden t l y  o f  e ach  o t h e r , a range o f  o rgan i c  l o ad in g  r a t e s  

i s  p o s s ib l e  and two d i fferent  comb i n a t i o n s  o f  the s e  c o u l d  

y i e l d  t h e  s ame o r gan i c  l o a d i n g  r a t e . 

Temp e r a t u r e  w a s  inc l uded i n  the  i ndepende n t  va r i ab l e s  

b e c au s e  a l l b i o l o g i c a l  reac t i on rat e s  a r e  depende n t  o n  

t empe ra t u r e . F u r t he r , t h e  t emp e ra t u r e  a t  wh i c h  t h e  y e a s t 

p l an t  e f f l ue n t  l e ave s t h e  p ropaga t i on  ve s s e l  i s  app r o x i ma t e l y  

3 0 °C wh i c h  i s  b e l ow t h a t  cons i de red t o  b e  o p t im al fo r 

me s o ph i l i c anae rob i c  d i ge s t ion  o f  3 5  t o  3 7 ° C .  

Th e r e l a t i ve l y  h i gh c oncent r a t i on o f  f e rment ab l e  s ugars  i n  

t h e  was t e  s t ream l e ad s  t o  i t s  re ady c o nve r s i on t o  o r g an i c  

ac i d s  b y  fe rmen t a t i ve b a c t e r i a . To  avo i d  c o n s equent  redu c ­

t i o n  i n  p H  s ome rec i rc u l a t ion  o f  t h e  f i l t e r  con t e n t s  was  

c o n s i d e r e d  de s i r ab l e . Such rec i rcu l a t i on wou l d  even out  

p o t en t i a l l y  dama g i n g  pH  f l u c t ua t i on t h roughout  t h e  f i l t e r  

h e i gh t  and e f fe c t  a more  o r  l e s s  m ix e d  s y s t em . The  amount 

o f  r e c i rc u l a t i on was  cho s en a s  an i ndepende n t  va r i ab l e  t o  
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as c e r t a i n  i t s  e ffe c t  on p roc e s s  e ff i c ac y . 

F in a l l y , s 1 nc e  two f i l t e r  un i t s  we re t o  b e  u s e d  i n  t h e  

e xp e r i me n t a l  p r o gram and t h e s e  d i f fe red  1 n  s i z e , t h i s  

d i f fe rence  h ad t o  be  c o n s i de red a s  a qua l i t a t i ve indepen ­

d e n t  va r i ab l e .  An i n d i c a t i on o f  t he e f fe c t  o f  anaerob i c  

f i l t e r  s c a l e  may b e  g a t h e re d  from t h e  magn i t ude o f  t h e  

e ffe c t  o f  t h i s  va r i ab l e  s i n c e  the  l arge  f i l t e r  was  approx i ­

mat e l y  t h re e  t ime s t h e  n e t  vo l ume o f  t he s m a l l e r .  

4 . 2 . 2  Se l e c t i o n o f  the  E xpe r i me n t a l  D e s i gn 

I n  o rd e r  t o  de t e c t  any  curva t u re i n  t h e  r e s p o n s e  s ur fa c e s  

gene r a t e d  from t h e  e xpe r i me n t a l  d a t a  i t  w a s  n e c e s s ary  to  

c h o o s e  a s e cond  orde r e x pe r i me n t a l  de s i gn .  Howeve r , s in c e  

mo s t  t h r e e  l e ve l  de s i gn s  i nvo lve many mo r e  e xp e r i me n t a l  runs 

t h a n  w e r c j us t i f i ab l e  e c o n o m i c a l l y  w i t h i n  t h e  ava i l ab l e t i me , 

:t f u l l th ree  l e ve l fa c t o r i a l  d e s i gn w a s  n o t  po s s i b le  a s  t h i s  

\v o u 1 d r e  q u i r e  8 1 r u n s . T n t h e c a s e o f an  a e rob i c d i g e s t i on  

s tu d i e s  a p e r i od of  we e k s  mu s t  b e  a l l owed per  run fo r the  

s y s t em to  s e t t l e  a t  a new s e t  of  c o n d i t i ons . Th i s  i mpo s e s  a 

maj o r  c on s t ra i m on t h e  n umb er  o f  expe r imen t a l  runs  wh i ch c an 

b e  c a r r i ed out . 

I n  c o n s eque n c e  a m i xed  l e ve l fa c t o r i a l de s i gn was  c h o s e n  

w i t h  t h e  fac t o rs o f  i n f l u e n t  s ub s t ra t e  c o n c en t ra t i on a n d  

hydrau l i c  re t en t i on t ime t e s t e d  a t  t h r e e  l e ve l s  e ach  and 

t empe r a t u re , re c i rc u l a t i o n  rat i o  and f i l t e r  s i z e e ac h  a t  

two l e ve l s . Add i t i o na l l y i n s t e ad o f  the fu l l  rep l i c a t e  

3 2 · 2 3 
= 7 2  run de s i gn , a h a l f rep l i c a t e  frac t i o n a l  fac t o ­

r i a l , 3 6  run de s i gn was  cho s en . 

How eve r ,  t h i s  de s i gn was  revi ewe d a ft e r  t h e  f i r s t  four  

expe r i me n t a l  runs  when  i t  was re a l i s ed that  i n s u f f i c i en t  

t i me wou l d  b e  ava i l ab l e  t o  comp l e t e  t h e  de s i gn and a l l ow 

fu r t he r t r i a l s  t o  ve r i fy the  e xpe r ime n t a l  mode l s  gene r a t e d . 

I n  t he de s i gn comp l e t ed the  fac t o r  r e l at i n g  t o  e ff l ue n t  

re c i rc u l a t i o n  r a t i o  w a s  dropped and a n  e ff l uen t re c i r c u ­

l at i on t o  feed  r a t i o  o f  4 w a s  u s e d  t h roughout  t h e  t r i a l s . 

The  de s i gn c h o s e n  was  an incomp l e te 3 2 · 2 2 fac t o r i al i n  1 2  
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r uns  a ft e r  Webb  ( 1 9 7 1 )  and i s  shown i n  Tab l e  4 . 1 .  Th i s  

de s i gn wa s ab l e  t o  re t a i n  two o f  the  fonner runs  a l r e ady 

comp l e t e d . 

TAB L E  4 . 1  : Expe r imen t a l  D e s i gn 

Run Fa·c t o r  

I SC H RT TEl'vi P . ' AF '  

1 - 1 - 1  - 1  - 1  
) - 1 - 1  - 1 1 

3 - 1 0 1 1 

4 - 1 1 1 - 1  

5 0 - 1  1 1 

6 0 ( )  - 1 - 1 

7 0 () 1 1 

8 0 t - l - 1 

9 1 - 1 1 - 1  

1 0  1 0 - 1  - 1  

1 1  1 1 - 1  1 

1 2  1 1 1 1 

I n  Thb l e  4 . 1  t h e  v a l u e s  l i s t ed  fo r e ach  i ndepende n t  

var i ab l e  ( fac t o r )  a re t h e  coded  o n e s  us ed i n  sub s equent  

l i n e a r  r e g re s s 1 o n  ana l ys i s  and are  a s  fo l l ow s : 

1 ind i c a t e s  a fac t o r  a t  the  h i gh l eve l 

0 i nd i c a t e s  a fac t o r  a t  the  m id p o i n t  l eve l 

- 1  i nd i c a t e s  a fac t o r  a t  the  l ow l eve l 

Op t im i s a t i on s t ud i e s  on t h e  re s po n s e  s u r face  equa t i o n s  

w e r e  c a r r i e d o u t  b y  t h e  c ompu t e r t echn i que  o f  R i ch e r t  

( 1 9 7 2 ) . 

4 . 2 . 3  Se l e c t i on o f  t h e  F a c t o r  Leve l s  

The fo l l ow i ng b a s i s  was  u s e d  i n  t h e  s e l e c t i o n  o f  l eve l s  fo r 

the  e xp e r i me n t a l  fac t o rs . 



A .  I n f l u e n t  s ub s t ra t e  concent r a t i o n . A nom i n a l  BOO S 
c o n c e n t r at i o n  was  cho s e n  a s  t h e  l e ve l o f  I SC .  

7 9  

S i nce  t h e  BOO S o f  t h e  s pe n t  y e as t fe rmen t a t i on l i quo r 

comb i ne d  w i th s ub s equent y ea s t c re am w a s h  wat e r s  was  

a p p r o x i ma t e l y  S O O O  mg/ � ,  t h i s  va l ue was  cho s en a s  the  

m i d  p o i n t  of  t he t h ree l eve l I SC fac t o r . A l s o , 

1 0 0 0  mg BOO S / �  was  an approx ima t e  c o nc e nt r a t ion  o f  yeas t 

w a s h  wat e r  a l one  and was  s e l e c t e d  a s  t h e  l ow l eve l I SC .  

To ma i n t a i n the  m i d  po int  the  h i gh l e ve l fo r t h i s  fac t o r  

w a s  t h e n 9 0 0 0  mg BOO/ £ .  

B .  l lyd r a u l i c  ret ent i o n  t i me .  A p r e v i ous  s t udy ( S t ander  

e t  a l �  1 9 7 1 ) h ad shown yea s t  p l an t  e ff l ue n t  t o  b e  

am e n a b l e  t o  a n a e r o b i c  d i g e s t i on  i n  four t o  s i x days 

a n d  s i nc e  th i s  s t udy s ough t l owe r HRT ly ma i n t a i n i n g a 

f i x e d  b i o m a s s , an HRT o f  f i ve days  wa s c h o s en a s  the  

h i g h l e ve l fo r t h i s  fa c t o r . The  m i d - a n d  l ow l e v e l s  

we r e  c h o s e n a s  t h r e e  a n d  o n e d ay s r c s p e c t i ve � s i n c e  

t h e  comb i nat i o n  o f  9 0 0 0  m g  BOO s / �  I SC and 1 d HRT 

wo u l d  g i ve r i s e  t o  an o rgan i c  l o ad i n g  r a t e  o f  9 . 0  k g  

BOD s /m 3d w h i c h  i s  a h i gh e r  l oad i n g  r a t e  t h a n  p re v i ous l y  

t e s t e d  o n  t h e  anae rob i c  f i l t e r  s y s t em .  Furthe r , two 

of  the I SC and H RT c omb i n a t i o n s , name l y  1 0 0 0  mg BOO s / �  

and 1 d HRT and S O O O  mg Boo 5 ; �  and S d H RT g i ve r i s e  

t o  t h e  s ame o rgan i c  l oa d i n g  r a t e  o f  1 . 0  k g  BOD s /m3d ,  

t h L 1 s  a l l ow i ng d j s c r im inat i on b e tween  t h r e e  p ro c e s s  

p a rame t e r s ; I SC ,  HRT and o rgan i c  l o a d i n g  r a t e . 

C .  Temp e r a t u re . The t empe r a t u r e  o f  t h e  s p e n t  ye a s t  fe rm ­

e n t a t i o n  l i quor  i s  appro x i ma t e l y  3 0 °C and t h i s  t empe r ­

a t ure  w a s  cho s en a s  the  l ow l eve l for  t h e  t empe r a t u r e  

fac t o r . T h e  h i gh l eve l  w a s  s e t  a t  3 S ° C wh i c h  c o r r e s ponds  

to  an o p t imum t empe r a t u re for  m e s o ph i l i c anaerob i c  

d i ge s t i on . 

D .  Anae rob i c  F i l t e r  S i z e . Th i s  fac t o r  w a s  de s i gn a t e d  b y  

t h e  ava i l ab i l i ty o f  mat e r i a l s  fo r c o n s t ruc t io n  o f  t h e  

f i l t e r s . F i l t e r  vo i d  vo l umes  o n  wh i c h  b a s i s  t h e  

hydrau l i c  r e t en t i on t ime s w e r e  c a l cu l a t e d  w e r e  2 . 7 2 £  



and 8 . 0 �  fo r t h e  h i gh and l ow l eve l s  r e s p e c t ive l y .  

4 . 2 . 4  Re s po n s e  Va r i ab l e s  

8 0  

Any m e a s u red re s p o n s e  o f  t h e  s ys t em s ub j e c t  t o  t h e  e f fe c t s  

o f  t h e  i ndepende n t  p r o c e s s  pa rame t e r s  may b e  d e s i gn a t e d  

a depende n t  p ro c e s s  pa rame t e r . Tho s e  mea s u r e d  i n  t h i s  

s t udy a re the  o n e s  o f  i n t e r e s t from a n  e ng i ne e r i n g  po i n t  

o f  v i ew i n  was t e  t reatment  t e chno l o gy a n d  are  l i s t ed  i n  

'tab l e  4 .  2 

T/\B L E  4 . 2  Expe r i me n t a l  Scope  o f  t h i s  S t udy  

[ nJ e p e ndent  Pro c e s s  Pa rame t e r s  

[ n f l ue n t  s ub s t ra t e  c o nc e n t ra t i o n  
r s c (mg B O I\ / � )  

l l y d r a u l i_ c r e t e n t i o n  t i m e  
1 1 1n ( d . )  

Temp e ra t u re ( °C )  

F i l t e r  s i z e ( � )  

H i gh 

9 0 0 0  

5 
3 5  

8 . 0  

D e p e n de n t  Proc e s s  P a r ame t e r s  Me a s u r e d  

s o l ub l e  COD  remova l ( pe r c e n t , k g / m3 d )  
pH 

Leve l s  
M :t d . 

5 0 0 0  

3 

Low 

1 0 0 0  

1 
3 0  

2 . 7 2 

gas  p rodu c t i o n  ( £ /d  and �gas / �  n e t  f i l t e r  vo l ume d . )  
p e r c e n t  me thane  :t n  gas  
vo l a t i l e ac i d s  
ammo n i a  
t o t a l  s u l ph i de 
a l k a l i n i ty 
c o nve r s i o n  o f  COD t o  me t hane 

NOTE 

O rgan i c  l oad i ng r a t e �
3

fo r t h e  comb i n a t i o n s  o f  T S C  and  
HRT t e s ted  (kg B00 5 /m  d) 

I SC (mg BOD 5 / _ q 

9 0 0 0  5 0 0 0  1 0 0 0  

5 1 . 8  1 . 0  0 . 2 

HRT ( d )  3 3 . 0  1 .  6 7  0 . 3 3 

1 9 . 0  5 . 0  1 . 0  
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4 . 3  Appa ra t u s  

Two bench  s c a l e  anae rob i c  f i l t e r s  we r e  c o n s t ruc t e d  fo r 

t h e  s t udy . They we re  b a s ed on a de s i gn b y  Jenne t t  & 

Denn i s  ( 1 9 7 5 ) , and cons i s t ed  o f  ve r t i c a l  c o l umns o f  QV F 

g l as s  p i pe  s e c t i on (J . A .  Job l i n g  & Co . L t d , Eng l and ) 

p a c k e d  w i th g l a s s  Ra s ch i g  r 1 n g s . The  ma t e r i a l s  o f  con ­

s t ruc t i o n  w e r e  cho s e n  due t o  t he i r  ava i l ab i l i t y  a t  t h i s  

t i me . F i gure  4 . 1 i l l u s t ra t e s the  f i l t e r  un i t s . 

Th e e nds o f  the  co l umn s e c t i o ns  we re  a r ranged  t o  a c c om ­

m o d a t e  l i n e s  fo r  i n f l uent  � n d  e f f l u e n t  a t  t h e  bo t t om and 

t o p  r e s p e c t i v e l y .  O n  th e s m :J l l e r  u n i t  ( /\ F l )  the  f i l t e r  

e n d s  c o mp r i s e d  QV F p i p e r e d u c e r s  ( . J . i\ .  J o b l i n g & Co . L t d , 

C a t :J l o g ue r e f e r e n c e  P I< 3 / I )  w i t h r u b b e r s to p p e r s  i n  the  

s m a l l e r  e n d  d r i l l e d t o  a c c e p t  t h e fe e d and  e f f l ue n t  l i n e s . 

O n  /\ F 2 , p e r s p e x  e n d p l a t e s  w e r e  c o n s t r u c t e d wh i c h s e a l ed 

t h e  c o l um n  e n d s  a n J  we re d r i l l e J a n d t a p p e d t o  a c c e p t  

1 1  y L o n 1 S l' r k i t 1 c o 1 1  n e c t o  r s l !\ u c k 1 a n d T o o  l � G a uge C: o . 

L t d , N . Z • ) t o \\' h i l. h t h e f c c d a n d c E f 1 u e n t l i n e s w c r e 
a t t a c h e d . 

I n s i d e  t h e  b a s e  o f  each  f i l t e r  un i t  a p e r s p ex  d i s p e r s i on 

p l :1 t e , d r i l l ed w i t h concen t r i c  .3 1:• m  ho l e s , was  f i t t e d  

t o  d i s t r i b u t e  t h e  i ncom i ng feed  ma t e r i a l  even l y  ac ro s s  

t h e f i l t e r  c ro s s  s e c t i o n . 

Bo t h  f i l t e r s  we re  f i l l e d  w i th g l a s s  ' Ra s ch i g ' r i n g s  

l O mm in  l e ngth . T h e  d i ame t e r  fo r t h e  g l a s s  t ub i n g  u s e d  

was  6mm fo r A F l  and 1 2mm fo r A F 2 . To  p reve n t  s h o r t  c i r ­

c u i t i ng o f  f l u i d  up t h e  c o l umn wa l l s p l a s t i c a nnu l a r  

b a f f l e s  we re p l aced  i n  the  f i l t e r s a s  ind i c a t e d  i n  F i gu r e  

4 . 1 . Pump i n g  o f  the  feed ma t e r i a l  and f i l t e r  

rec i rc u l a t i on f l ows  was  by  pe r i s t a l t i c  pumps ( Co l e - Parme r 

I n s t rument  Company , Ma s t e r f l ex mode l 7 0 1 0 )  w i t h  c o n t i nuos l y  

var i ab l e  s p e ed c on t ro l l e rs . E a c h  f i l t e r  un i t  had  o n e  

pump d r i ve f i t t e d  w i t h  t w o  pump i n g  heads : a mode l 7 0 1 3  

h e ad fo r fe e d  pump i n g  and a mode l 7 0 1 4 - 2 0  head  fo r 

e f f l ue n t  r e c i rc u l a t i on . S i l i c ore rubb e r  t ub i n g  was  u s e d  

i n  t h e  pump impe l l e r s  and e a c h  tub i n g  s e c t i on p ro v i d e d  

5 t o  1 0  days  s er v i c e . 
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r c L. i r L. t 1 I : 1 t i n ' 1  
n u tn p 

r: T !. t fl <. E  4 .  1 :  S c h e ma t i c  d i a g r a m  o f  f i l t e r s u s e d  1 n  t h e  e x p e r i me n ­
t a l  t r i a l s  
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To p r e vent  t h e  c o l umn f rom emp t y ing  i f  r up t u r e  o f  t h e  

pump l i ne s h o u l d  o c c u r , t he pump s we r e  p l ac e d  above t he 

l e ve l  o f  the  f i l t e r  c o n t e n t s , howeve r t h e  d i f f e r e n c e  i n  

l eve l s  b e tween  t h e  feed  r e s e rvo i r  a n d  t h e  f i l t e r  e ff l ue n t  

l eve l p r o v i de d  a po s i t i ve pump ing  h e ad . 

On t h e  e f fl uent  s i de o f  t h e  f i l t e r s an i nve r t ed s i phon  

p r e ve n t e d  a c c e s s  of  a i r  t o  t he f i l t e r  c o n t e n t s . 

Ye a s t  p l a n t  e f f l u ent  d i l u t ed w i t h t ap wa t e r  t o  t h e  

r e q u i r e J  s t r e n g t h  w a s  p l aced  in  a g l a s s  s t o rage  r e s e rvo i r  

w i t h  a m a g n e t i c  s t i r r e r  and r e n e w e d  d a i l y . 

T o  m a i n t a i n  th e a n a e rob i c  f i l t e r s a t  t h e  r equ i r e d  t emp ­

e r ;l t u r e , t h e  e n t i r e a p p :1 r a t u s  w a s  m a i n t a i n e J  i n  a wa l k ­

i n , c o n t r o l l e d t e m p e r a t u r e  room . Th i s  r oom w a s  h e a t ed h y  

a r a d i : 1 n t  e l e c t r i c h e a t e r  a n J  c o n t r o l l e J v i a a 

t c m p c r ; 1 t u r e c o n t r o l l e r w i t h  a n  :1 c c u r a c y o f � 0 . 5 ° C . W h e n  

o n e  o [  t h e  f i l t e r s �v a s  r e q u i r e d  t o  h e  o p e r a t e d  a t  a 

lt i gh c r t empe r a t u re , a po l y s t y r e n e  b o x  was  u s e d  t o  

e n c l o s e  t he f i l t e r  and  s e p a r a t e  h e a t i n g  conne c t ed t o  t h e  

b o x  b y  t w o  1 0 0  wat t l i gh t b u l b s . 

A l l l i q u i d  l i ne s  to  and from t he f i l t e r  un i t s  \-:e r e  3 . 2 mm 

PVC t ub i ng  wh ich  was c l eaned  o f  b i oma s s  a c c umu l a t i o n  

we e k l y and rep l aced  a s  ne c e s s ary . L in e s  c ar ry i ng t h e  

d i g e s t o r  g a s  t o  t he g a s  me t e r s  and t h en t o  was t e  we re  

b u t y l  rubb e r  t o  p revent  l o s s  o f  m e t h ane . 

4 . 4  Samp l i ng P r o c edu re s 

The  t wo f i l t e r  un i t s  we re  s e eded w i t h  an a c t i ve b i omas s 

a s  de s c r i b e d  in C .1 apt e r  5 . I nc reme n t a l , t h e n  c o n t inuous  

feed i ng o f  d i l u t e d  ye a s t p l a n t  e f f l u e n t  was  s t a r t ed and 

gas p roduc t i o n  and e f f l ue n t  COD mon i t o re d  as t h e  s ub s t r a t e  

c o n c e nt r a t i on w a s  i n c re a s ed unt i l  t h e  r e q u i r ed l eve l was  

a c h i eved  for the  f i r s t  exp e r imen t a l  run . 

F o r  e ac h  e xp e r iment a l  run  the  s y s tem  w a s  deemed t o  h ave 

a c h i eved  a s t e ady s t a t e  c o nd i t i on when s uc c e s s i ve g a s  
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p roduc t i on  and e f f l ue n t  COD me a s u r emen t s  w e r e  w i th in t en 

p e r c e n t  o f  each  o t h e r  ove r  a t  l e a s t  t h r e e  hyd r au l i c  r e t ­

e n t i o n  t ime s . 

Samp l e s  we re  t aken  for  ana l y s i s  a s  fo l l ows : 

I n f l u ent  s ub s t ra t e  c o nc e n t rat i on - s amp l e d a t  

t h e  feed  r e s e rvo i r  fo r s o l ub l e  COD . 

E f f l u e n t  f rom t h e  f i l t e r s  s amp l ed at  t h e  i n v ­

e r t e d s i phon f o r s o l ub l e  C O D , vo l a t i l e  ac i d s , 

; l l k a l i n i t y ,  ::� mmon i ::t ,  s o l u b l e  s u l p h i de a n d  s u s ­

p e n d e d  s o  I i d s . 

l : i l t e r  i n t e r n a l c o n t e n t s l !\ 1 : 2  o n l y )  s ::1 1n p 1 c d 

; I t p o r t s  a l o n g  t h e  c o l u m n  l e n g t h  i n  o rd e r t o p 

t h r o u g h  b o t t o m [o r s o l u b l e  U ) l ) , v o Lt t i l c a c i d s , 

a mm o n i a ,  s o l u b l e  s u l p h i d e . 

l ; ; I s p r o d u c t i o n ;  d ; I i l y  r c ; I d i n g s  [ r o m  i n t c g r a ­

t i n g  \v e t  t e s t  g a s  III L' t c r s ; I t L t c h c d t o  t h e t o p  

o f  t h e  f i  I t e r  u n i t s . 

G a s  c omp o s i t i o n a l i q uo t s  o f  d i ge s te r  g a s e s  we re  

t aken  b y  s y r i nge from  a s ep t um p l ac e d  on  the  

l i ne t a k i ng t he g a s  f rom the  f i l t e r  un i t s  to  

the  g a s  me t e r s . 

4 . 5  An a l y t i c a l  Techn i que s 

4 . 5 . 1  Chem i c a l  Oxygen Demand 

The  COD o f  b o t h  s ub s t r a t e  ::�nd f i l t e r  e f f l uent  s amp l e s  

were  me a s u re d  b y  the  m i c ro t e chn i que  deve l o ped  b y  J i r k a  

& C a r t e r  ( 1 9 7 5 ) . The re agent s added t o  2 m l  o f  s amp l e , 

d i l u t cd wh e re nece s s a ry t o  t h e  range  0 to  7 0 0  mg COD/ 1 ,  

we re : 3m l  ac i d - c a t a l y s t  s o l ut i on from  a b a t ch o f  

r e a g e n t  p r e pared  b y  d i s s o l v i n g  2 5 g  s i l ve r c h l o r ide  (AR 

g r ade , BDH Chemi c a l s , En g l and ) i n  2 5 0 0  ml o f  w a t e r  and 
l m l  0 . 2 5 0  N p o t a s s i um d i ch ro ma t e  s o l u t i on p repa red  by 

d i s s o l v i n g  AR g rade p o t a s s i um d i c h roma t e  i n  d i s t i l l ed 

wat e r . P r i o r  t o  d i l u t i o n  the  s amp l e  was  c e n t r i fu g e d  a t  

5 0 0 0  r p m  fo r 1 5  m i nu t e s  on  M S E  Supe r M in o r  c e nt r i fuge  t o  
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remove s u s p e nded mat e r i a l . 

D i ge s t ion  o f  the  s amp l e s  was  a t  1 6 0 ° C fo r two h o u r s  i n  

s c rew c apped  t ub e s . A ft e r  t h i s  the  appe a rance  o f  C r ( I I I )  

was  m e a s u r e d  s p e c t r o pho tome t r i c a l l y  a t  6 0 0 nm u s ing  

a H i t ach i mode l 1 0 1  s pe c t roph o t ome t e r  z e roed  on a d i s ­

t i l l ed wat e r  b l ank  c a r r i e d  t h r o ugh t o  ana l y s i s  w i t h t h e  

s amp l e s . 

C O D  c o n c e nt rat i o n  was read from a s t a nda rd cu rve p r e p a ­

red u s i ng s i x a c i d  p h t h a l a t e  s amp l e s at  known  COD c o n ­

c e n t r a t i o ns  o f  5 0 , 1 0 0 , 2 0 0 , 4 0 0 , 6 0 0 , 7 5 0  mg COD/ £ .  

The  s t a nda rd c u rve h ad a r e g r e s s i on equa t i on o f  

C O i l  ( mg / £ )  = a b s o r b a n c e  a t  6 0 0 nm x 3 2 7 0 w i t h a 

c o r re l a t i o n c o e ff i c i e n t  o f  0 . 9 9 9 . 

4 . 5 . 2  5 - d a y  B i o c h e rn i c a l O x y g e n  D emand w a s  m e a s u r e d  

manome t r i c a l l y  u s i n g HAC H mode l 2 1 7 3 BOO appa rat us ( Hach  

Chem i c a l  Co . L t d , I owa , U . S . A . ) .  

4 .  5 .  3 .  pH  

The  pH of  a l l  s amp l e s  was  me a s u re d, w i th i n  f i ve m i nut e s  

o f  s amp l ing , u s i ng a n  E l L  mode l 7 0 5 5  p H  me t e r  ( E l e c t ro n i c  

I n s t rume n t s  L t d , S u r r e y , E n g l and ) . C a l i b r a t i on o f  the  

p H  me t e r  was  b y  way  of  b u f fe r  s o l u t i o n s  a t  p H  7 . 0 0 and  4 . 0 0 

( E l L ,  Eng l and ) . 

4 . 5 . 4 Sus pended  So l i ds  

E ff l ue n t  s u s pended  s o l i ds and vo l a t i l e  s u s pe nded s o l i d s  

we r e  me a s ured  b y  t h e  g l as s  f i b r e  f i l t e r  p ap e r  t e chn i que . 

( S t andard  Me thods  fo r the  Exam i na t i on o f  Wat e r  and Was t e  

Wat e r , 1 3 t h  Ed . , ( 1 9 7 5 ) , 2 0 8  C ) . A n  approp r i a t e  a l i qu o t  

w a s  f i l t e r e d  t h rough a f i l t e r  d i s c  2 . 5  cm i n  d i ame t e r  

( Wh atman L t d , Ma i d s t one , U . K . ) and  t h e  d i s c  d r i ed a t  

1 0 3°C fo r t w o  hour s , c o o l ed i n  a de s s i c a t o r  a n d  r ewe i gh e d . 

F o r vo l at i l e  s u s p ended  s o l i d �  p o r t i o n ( s )  o f  t h i s  d i s c  

and s o l i d s  we r e  p l ac e d  i n  a muf f l e fur n a c e  and i gn i t e d  a t  



5 5 0 °C fo r 1 5  m i n ut e s  and we i ghed . B l ank  d i s c s  we re  

t re a t e d in  a l i k e  man n e r  and u s ed to  c o r r e c t  fo r mo i ­

s t u re and f i l t e r  d i s c  vo l at i l i t y . 

4 . 5 . 5  Ammo n i a  

Ammo n i a  i n  the  c en t r i fuged s amp l e s  was  m e a s u r e d  u s i n g  an  

E I L  mode l 8 0 0 2 - 8  ammo n i a  probe  conne c t ed t o  an E I L  

mode l 7 0 5 5  pH /c o nc e n t r a t i o n me t e r . The me t e r  was  c a l i ­

b ra t ed u s i n g  kn own s t andards  o f  1 . 0 ,  1 0  and 1 0 0  mM 

ammon i um c h l o r i de ( Ana l a r grade , BDH Chem i c a l s ) . The  

s a m p l e s a n d  s t a n d a r d s  w e r e  a d j u s t e d  t o  pH  10  u s i n g  lM  

s o d i um h y d r o x i d e s o l u t i o n p r i o r t o  t e s t i n g w i t h the  

p r o b e . 

4 . 5 . 6  S u l p h i d e  

To Ul l s u l p h i d e c o n c e n t r a t i o n L n  t h e  f i  1 t e r  con t e n t s  a n d  

e [ [ l u e n t  s am p l e � w a s  m e .:1 s u r c d  u s i n g a n  O r i on mod e l 

8 6  

9 4 - L b s u l p h i d e  s p e c i f i c i o n e l e c t r o de ( O r i o n  R e s e a r c h  

I nc . , Ma s s . U . S . A . ) . A d i r e c t  me a s u rement  t e chn i que  was  

u s ed b y  c a l i b r a t ing  the  E I L  7 0 5 5  pH/ c o n c e n t ra t i o n  m e t e r  

aga i n s t  known s t andard s o l ut i o n s  p re p a r e d  u s i n g  N a 2 S . 9 H 2 0 

( Ana l a r g r ade , BDH Chem i c a l s ) . 

4 . 5 . 7  A l ka l i n i t y 

A l k a l i n i t y  w a s  me a s ured  o n  a l l  s amp l e s by  a p o t e n t i ome t r i c  

t i t ra t i o n  t o  p H  4 . 0  ( St andard Me thods , 1 9 7 5 ) . 

4 . 5 . 8  G a s  Produc t i o n  

Each  o f  t h e  anae rob i c  f i l t e r s  was  c o n ne c t ed t o  a we t - t e s t  

gas  me t e r  o f  the  i n t e grat ing  type  ( A l exander  Wr i gh t  & 
Co . L t d , Eng l and , 0 . 2 5 £ p e r  revo l ut i o n ) . Gas  re ad i n g s  

we re  t ak e n  da i l y fo r e a c h  u n i t  a n d  a l l  m e a s u remen t s  we re  

c o r re c t e d  fo r vo l um e  a t  3 0 °C .  The  w a t e r  in  the  m e t e r s  

w a s  rep l ac e d  and t h e  me t e rs r in s ed app rox imat e l y  eve ry 

mon t h . A ft e r  r e p l a c e me n t  of  the  w a t e r ,  the  me t e r s  w e r e  

r e c onne c t e d  t o  t h e  f i l t e r s  a n d  n o  re ad i n g s  t ak e n  fo r 

4 8 h  t o  a l l ow the  wa t e r  t o  b ec ome s a t ur a t e d  w i t h  c arbon  

d i ox ide . 
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4 . 5 . 9  Me thane  C ompo s i t i o n  o f  G a s  

To m e a s u re t h e  p e rc e n t age  o f  C H4 i n  the  d i ge s t er gas , 

a s amp l e  was  t ak e n  f rom t h e  s e p t um i n  gas  l i n e  w i t h  a 

1 0 0 0  w �  g a s  t i gh t s y r i n g e  ( Sc i e n t i f i c  G l as s Eng i ne e r i ng 

P t y  L t d , Au s t ra l i a )  and i n j e c t e d i n t o  a Va r i an Ae r o g raph 

mode l 9 2 0  gas  ch roma t o g raph f i t t e d  w i t h a 1 . 5 2m x 6 . 5mm 

s t a i n l e s s  s t e e l co l umn p a c k e d  w i t h 8 0 / 1 0 0  m e s h  Po ropak  S 

(Wa t e r s  As s o c i a t e s  I nc . , U . S . A . ) and a t h e rma l c onduc t i ­

v i t y d e t e c t o r .  Me thane  peak  h e i gh t s  we r e  c ompared  t o  a 

s t anda rd cu rve p r e p a re d  by  i n j e c t i n g 2 0 0 , 4 0 0 , 6 0 0 , 8 0 0  

and  1 0 0 0  w �  o f  1 0 0 pe rc e n t  me thane  o n t o  t h e  c o l umn . The 

ch roma t o g r a p h  o p e r a t i n g  c o nd i t i o n s  are l i s t e d i n  T ab l e 

4 .  3 . 

T i\ B L E  4 . 3 : C a s  Ch rom3 t o g r aph Cond i t i o n s  fo r O e t e rm i na t i o n  

o f  Me t h a n e  i n  D i g e s t e r C a s  

C a r r i e r  g a s  
R e f e r e n c e  gas  
T empe ra t u r e s  

B r i dge  c u r r e n t  

dry  n i t ro ge n  a t  6 0� /m i n u t e  
dry  n 1 t rogen  a t  1 2 � / m i nut e 
i n j e c t o r  amb i e n t  

c o l umn 8 0 °C 

d e t e c t o r  
9 0 mA 

4 . 5 . 1 0 V o l a t i l e  Ac i d s  

Ga s - l iqu i d  c h roma t r o g raphy w a s  u s ed t o  me a s u r e  vo l a t i l e  

ac i d  c o nc e n t r a t i o n . The me thod o f  Bau f i e l d e t  a l  ( 1 9 7 8 )  

was  u s e d . C hroma t o g r aphy c o nd i t i o n s  a r e  l i s t e d  i n  T ab l e  

4 . 4  The GLC  was a Sh i mad z u  G C 5A w i t h  Rl O l  S t r i p  Cha rt  

r e c o rde r v i a  a Va r i an COS  1 1 1  d i g i t a l  i n t e g r a t o r  

( Sh imad z u  S e i s akusho  Co . L t d , Japan and Va r i an Ae ro gr aph , 

C a l i fo rn i a ,  U . S . A .  r e s pe c t i ve l y ) . M i xed  ac i d  s t andard  

s o l u t i on s  were  u s ed to  c a l i b r a t e  the  i n s t rumen t  a t  each  

s e s s i on and a r e  de s c r i b e d  in  T ab l e  4 . 5 .  

Samp l e s  w e r e  f i r s t  c e n t r i fuged t o  remove s u s p e nded m a t e r i a l  

b e fo r e  p ro c e e d i ng w i t h  t h e  ana l y s i s . The  ch roma t o g raph 
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was  f i t t e d  w i t h  a f l ame i o n i s a t i on de t e c t o r . P e a k  a r e a s  

comput ed  b y  the  i n t e g r a t o r  we re u s e d  t o  me a s u re t h e  

vo l a t i l e ac i d  concent r a t i o n  o f  t h e  s amp l e s . 

TAB LE  4 . 4 :  G a s  L i qu i d  Ch r oma t o g r aph i c  Cond i t i on s  fo r 

Vo l a t i l e  Ac i d  Ana l y s i s  

C a r r i e r  g as  
F I D  f l ows 

F J D  s e n s i t i. v i. t y 

T e m p e r a t u r e s  

S a m p l e  s i. z e 

C o l u mn  s i. z e 

C o I mm p a c k i n  g 

d ry n i t rogen  
hyd rogen  

at  
a t  
at  

8 0rr.£ / m i nu t e  
5 0 rnQ,  / m i nu t e  

9 0 0mQ, / m i nu t e  
1 0 0  M rt 

i. n j e c t o r  
c o l um n 
d e t e c t o r  

1 9 0° c 

1 6 0° c 

1 9 0° c 

3 1.1 Q_ 

2m  x 5 mm O D  g l a s s  

5 �  � � A P  o n  l 0 0 / 1 2 0  
C h romo s o r b G . AW . D C M S  

TABLE  4 . 5 :  Vo l a t i l e Ac i d  Wo r k i n g  S t andards  

C . orn n o n e n t  ac i d
1 

ac e t i c  
prop i o n i c  

i s o - b u t y r i c  
n - bu t y r i c  

i s o - va l e r i c  
n - va l e r i c  

a l l  va l ue s  mg/9,  
L o w  s t andard  

5 0 0  
5 0 0  
1 0 0  
5 0 0  
1 0 0  
2 0 0  

I-I i r. h s t a n d  a r d 

2 0 0 0  
2 0 0 0  
1 5 0 0  
2 0 0 0  

5 0 0  
1 0 0 0  

1 Ana 1 a r  grade BDH  Chem i c a l s , Eng l and 1 n  d i s t i l l ed  
wa t e r  
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Th i s  chap t e r  g 1 ve s  t h e  c o n s o l i d a t e d  s t e ady  s t a t e  exp e r ime n ­

t a l  da t a  o b t a i ne d  from t h e comp l e t e  de s i gn .  The a n a e rob i c  

f i l t e r ' s  e ffe c t i vene s s  a s  a p ro c e s s  t o  remove o rgan i c  ma t ­

e r i a l  and p ro duce  me t hane from y e a s t p lant e f f l ue n t  i s  de -

f i n e d . I n  add i t ion  o p e rat i o n a l  fac t o rs are  c a l c u l a t ed wh i ch 

c h a r a c t e r i s e t h e  p ro c e s s  and t h e  e f f l ue n t . 

S . l S t e a d y  S t a t e E x p e r i me n t a l  D a t a  

l l a t a  o b t a i ne d  f ro m  t h e  t w e l ve r u n s  1 n  t h e  e xpe r ime n t a l  de s i gn 

a r c p re s e n t e d in  Tab l e 5 . 1 .  T h e s e  d a t a we re ob t a ined  us i ng 

t h e  me t h o d s  d e t a i l e d i n  t h e p rev i ou s c h a p t e r . The f i rs t  

1: o u r c o l u m n s i n  ' ! 'Cl h 1 c S . 1 r c f e r t o  t h c c o mb i n :1 t i on o f con -

d i t i o n s  p r e s c r i b e d i n  t h e c x p e r i mc n t :J. l  d e s i g n ;  s u b s e q u e n t  

co lumn s arc  me an  v a l u e s  fo r t he p a r t i c u l a r p a rame t e r  ove r 

t h e  pe r i o d  dur ing  wh i c h t h e f i l t e r  was  cons i de re d  t o  be  1 n  a 

s t e ady  s t a t e  w i t h  respect t o  tho s e  impo s e d  cond i t i on s . 

F o r  t h e  exp e r i men t a l  wo rk 

- The BOD5 o f  the feed was s t anda rd i s e d . Dur i ng the exp ­

e r imen t a l  pe r i od  e ach b a t c h o f  y e a s t p l an t  e ff l ue n t  

u s e d  w a s  ana l ys e d  fo r B00
5

and d i l u t e d  fo r u s e  in  t h e  

s t andard i s e d  b a s i s . Th i s  parame t e r  w a s  u s e d  i n  t h e  

s t andard i s at i o n  o f  t h e  i n f l ue n t  s ub s t r a t e  conce n t ra t i o n  

b e c a u s e  t h e  b i ochem i c a l  o x y gen demand i s  o f  p r i ma r y  

conc e rn , a l ong  w i th s u s pe nded s o l i d s  l eve l s , t o  an 

aut ho r i t y  as s e s s i n g  wa s t e  t re a tment  c o s t s . 

- Gas  p roduc t i o n  i s  t h e  t o t a l  g a s  produc t i on  d i v ided  b y  

i n i t i a l  vo i d  vo l ume o f  t h e  f i l t e rs , s o  a s  t o  s t andard i s e  

t h i s  p a rame t e r  w i t h  r e s p e c t  t o  an ae rob i c  f i l t e r  s i z e . 

- I ncomp l e t e  BOD5 dat a  we re  due t o  large d i s agreeme n t  b e t ­

ween  s amp l e  dup l i c a t e s  fo r run s 7 and 8 .  The four  du ­

p l i ca t e d  s amp l e s  for  run 7 were  2 1 6 3  and 1 0 4 7  mg/ � , 



9 0  

2 0 9 2 and  1 5 4 6  mg/ t , 1 1 2 4 and 2 1 2 0 mg / t , 2 0 2 3  and  1 8 7 6  

mg/ t r e s p e c t i ve l y  t ak e n  ove r the  s t e ady s t a t e  p e r i od . 

Fo r run 8 ,  they w e r e  1 0 4 0  and 39 7 0  mg / � , 1 5 3 9  and  1 8 4 4  

mg/ � 1 1 4 5 7  and 1 9 1 6  mg / t , 1 7 7 9 and 1 1 3 0  mg/ � . F o r  

run 5 ,  the  s amp l e  w a s  los t i n  t h e  l ab o r a t o ry . � o  s a t ­

i s fac t o ry answe r was  found fo r the  d i s p a r i t y  i n  the  

dup l i c a t e s  fo r runs  7 and  8 .  The  ob v i ous one  of  l e a k ­

age  from the  manome t r i c BOO b o t t l e s  was  n o t  t h e  c aus e 

as a l l  s e a l s  w e r e  ch e c k ed p r i o r  t o  ana l y s i s . Ag r e e ­

m e n t  b e t ween  dup l i c a t e s  o f  a t  l e a s t 5 pe r c e n t  was  found 

fo r t h e  o t her  s amp l e s . 

r n c (1 1n p l c t c s u l p h  i J c J :1 t .1 \\. u. s c .1 u s c J h y t h e  non - :1 v a i l -

: t h i l i t v o f  a s u l p h i d e  s p e c i f i c  i o n p rob e fo r runs  l ,  

2 ,  -l a n d  5 .  S u. m p l e s  L1 k c n  f o r o t h e r  ana l y s e s  J u r i ng 

t h e s e  r u n s  d i d  s me l l o f  s u l p h i J c , a s J i d  a l l o t h e r  

s �� m p l c s , s o s u l p h  i J c s I'<' e r c p r c s c n t c v e n i f c o n c c n t r a -

t i o n s  a r e u n k n ow n . 

- l' h e  s u s p e n d e d  s o l i d s  d .1 L1 [ o r r u n s  1 ,  2 ,  -+ a n d  S a rc 
res i due  on evap o r a t i o n � l ue s  n o t  s us pended  s o l i d s . 

I n  o rd e r t o  a s c e r t a i n  t he d e g r e e  o f  as s o c i a t i o n  b e tween  

t h e  i np u t  and  r e s p o n s e  va r i ab l e s  i n  Tab l e  5 . 1 ,  c o r re l a t i o n  

c o e f f i c i e n t s  w e r e  c ompu t ed ( Tab l e  5 . 2 ) . The c a l c u l a t i o n s  

us ed  t o  gene r a t e  Tab l e  5 . 2  t o o k i n t o  a c c o u n t  the  m i s s ing  

data  po i n t s i n  Tab l e  5 . 1 .  A l s o  the  s i gn i f i c a nce  l eve l s  

a r e  b a s e d  o n  n - 2  d e g r e e s  o f  fre edom whe re n i s  t h e  numb e r  

o f  pa i r s o f  d a t a  u s e d  i n  c a l c u l a t i ng t h e  c o r r e l a t i o n  c o e ­

f f i c i e n t . The c o r re l a t i o n s  tha t w e r e  s t a t i s t i c a l ly s i g n i f i ­

c an t  w i th c o n f i dence  l e ve l s  o f  9 5  and 9 9  pe r c e n t  a r e  marked  

in  t h e  t ab l e .  The  t ab l e  p ro v i d e s  i n forma t i o n  a s  t o  po s s i b l e  

r e l a t i o n s h i p s  b e tw e e n  va r i ab l e s . I t  a l s o  p ro v i d e s  s t a t i s ­

t i c s  fo r d a t a  p re s e n t e d  
,
g raph ic a l l y  l a t e r  i n  th i s  chap t e r . 

I n  add i t i o n  t o  t h e  d a t a  from the  runs  i n  t h e  e xp e r i men t a l  

d e s i gn u s e d  i n  t h i s  s tudy , da t a  are  p re s e n t ed i n  T ab l e  

5 . 3  fo r t h e  two t r i a l s  a l re ady comp l e t ed i n  the  f i rs t d e s i gn 

b u t  droppe d  when t h e  p r o g ramme w a s  s h o r t e n e d  ( s e e  4 . 2 . 2 ) .  

I n  t h e  next  s e c t ions , t h e  e f fec t s  o f  e a c h  o f  t h e  four  input  
var i ab l e s , and  the  hydrau l i c  l oadi ng r a t e , on  v a r i ous 
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TAB L E  5 . 1 :  S t e ady S t a t e  D a t a  from the  Exp e r ime n t a l  D e s i g n 

RUN ��UMBER  

I NF LUENT BOD  (mg/ £ )  

HYDRAU L I C  RETENT I ON T I ME ( d ) 

TEMPE RATU RE ( °C )  

F I L T E R  U N I T  

o r g an i c  load i n g  r a t e  

k g  BOD 5 /m3d 

COD  mg/ 2 

t o t a l  n i t rogen  mg / £  

t o t a l  s u lpha t e  

pH  

organ i c  load i ng r a t e  
3 k g  COD/m d 

1 

1 0 0 0  

1 

3 0  

1 

1 . 0 

5 4 8 6  

1 1 0  

3 8 6  

4 . 8 0 

5 . 4 9 

gas  p roduc t i o n  9./ Qd  

% CH4 in gas 

0 .  8 4 5 

CH4 p r oduc t i on 2/ �d 

COD  mgj Q 

BOD  mg/ l 

pH  

vo l a t i l e ac i ds m g / £ 1 

ammo n i a  mM 

s u lph i de mg / £  

a l k a l i n i ty mg / £ 2 

8 3 . 5  

0 . 7 0 6  

2 1 5 3 

6 2 8  

6 8 5  

7 1 4  

2 . 3 7 

1 4 4 5  

2 

1 0 0 0 

1 

3 0  

2 

3 

1 0 0 0 

3 

3 5  

2 

4 

1 0 0 0  

:) 

3 5  

1 

5 

5 0 0 0  

1 
- r .) ::J  

) 

6 

5 0 0 0  

3 
30 

1 

7 

5 0 0 0  

3 

3 5 
7 '-

8 

5 0 0 0  

5 
3 0  

1 

9 

9 0 0 0  

1 

3 5  

1 

1 0  

9 0 0 0  

3 

3 0  

1 

1 1  

9 0 0 0  

5 

3 0  

2 

1 . 0  0 . 3 3 0 . 2 0 5 . 0 1 . 6 7  1 . 6 7  1 . 0 9 . 0 3 . 0  1 . 8  

5 4 8 6  

1 1 0 

3 8 6  

4 . 8 0 

5 8 9 3  

1 0 6 

3 3 4  

4 . 9 5  

5 7 7 3  2 7 8 0 6  2 4 3 0 9  2 4 9 2 9  2 4 2 4 2  4 7 1 7 5  4 6 4 6 2 4 6 4 6 2 

1 3 5  5 7 3  5 5 0 5 2 6  5 3 2  9 3 0  1 1 2 6 1 1 2 6 

4 3 6  

5 . 0 0 

2 1 8 0 1 9 5 5  1 8 6 4  

5 . 9 5  5 . 9 5  5 . 8 0 

1 8 1 2  3 4 1 0  3 1 0 0  

5 . 8 0 5 . 6 5  5 . 7 0 

3 1 0 0  

5 . 5 5 

5 . 4 9 1 . 9 6 1 . 1 5 2 7 . 8  8 . 7 0 8 . 3 1 4 . 8 5 4 7 . 2  1 5 . 4 9 9 . 2 9 

0 . 5 99  0 . 4 09  0 . 7 7 3  

8 6 . 7  8 2 . 0 5  8 0 . 0  

0 . 5 1 9  0 . 3 3 5  0 . 1 3 8  

1 . 7 7 0  1 . 2 9 6  2 . 0 1 0 1 . 3 50 3 . 1 1 0  2 . 1 5 3 1 . 6 4 0  

7 5 . 9  6 6 . 3  6 6 . 5  6 7 . 9  4 9 . 9  5 6 . 4  6 7 . 4  

1 . 3 <l 3  0 . 8 59 1 . 3 3 7  0 . 9 1 7  1 . 5 5 2  1 . 2 1 4  1 . 1 0 5  

1 8 8 8  1 9 3 1  

5 3 9  5 6  7 

6 . 7 5  6 . 9 5 

6 7 2  3 4 2  

2 . 3 5 9 . 1 5  

5 4  

1 4 3 0  1 8 7 0  

2 8 2 5  1 7 3 7 8  1 3 6 4 2  9 8 7 9 89 7 8  3 1 0 9 0  3 0 8 6 2  2 7 6 7 7  

3 4 8  - 2 0 3 7  

7 . 0 0 6 . 9 0  6 . 8 5 7 . 2 5 

3 9 0  3 7 3 7  1 8 1 1  2 0 9 6  

7 . 2 5 

8 6 4  

1 8 . 1  

1 4 5 0  3 8 9 6  

1 0 4  

3 5 2 7  

9 . 7 1 0 . 5  

1 6 9  1 3 1  

4 3 8 3  4 4 7 5  

4 4 5 5  2 8 2 3  

6 . 9 0  6 . 9 5  

4 8 4 6 2 8 4 3  

6 . 6 5 . 7  

1 8 6  2 5 3 

6 8 6 0  6 1 1 6 

4 8 2 8  

7 . 0 5  

2 0  2 0  

8 . 9 

1 5 0 

6 3 1 0  

1 2  

9 0 0 0  

5 

3 5  

2 

1 . 8  

4 3 8 0 5 

1 0 9 0  

2 7 4 6  

5 . 5 0 

8 . 7 6 

1 . 7 8 4  

7 3 . 4  

1 . 3 0 9  

2 5 5 0 8  

4 4 3 5  

7 . 0 5 

2 4 2 0  

9 9 . 5  

6 1 8 9 

c on ' d  ove r n e x t  p age  

\.0 
..... 



s us p e nded s o l i ds mg / £  

% COD removed  

% B O D  remove d 

2 9 6 3�-'735-5 -3z_o __ -z-3 s o 5 
3 3 -+ �

5 
1 9 0  

6 0 . 8  6 5 . 6  6 7 . 2  5 1 . 1  3 :' . 3  4 3 . 9  

3 7 . 2  4 6 .  1 4 3 . 3  6 5 . 2  - 5 9 . 3 

8 s o  2 6 0  7 4 0  5 9 0  7 9  5 

6 0 . 3 6 3 . 0  3 � . 1  3 3 . 6  4 0 . 4  
- - 5 0 . 5  6 8 . 6  4 6 . 4  

COD r emova l rat e 3 3 . 3 3 6  �5 . S 9 9  1 . 3 2 0 0. 5 9 0  l U . -+ 3  3 . 5 5 -:  5 . 0 1 9  3 . 0 5 4 1 6 . 0 8 5 . 2 0 4  3 . 7 5 4 
FTCM 4 

No t e s : 

0 . 5 4 1 0. 3 6 9  0. 6 5 1  

1 t o t a l  vo l a t i l e ac i d s mg/ £ a s  a s c t i c  

2 t o t a l  a l k a l i n i ty mg/ £ as  C a C 0 3 3 k g / m3 d 

0 .  6 0 0  0 .  3 3 1  0 .  b 1 8  0 .  6 8 2 0 .  7 7 2 

4 f r ac t i on o f  the  t h e o r e t i c a l  maximum c onve r s i o n o f  C O D  t o  m e t h a n e  

5 t o t a l  s o l i d s  va l ue 

0 . 2 4 b 0 .  5 9  7 0 . 7 5 6  

8 1 6 

4 3 . 0  

5 0 . 7  
3 . 7 6 7  

0 .  6 8 7  

\.0 
N 



TABLE 5 . 2 :  Co rre lat ion Coe f f i c ients f o r  D a t a  in T :� b 1 e  '> . I  ( x  1 000 ) 

3 
·� 
� 

:> 
� " z ,_ 

-
� :; 

·� :::> .... 
-.:;, " 
"' "' ,_ "0 >. 

hydra u l ic re t e n t  ion 2 50 ;:: 

tempe rat ure 000 000 

AF u n i t  000 000 

COD ( !�)  9 9 8  2 1 2  

t o t a l  n i t rogen ill 302 

t o t a l  s u l ph a t e  ill 1 5 8 

pH 686 1 5 6 

o r g a n i c  l o ad i n g  (COD) 5 4 1 - 5 0 2  

o r gan i c  load ing ( BOO) 5 6 3  - 4 8 3  

COD (OUT) ill 1 1 4 

BOO ( OUT) ill 304 

% COD removed -1]4 -004 

COD removal r a t e  5 0 1 5 5 8  

% BOO removed 2 9 3  3 9 5  

g a s  p rod u c t ion 642 - 3 1 3  

% methane i n  gas -.ill -070 

me thane p rodu c t ion 686 3 20 

rTCM 0 7 9  ill 
pH 2 7 9  6 6 2  

volat i le a c i d s  ii1 1 26 

ammo n i a  2 2 1  1 9 7  

sulph i d e  

a l ka l i n i ty 

suspended so l ids 

64 3 - 3 0 5  

9 88 246 

640 �07 

" ,_ " 
� 
"' ,_ "' c:.. E � 

3 3 3  

0 1 5  

-04 1 

0 1 7  

049 

30 7 

300 

0 2 5  

0 7 8  

-096 

30 1 

046 

260 

-004 

2 7 2  

- 2 3 4  

1 9 9  

1 1 9 

5 4 1  

- 2 8 3  

0 5 6  

4 36 

� 
.... 

:; 
"­< 

0 0 5  

0 3 1  

- 0 3 6  

-069 

- 1 3 7 

- 1 50 

- 0 3 9  

1 49 

1 8 8  

-08 1 

- 4 8 2  

- 2 1 8  

3 7 6  

- 1 2 7  

0 5 2  

0 8 5  

0 2 2  

3 6 8  

-44 1 

009 

4 9 0  

:> c.< 0 z ,_ 
-

:::> 0 '-> 

988 

990 

68 1 

580 

6 9 9  

.lli 
ill 

-� 
5 3 8  

29 1 

6 6 2  

c:: 

"' 
'-' 0 

964 

6 -'+ l  

4 6 2  

4 8 3  

966 

lli 
-m 

4 1 4  

3 1 5  

5 50 

- 8 2 2  -l.Q.Q. 
704 596 

0 34 1 3 5  

2 5 1 2 6 2  

9 5 2  ill 
2 3 7  202 

668 6 1 7  

9 8 7  966 - -

6 4 8  6 2 6  

. u r : c : �i t i � � ; i � � i i i � 3 � t  P - O . O l  

'-' 
� 

--< " 
'" 

" 
� 0 
� 

ill 
6 3 7  

6 5 6  

969 

ill 

:X: c:.. 

4 3 7  

4 50 

606 

7 2 3  

j 
:.c c 

""' 

� 
:; 

·� 

::0 0.0 ,_ 0 

9 9 9  

64 5 

59 1 

Cl Q ;:Q 

0.0 

"0 " 
" 

:; ·rl c:: " 0.0 ,_ 0 

6 6 2  

6 0 5  

-� - 5 7 9  - 6 6 7  - 6 7 3  

6 0 2  4 4 5  1§2 2§1 
3 1 5  

7 0 2  

5 1 4 0 6 4  0 7 4  

4 28 ill ill 

Cl 0 u 

llU 

:> 

� - Q..Qji N 
5 8 7  56 7 - 5 89 

:.. 
.., ,_ 

" :> 
:2 
u ,_ 

:::> 0 '-> 

3 2 7  

684 

0 7 1) - 5 7 2  -0 2 3  

6 5 7 - 5 70 iQ.1 

� :> " E "' ,_ 

5 
"' 

.... 

0 4 4  

:; 
·� 
'-' u " ""' " ,_ 
"'-

(/) 
" 0.0 

-� -Ill -6 5 3  - 6 7 9 -� - 7 J I  6 7 5  -6 1 4  - 4 5 4  -]Ql 

7 4 5  4 9 3  2ll � 7 1 3  7 1 �  - 5 87 222 -005 � 

-0 1 9  0 9 2  -� - 7 0 2  -09 3 0 9 4  2 7 6  -Lli 1 0 4  - 50 1  

2 4 7  4 1 7  - 2 0 7  - 1 9 2  0 8 5  5 30 1 50 - 1 7 7  2 3 4  0 0 5  

� 5 89 6 7 4  6 9 6  2lQ 212 -lll 649 I l l  1]] 

2 9 7  708 2 4 0  2 2 1  1 7 7  5 1 4  - � 80 2 5 3  1 4 1  0 20 

7 06 4 9 2  4 9 7  500 6 6 0  -'+ 1 7  -600 489 690 4 9 3  

9 79 69 1 5 7 4  5 9 7  9 4 5  � -lll 5 4 2  2 4 4  6 9 7  

·r. 

:::c 
c:: � 
:> c: 
" 

� 
" 6 

N 

-LB.2. 
0 5 7  

- 2 7 7  

-.La.l 
- 1 08 

- 8 3 9  

-844 

5 9 5  -003 3 5 8  36 1 5 8 4  � - 39 2  389 - 1 7 4 4 2 6  - 2 8 7  

c:: 0 
.... 
� :; " ""' 0 ,_ c:.. 
01 c: "' 
u 
� � u 

-'+ 8 5  t 
04 3 6 7 4 

.8.2..6. -09 1 

1 0 3  0 3 5  

4 9 0  - 3 3 2  

� 0 7 7  

504 - 1 7 0 

:X: c:.. 

2 1 2  

3 9 0  

0 3 2  

360 

2 3 4  

'" "0 ..... u 
"' 

CJ .... 
.... 
'-' 
"' 

..... 
0 > 

1 6 3  

4 7 9  

2M! 

"' 
..... c:: 0 
� 
"' 

- 704 

2 50 

690 - 3 1 0  

.. "0 ..... 
0. ...... ::l 1/) 

6 6 5  

4 1 5  

» 
'-' ..... c:: ..... 
.... 
"' 

-"' 
.... 
"' 

69 1 

\.0 
tN 



TAB L E  5 . 3 :  S t eady S t a t e  Dat a from Runs  n o t  I n c l uded  1 n  

t h e  Expe r i men t a l  Des i gn 

Run ' A '  ' B '  

I n f l uent  s ub s t r a t e  (mg  BOD 5 / £ )  conce n t r at i o n  1 0 0 0  5 0 0 0  

Hydrau l i c re t en t i o n  t ime ( d )  5 1 

Tempe r a t u re ( ° C )  3 0  3 5  

F i l t e r  un i t  
3 Orga n i c  l o ad i n g  r a t e  � g  BOD 5 / m  d )  

I n f l u e n t  CO D ( mg / £ ) 

Tot a l  n i t rogen  (mg/ £ )  

To t a l  s u l pha t e  ( m g / £ )  

p i ! 

2 

0 . 2 0 

5 7 7 3  

1 3 5  

4 3 6  

5 . 0  

1 .  1 5  

1 

5 . 0  

2 8 2 4 5  

5 8 4  

2 0 7 5  

5 . 7 5 

2 8 . 2  

9 4  

O rgan i c  l o ad i n g  ra t e (kg  COD/m3d )  

C a s  p ro d u c t i o n  ( 9._ /  hi ) . 1 9 8  1 . 0 6 9 

C I I 4  i n  g a s  ( ';, ) 
C I I 4  p r o d u c t i o n  ( £ / £ d )  

BO O (mg/ £ ) 

c o n  (mg/  £ )  

Amman i a ( n�n 

S u l ph i de (mg/ £ ) 

A l k a l i n i t y ( mg/ £ a s  CaC0 3 ) 

Sus pended  s o  1 i d s  ( mg/ £ ) 

Vo l a t i l e ac i d s  (mg/ £ a s  a c e t i c )  

% COD removed 

% BOO  removed 

COD  remo v a l  r a t e (k g  COD/m3d ) 

FTCt-.1 

* p ro b e s  unava i l ab l e .  

7 3 . 0  

0 . 1 4 9  

4 5 1  

3 0 0 5  
* 

- * 

1 1 6 2  

2 0 5  

5 0 0  

4 7 . 9  

5 4 . 9  

0 . 5 5 1  

0 . 7 1 4 
I . o ; 4-

7 1 . 2 5 

0 . 7 6 2  

1 5 8 0  

1 0 1 4 5  

1 9  . 1  
- * 

3 3 9 3 

1 8 7  

1 4 4 0  

6 4 . 1  

3 2 . 1 

1 8 . 0 7 

0 . 1 3 9 
. I 



9 5  
s ys t em r e s pons e s  a r e  as s e s s ed . Th e t re nds  i n  t h e  da t a  

are  shown  g raph i c a l l y . I n  the  g r aphs , t h e  exp e r imen t a l  

d a t a  a re  p l o t t e d  t o g e t h e r  w i th p r ed i c t e d  r e s po n s e  c u r v e s . 

The s e  l a t te r  c u rv e s  a re t h e  re l evant  repons e e q u a t i ons  

c a l cu l a t e d  from the  dat a i n  Tab l e  5 . 1 .  Thus a n  i nd i c a t i on 

o f  t h e  r a t i o  o f  a c t u a l  t o  p red i c t e d  b e h av i ou r  may b e  made 

v i s ua l ly . 

The  e f fe c t s o f  two fac t o rs , i n f l uent  s ub s t r a t e  c o n c e n t r a t i o n  

and  hydra ul ic  r e t e n t i on t i me , o n l y a r e  shown ; and a l s o  t h e  

c omb i n a t i o n  o f  t h e s e  t wo , t he  o r g a n i c l o ad i n g r a t e . Th i s  

i s  h e c a u s c t h e e f fe c t s o f  the  t empe r a t u re and f i l t e r  s 1 z e 

w e r e f o u n d t o  b e  n o n - s i g n i f i c a n t s t a t i s t i c a l l y i n mo s t  

c a s e s . 

[ n  t h e  f o l l o w i n g  f i g u r e s , i m p o r t a n t  s y s t em re s po n s e s  a r e  

i l l u s t r a t e d w i t h r e s p e c t t o  t h e  o r g a n i c  l o a d i n g  r a t e  c om ­

pos i t e p a r : 1 m e t c r , f o l l ow e d  b y  t h e  re s o l u t i o n  o f  t h i s  t o  i t s 

i n f l u e n t  s u b s t r a t c  c o n c e n t r a t i o n  a n d  h y d r a u l i c r e t e n t i o n  

t i me  c om p o n e n t s . 

5 . 2  The  E f f e c t  o f  the  Exp e r imen t a l  Fac t o r s o n  t h e  Remova l 

o f  COO  and BOD 5 

5 . 2 . 1  Remova l o f  S o l ub l e  COD 

The s o l ub l e  COD remova l from the s y s tem  1 s  rep r e s e n t e d  i n  

t e rms o f  e ff l ue n t  COD concen t r a t i o n s , p e r c e n t age  COD remo ­

va l and remova l r a t e . 

E f f l u e n t  COD 

Th e e f fec t  of  o rgan ic  l o ad i ng rate  on  e f f l u e n t  COD  c o nc en ­

t r a t i on 1 s  shown j n  Fi gures  5 . 1  and 5 . l a .  Th e re i s  a 

g e ne r a l t rend t owards  i n c r e a s e d  e f f l u e n t  COD a t  h i gh e r  o r gan i c  

l o adi ng  r a t e ; howeve r , the  runs  a t  c on s t an t  i n f l ue n t  

s ub s t ra t e  conc e n t r a t i on a n d  c o n s t an t  r e t e n t i o n  t ime i nd i ­

c a ted  t h e  l arge  e ffec t o f  the  fo rme r and t h e  r e l a t i ve 

i ndependence  o f  t h e  l a t t e r . 

The  t h r e e  runs c a r r i e d  out  a t  an e q u a l  o rg an i c  l o ad i n g  r a t e  

o f  1 k g  BOD/rn3 d ,  b u t  d i fferent  c o ncent rat io n  r e t e n t i on 
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t ime s , ind i c a t e d  t h a t  fo r t h i s  re s po n s e  p a rame t e r , t h e  

equa l o rgan i c  l o a d i n g  r a t e s  d o  not  g i ve r i s e  t o  equ i va l e n t  

e ff l ue n t  COD . 

Th� i n d i v i du a l  e f fe c t s  o f  i n f l ue n t  sub s t ra t e  concent r a t i on 

and hydrau l i c re t e n t i o n  t ime on e f f l ue n t  COD are  i n d i c a t e d  

i n  F i gure s 5 . 2  a n d  5 . 3  r e s pe c t i ve l y . Th e r e  i s  l i t t l e  adva ­

n t age i n  t e rms  o f  e f f l ue n t  qua l i t y i n  e x t end i ng t h e  hyd ra ­

u l i c  re t e n t ion  t ime b eyond one  day a t  each  l e ve l  o f  i n f l ue n t  

s ub s t ra t e  c o n c e n t r at i o n . T h e  re g re s s i o n  mode l ( Equa t i o n  5 )  

s hows good f i t  to  t h e  obs e rved d a t a  i n  t e rms o f  b o t h  p a r a ­

me t e r s  a l t ho ugh t h e re i s  c ons i de r ab l e  s p re ad i n  t h e  m i d -

po i n t  ( 5 0 0 0  m g  BOD 5 / £ ) o f  t h e  i n fl ue n t  s ub s t ra t e  c o n c e n t r a t i on . 

Pe r c e n t age  Remova l 

The  e f fe c t s  o f  the  t h re e  p a r ame t e r s o n  p e rc e n t age  removal  

of  COD a re p re s e n t e d  in  F i gur es  5 . 4  t o  5 . 6 .  The re was  a 

gene r a l  t rend  t owards  l owe r p e rc e n t age COD  remova l a t  

h i gh e r  l o a d i n g  r a t e s  ( F i gure  5 . 4 ) . There  w a s  cons i de rab l e  

s p r e a d  i n  t h e  d a t a  howe ve r , e s p e c i a l ly a t  t he 1 0 0 0  and 

5 0 0 0  mg BOD 5 ! £ l e ve l s  ( F i gure  5 . 4 a ) . A t  9 0 0 0  mg BOD 5 / �  

i n f l ue n t  s ub s t ra t e  c o nc e n t rat ion , h i gh e r  l o adi n g  r a t e s  

w e r e  accompan i e d  b y  reduced  p e rce n t age  COD remo va l s , 

w i th an ave rage  o f  4 1 . 7  p e rc e n t  r emov a l  a t  1 . 8  k g  BOD
5 ; m 3 d 

3 redu c i n g  t o  3 4 . 1  p e r c e n t  a t  9 k g  BOD 5 /m  d .  

Hydr au l i c  r e t e n t i o n  t ime o n l y  e x e r t e d  an e f fe c t  o n  p e r c e n t age 

COD remova l at  l o ad i n g  r a t e s  b e l ow about  3 kg  BOD 5 ;m3 d .  Fo r 

t h i s  r e s p o n s e  p arame t e r , t h e re was  good  agreemen t  be twe e n  

t h e  r u n s  c a r r i ed o u t  a t  equa l l o a d i n g  r a t e  o f  1 k g  BOD 5 ; m3 d ,  

w i t h  an ave r a ge 6 3 . 2  p e r c e n t  o f  remova l a t  1 0 0 0  mg BOD 5 / £ 

and 1 d ;  and 6 3 . 0  p e rc e n t  a t  5 0 0 0  mg BOD 5 i £ and 5 d .  

The i nd i v i dua l e ffe c t s  o f  i n f l ue n t  s ub s t ra t e  c o n c e n t r a t i on 

and H RT a r e  p r e s e n t e d  i n  F i gur e s  5 . 5  and 5 . 6  r e s p e c t ive ly . 

The r e l at i ve i ndependence  o f  p e r c e n t  COD r e mov a l  o f  re t e n ­

t io n  t ime i s  we l l  i l l us t ra t e d  i n  F t gure  5 . 6  w i t h  o n l y  

s m a l l i nc re as e s  i n  remov a l  w i t h  re t e n t i o n  t ime s l on g e r  t h an 

1 day . 



1 0 6  

The r e g re s s i on l i n e s  g i ve r e a s o nab l e  f i t t o  the  exp e r i men ­

t a l  da t a  except  fo r t h e  run a t  1 0 0 0  mg BOD s / 1  and 1 d H RT . 

Th i s  w a s  mo s t  l i k e l y  a non - typ i c a l  run i n  t h a t  i t  was  o n l y  

o n e  p o i nt i n  twe lve  t h a t  w a s  o u t s i de t h e  t rend o f  the  

dat a . 

R a t e  o f  COD Remova l  

I n  Fi gures  S . 7  and S . 7 a ,  the  r a t e  o f  o rgan 1 c  mat e r i a l  

removed i s  r e l a t ed t o  i t s app l i c a t i o n  r a t e . A n  apparen t ly 

l i n e a r  r e l a t i o n s h i p  a t  f i rs t g l an c e  i s  due t o  the  e ffe c t  

o f  s c a l e  o n l y . Ra t e  o f  removal  i s  exp r e s s e d  a s  ( S 0 - S ) / t  

and o rgan i c  l o ad i ng r a t e  as  S / t , h e n c e  the  s l op e  on the  0 
F i g u r e  S .  7 i s  {S - s)/ S  i f  l i ne a r . Th i s  t e rm i s  t h e  d e f i -o 0 
n i t i o n  o f  t h e  f r ac t i o n  o f  COD removed wh i c h  i s  c l e a r l y  no t 

c o n s t an t  a t  cons t an t  i n fl uen t s ub s t ra t e  c o n c en t rat i o n  o r  

HRT ( F i gu r e s  S . S  and S . 6  r e s p e c t i v e l y ) . 

Wh en  the  e f fec t s  o f  s ub s t ra t e  c on c e n t ra t i o n  and h y d r a u l i c 

r e t e n t i o n  t ime are  c on s i de r e d  s ep a r a t e l y , as  in F i gu r e s  S . 8  

and S . 9 r e s p ec t i ve l y , the  e ffe c t  o f  a r educ t i on  i n  r e t en t i o n  

t ime i s  apparen t . A t  a S d  H RT , a n i ne fo l d  i nc re as e  i n  i n f l ue n t  

s ub s t ra t e  concent r a t i on gave r i s e  t o  a 6 . 3  fo l d  i n c r e a s e  

1 n  r emova l r a t e  and a t  1 d HRT , t h e  i nc r e a s e  w a s  3 . 3 7 

kg  COD/m3 d t o  1 6 . 0 8 k g  COD/m3 d ,  a 4 . 7  fo l d  i nc reas e .  

I t  w i l l  b e  s e en  l a t e r  t h a t  a t  the  s h o r t e r  r e t en t i on t ime 

t h e r e  i s  l e s s  c onve r s i on of COD to m e thane . The equal  

o r g an i c  l o ad ing rate  runs  agreed  we l l  w i th e ach o th e r  i n  

r e s p e c t  o f  r a t e  o f  r emov a l  o f  COD , w i th 3 . 3 7 k g  COD 

r emoved; m3 d a t  1 0 0 0  mg  BOO s / £ and 1d  H RT a nd a s l i gh t ly 

h i g h e r  remova l r a t e  o f  3 . S 6 k g  C OD / m3 d a t  the  S O O O  mg 

BOO S / £ and S d H RT comb i n a t i on .  

S . 2 . 2  Temp e r a ture  E f fec t s  o n  S ub s t ra t e  Remova l 

No e ffec t due t o  t e mp e r a t ur e  cou l d  b e  a s s i gned  u s i ng t h e  

d a t a  i n  t h e  p re c e d i ng  s e c t i on . Howeve r ,  b y  m a i n ­

t a i n i n g  t h e  a s s ump t i on t h a t  the  e f fe c t s  due t o  t h e  i nd i v i ­

dua l f i l t e r  u ni t  u s e d  a r e  n e g l i g i b l e  and man i p u l a t i ng t h e  
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s ub s t ra t e  d a t a  i nt o  a form o f  equa t i on 2 . 1 3 a t empe r a t ure  

e f fe c t  o n  s ub s t ra t e  r emova l k in e t i c s b ec omes  apparen t . 

F i gu r e  5 . 1 0 s h ows t h a t  t emp e r a t u r e  may i ndeed  have h ad 

e xp e c t e d  p o s i t ive  e ff e c t  on  r emova l r a t e  o f  COD . The 

co e f f i c i en t s  of  de t e rm i nat i on ( r 2 ) fo r b o th r e g r e s s i on  

l i ne s  are  reas onab ly  h i gh and the  magn i t ude of  t h e  k va l ues  

i nd i c a t e  an i nc reas e in  remova l rate  o f  ab o u t  2 . 5  fo l d  f o r  

t h e  S
°

C t empe r a t ure  r i s e  and E o f  1 4 0  kJ . 
a 

The  s c a t t e r  o f  d a t a  p o i n t s  ab out  the  r e g re s s i o n  l i n e s  i s  

n o t  random . F o r  t he 3 5
°

C p l o t  t h e  r e g r e s s i on l i ne  ove r e s ­

t i m a t e s  t h e a c t u a l  d a t a a t  l ow o rgan 1 c  l o ad i n g r a t e s  and 

unde r � s t i ma t e s  it at h i g h e r , wh i l e t h i s  t rend i s  c o n s i s t e n t l y 

reve r s e d  fo r t h e  3 0
°

C l i n e . Th i s  i s  p o s s i b l y  due t o  t h e  

f i r s t  o rd e r a p p rox ima t ion  used b e ing an  i n a p p ro p r i a t e  

mode l t o  adequa t e l y  e x p l a i n  t h e  o b s e rve d var i a t i o n . 

5 . 2 . 3  Remova l o f  BOD  

The e ffe c t  of  i n f l uent  s ub s t ra t e  conc e n t r a t i o n , hydrau l i c  

r e t en t i o n  t ime and o rgan i c  l o ad i ng r a t e  o n  remov a l  o f  BOO 

f r om the ye a s t  p l an t  e f f l uent  are  i l l u s t r a t e d  in Fi gu r e s  

5 . 1 1 t o  5 . 1 7 .  
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1 1 3  

The d a t a  s howe d s im i l ar t rends  to t h o s e  fo r t h e  remo v a l  o f  

C O D  a s  wou l d  b e  e xp e c t e d  due t o  t h e  h i gh p o s i t i ve co r re l ­

a t i o n  b e t w e e n  BOD and COD ( r  = 0 . 9 9 8 ) . The BOD d a t a  was  

i n c omp l e t e and i n  t h e  F i gure  5 . l b t h e re i s  fa r mo re s pread  

in  po i n t s  t h an fo r t h e  c o r r e s p o n d i n g  C O D  data  ( F i gure  5 . 6 ) . 

The w i de d i s c repancy  b e tween  dup l i c a t e s  1 n  BOD
5 

s amp l e s  

fo r t h e  anae rob i c  f i l t e r  e ff l ue n t  l e ads  t o  l i t t l e c o n f i ­

dence  b e i n g  p l ac e d  i n  t h i s  p a rame t e r . 

S im i l a r t o  the  e f f l u e n t  C O D , t h e  e f f l u e n t  BOD 5 
was  s o l -

e l y  d e p end a n t on  t h e  i n f l ue n t  s ub s t ra t e  concen t ra t i o n  

( r i gu r e  5 . 1 ! )  an� hydrau l i c  re t e n t i on t ime h ad l i t t l e 

e f fe c t  o n  t h i s  p a r a me t e r .  

'[ h e  p e rc e n t a ge BO D removal  c o u l d  n o t  b e  re l at e d  t o  o r gan i c  

l o ad i n g  r a t e  w i t h an > · de g re e  o f  c o n f i de nce  due t o  the  

g r e a t  s p r e a d i n  d a t a  p o i n t s  ( F i g u r e 5 . 1 4 ) . A r ed u c e d 

p e r c e n t a g e  BO D5 r e m o va l a t  i n c re a s e d  o r g a n i c  l o ad i n g  r a t e  

was  e xpe c t e d as  was  found i n  the  C O D  da t a . 

Re g re s s i on mode l s  w e r e  n o t  de r i ved  fo r t h e  BOD dat a . 

5 . 3  The E f fe c t s  o f  t h e  E xp e r i men t a l  F a c t o r s  on  Gas  and 

Me t hane Produ c t i on 

5 . 3 . 1  G a s  P roduc t i o n  

The i n f l ue n c e  o f  o rgan i c  l o a d i n g  r a t e  o n  t o t a l  gas  p roduc ­

t i o n  i s  i l l u s t ra t e d  i n  F i gure  5 . 1 � w i t h  da t a  po i n t s  i de n ­

t i f i e d  fo r b o t h  i n f l ue n t  s ub s t r a t e  c o n c e n t rat i o n  and  

hydrau l i c  r e t e n t i on t ime .  

G a s  p roduc t i o n  was  s e e n  t o  i n c re a s e w i t h  i nc re a s i n g  o rgan i c  

l o ad i n g  r a t e ; howe v e r  t he i n c remen t a l  i nc re as e  i n  gas  

produ c t i on de c re a s ed a t  h i gh e r  i n f l ue n t  s ub s t ra t e  c o n c e n ­

t r a t i o n s . F o r  i n s t an c e  a t  1 0 0 0  mg BOD 5
/ £ ,  a reduc t io n  i n  

r e t en t i o n  t ime o f  5 d t o  1 d (wh i ch i n c r e a s e d  t h e  l o ad i n g  

r a t e  5 fo l d )  r e s u l t ed 1 n  a 4 . 9  fo l d  i n c r e a s e  i n  g a s  
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p ro duc t i o n . Howeve r a t  9 0 0 0  mg BOD
5

; £ a S O O  p e r c e n t  i ncrease 1n 

l o ad i ng r a t e  ( run 1 2 )  r e s u l t e d  in o n l y  a 1 7 5  p e rc e n t  

i n c r e a s e  i n  g a s  p roduc t i o n  ove r run 9 .  

The e f fec t s  o f  i n f l ue n t  s ub s t r a t e  concen t r a t i o n .  and 

hydrau l i c  r e t en t ion  t ime are i l l u s t ra t e d  i n  Fi gu r e s  5 . 1 9 

and 5 . 2 0 re s pe c t i ve l y . S i nce  t h e  r e g re s s i on equa t i o n  fo r 

t o t a l  gas  p roduc t i o n  i nc l udes  a t e mpe r a t u re t e rm , s ome 

a l l owance  mu s t  be made fo r t h i s  1n t h e  p l o t s . I n  t e rms o f  

amo un t o f  gas  p roduc t i o n  invo lved , i t  i s  a s ma l l  amount  

( 0 . 2 3 l/ £ d ) . Howeve r it  do e s  repre s e nt  s ome 10  p e r c e n t  

o f  t h e  range o f  va l ue s  me a s ure d . 

Th e re i s  c o n s i de rab l e  s c a t t e r  in  t h i s  da t a  s e t  p a r t i c u l a r l y  

a t  t h e  m i d po i n t s  o f  b o t h  fac t o rs . The  two runs  c a r r i e d  

o u t  a t  5 0 0 0  m g  BOD S / l  � 3 d h a d  a g re a t e r  gas  p roduc t i o n 

a t  t he h i gh e r  t empe r a t u re run ( run  7 ) . B u t  t h i s  was  a l s o  

t h e  run o n  t h e  l a rge r a n a e rob i c  f i l t e r  s o  t h e  tempe r a t ure  effect 

i s  no t d i s t ingu i s h ab l e  by a c u r s o ry exam i na t ion . 

S . 3 . 2  Me t h ane  P roduc t i on 

F i gure s S . 2 1 t o  S . 2 3  i l l us t r a t e the  e ffe c t s  o f  i n f l ue n t  

s ub s t r a t e  concent r a t i o n , hydrau l i c  re t en t i on t ime and 

organ i c  l o a d i n g  rat e on  p r o duc t i o n  of me t h ane  b y  t h e  

anae rob i c  f i l t e rs . I t  was  found t h a t  the re was  an a lmo s t  

l i n e a r  i n c r e a s e  i n  me t hane p roduc t i on w i t h  b o th i n c re as i n g  

i n f l ue n t  BOO S ( F i gure  S . 2 � )  a n d  d e c re a s i n g  re t en t i on t ime 

( F i gu r e  5 . 2 j ) . Howeve r the r e  was no  marked  i n c r e a s e  i n  

me t h ane  p ro duc t i on a t  t h e  h i gh e s t  l o a d i n g  r a t e  a s  t h e re 

was  i n  t h e  t o t a l  gas  p ro duc t i o n  ( F i gu r e s  S . l 9 and S . 2 0 ) . 

A t  feed  c o n c e n t r a t i o n s  l e s s  t h an S O O O  mg BOO s / £, the re 

w a s  a great e r  i n c reme n t a l  i n c re as e  i n  me t h ane produc t i o n  

w i t h  i n c r e a s e  i n  feed  concen t rat i on t h an above t h a t  l e ve l . 

The s l ope  o f  t h e  curve s for e ach  hydrau l i c  re t en t i on t ime 

i n  Fi gure  S . 2 2 above S O O O  mg/£ were  approx i ma t e l y  h a l f  
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1 1 8  

t h o s e  i n  t h e  range  0 t o  5 0 0 0  mg/ � 

W i t h  r e s p e c t  t o  o r gan i c  l o ad i ng r a t e  ( F i gure  5 . 2 1 ) , a  n i ne 

fo l d  i nc re a s e  from 0 . 2  t o  1 . 8  k g  Boo 5 ;m3
d re s u l t e d  i n  

t h e  me t h ane  produc t i on i n c re a s i n g  8 . 7  t ime s from 0 . 1 4 1 ) 1 d  

t o  1 . 2  1/1 d .  Howeve r ,  a fur t h e r  5 fo l d  i n c re a s e  i n  

l o a d i ng t o  9 . 0  k g  Boo 5 ;m3 d r e t urned  o n l y  a 1 . 3  fo l d  i n c re as e 

i n  me t h an e  p roduc t i on . At  1 . 0  k g  Boo 5 ;m3 d ,  t h e re was  a 

h i gher  me t hane  produc t i on a t  t h e  h i gh e r  feed  conc e n t r a t i on 

and l o n g e r  r e t e n t i on t ime t han a t  t h e  c onve r s e  c omb i na t i o n . 

5 . 3 . 3  Me thane C o n t e n t  o f  the  D i ge s t e r  G a s  

Th e e f fe c t  o f  o rgan i c  l oad i n g ra t e  on  t h e  p e r c e n t age o f  

me thane  me a s u red in  t he d i ge s t e r  gas e s  i s  shown i n  F i gu re 

5 . 2 � and  dat a po i n t s  are  i de n t i f i ed for  i n f l ue n t  s ub s t ra t e  

c o n c e n t rat i o n  and hyd rau l i c  re t e n t ion  t ime s . 

i\ l th ough F i gure 5 . 2 4 i n d i c a t e s  that  t h e re was  a t re nd 

t owards l ower  m e thane  c o n t e n t  o f  the  d i ge s t e r  gas  a t  

i nc re a s cd o rgan i c  l o ad i n g  r a t e , the re i s  con s i de rab l e  

s p read  i n  the  d at a .  A s  p a rame t r i c  p l o t s  fo r b o t h  i n f l ue n t  

BOD5 and  hydrau l i c  re t en t i o n  t ime s , howe ve r , de f i n i te 

p a t t e rn s  eme rged . Fo r con s t an t  i n f l uent  s ub s t ra t e  c o n c e n ­

t ra t i on l e ve l s  o f  1 0 0 0  and 5 0 0 0  mg/1 (F i gure  5 . 2 5 ) , t h e re 

was  a s ma l l  i n c r e a s e  i n  p e r c e n t age  o f  me t hane i n  t h e  gas  

a s  o rgan i c  l o a d i n g  rate  was  i nc re as ed . But  a t  t h e  h i ghe s t  

s ub s t r a t e  c o n c e n t r a t i o n  o f  9 0 0 0  mg BOD5
/ 1 ; the  t rend  r e ve r ­

s e d  and a drama t i c  drop  i n  p e r c e n t  me t hane  was  e v i de n t  

a s  the  l o a d i n g  r a t e w a s  i nc re as e d  b y  de c re a s i ng t h e  hydrau ­

l i c re t e n t i o n  t ime . The c o n s t an t  l o ad i ng ra t e  runs a t  

1 k g  Boo 5 ; m3d s howed t h a t  h i ghe r l eve l s  o f  me t hane i n  t h e  

t o t a l  g a s  were  a s s o c i a t e d  w i t h  l ow e r  l e ve l s  o f  i n f l u e n t  

s ub s t r a t e  c o n c e n t r a t i o n  and s h o r t e r  hydrau l i c  r e t e n t i o n  

t imes . T h e  d i f fe re n c e  w a s  cons ide rab l e  b e i ng f r o m  8 5 . 1  

p e r c e n t  me thane  a t  1 0 0 0  mg BOD5
� and  1 d HRT, t o  6 7 . 9  

p e r c e n t  met hane a t  5 0 0 0  mg  BOD5
ft and  5 d HRT . 



"' 
' 

2 . 5 

,-., 
'0 I -·-o< 
.......... 2 .  0 o< '-' 
� I • 
0 • 

• r-1  
+-' 
u 
;:l 

'0 J ___::.---- 5 0 0 0  mg B O I \ / Q. 0 
f.-< 

0.. 1 . 5  
Q) 

I 
• 

� • 
Cll 

..c +-' 
Q) 
E: I I 

0 . 5  . I 
1 0 0 0  m g  B O D 5 / £  

)( 

I 
0 

1 2 3 4 5 6 7 8 9 1 0 
o rg a n i c  l o a d i n g r a t e ( k g B o u 5 ; m

3
d )  

F I GU RE 5 . 2 1 : � 1 e t h an e  p ro d u c t i o n  a s  a f u n c t i o n o f  o r g a n i c  l o ad i n g ra t e  a t  d i f fe r e n t  i n f l u e n t  

s ub s t r a t e  c o n c e n t r a t i o n s  

,..... 
1-' 
\.0 



,.--., 
'"0 
<X 

.......... 
<X 

...__, 

1=: 
0 

• rl  
� 
u 

2 . 5  

2 . 0 

;:J 1 . 5  
'"0 
0 
1--< 

p., 

(l) 
1=: 
eo 

..c 
� 
(l) 

1: 0 . 5  

0 

I 
I 

� 
• 

l 
• I 

1 2 3 4 5 () 

O r ?. a n l C 

�------ x.-

7 8 9 1 0  
l o � d i n ? r u t c  ( k r B O D

5
; m

3
d )  

F I GURE 5 . 2 1 a : Me t h a n e p r o d u c t i o n a s  a fu n c t i o n o f  o r g a n i c  l o ad i n g r a t e  a t  d i f f e r e n t hy d r a u l i c 

r e t e n t i o n t i m e s  

I-' 
N 
0 



2 . 5  

,......._ "'0 � 
2 . 0 ......_ � 

'--' 

c 0 . ....; 1 . 5 +-> 
u 
::::l "'0 0 l-c l . ( )  
CJ 
c 
C1j 

..c o . s  +-> 
CJ 
E 

( ) 

F f C l  I !� L S . 2 2 : 

c 0 . ....; 
+-> 

2 . 5 

2 .  0 

� 1 .  5 
"'0 0 !-< c. 
Cl) 1 . 0 
c 
Cil 

..c 
+-> 
Cl) 

E 0 . 5 

0 

2 0 0 0  

1 2 1  

l d 'I. 

d . 
d A 

-1 ( ) (l ( )  (l ( ) ( l ( )  : -w o o  ] () ( ) ( ) () 

i 1 1  1· I t l L' 11 t � l l  h � t r ;  1 t e c o 1 1  c c n t r ;  1 t i o 11 ( m g IW I l S I Q ) 
L r r l' L' t 0 r i 1 1  r I l l  (.' 11 t L' 0 l 1 L' c n t r ; I t i 0 n 0 11 Ill (.' t h � I  n c 

p r o d u c t i o n : 1 t d i f f e r e n t  ! I R T 

)( 

1 2 

----�:�------------------�· 9 0 0 0  • 

__
__________

___ 
:: 5 0  0 0 • 

• 

)( _______ _ )(- 1 0 0 0  11 

3 4 5 d 

F I GURE 5 . 2 3 :  E f fe c t  o f  hydrau l i c r e t en t ion  t ime on  me thane  

produc t i on a t  d i f f e r e n t  i n f l ue n t  s ub s t ra t e  

concent r a t i on s  



1 0 0  

X 
8 0  1 )( 

<l) 6 0  j � 
ell 

...c I +-J 
<l) 
E 
+-J 
� 4 0  
<l) 
u 
$-; 
<l) 
c. 

2 0  

0 

F I GURE 5 . 2 4 :  

X 

)( 

• 
• 

• • •  

• 

' 

, 9 0 0 0  m g  BO l l :/ 9-
• 5 0  0 0  " 

I( 1 0 0 0  " 

1 2 3 4 5 

Me t h an e  c o n t e n t  o f  d i g e s t e r  g a s  as  

i n f l ue n t  sub s t r a t e  c onc ent r a t i on s  

6 7 8 9 1 0  

o r g a n i c  l o ad i n g r a t e  ( k g B o o
5

; m
3

d )  

a f u n c t i on o f  o r g an i c  l o a d i n g r a t e  a t  d i f f e r e n t  

,..... 
N 
N 



: ... : 

. , 

Q) 
t:: 
m 

..c: 
� 
Q) 
E 
� 
t:: 
Q) 
u 
.... 
Q) 
p., 

1 0 0  

)( 

8 0  � • )( 
• 

)( 
• 

• • •  

I 6 0  
• 

)( 

4 0 

J )C 1 d 
• 3 d 

• s d 

0 
1 2 3 4 5 6 7 8 9 1 0  

o r g a n i c  l o ad i n g r a t e  ( k g B O D 5 / rn
3

d )  

F I G U R E  5 . 2 4 a :  Me t h a n e  c o n t e n t  o f  d i g e s t o r  g a s  � t s a fu n c t i o n o f  o r g a n i c  l o a d i n g  r a t e  a t  

d i f f e r e n t  I-I RT 

... 
N 
Vl 



1 2 4  

1 0 0  

8 0  

6 0  

4 0  

l lL----------r----------�--------��---------r----------, 

1 0 0 

8 0  

6 0  

4 0 

2 0  

0 

F I GURE 5 . 2 6 :  

� ( ) l ) l ) 4 ll 0 0  () ( l ( l 0 8 0 0 0  1 0 0 0 0  

i n f l u e n t  s u b s t r a t c  c o n c c n t r : t t i o n 

( m g B 0 I l S I Q. ) 
1 : 1- f c L- t  n l- i t l f l l i L' I l t  s u h s t r : t t L' U1 1 1 L- c n t r : t t i o n o n  

m c t h : t n c  Ul l 1 t L' J l t  o f  d i g c s t o r  g :t s : t t d i  f f c r c n t  I I RT 

X 

-xx----------------------x 1 0 0 0  

• 

1 2 3 4 

hyd rau l i c ret ent i o n  t ime ( d )  

E f fe c t  o f  HRT o n  m ethane  cont ent  o f  d i ge s t o r  gas  

a t  d i f f e r e n t  i n f l uent  s ub s t rat e c o n c en t rat i o n s  

5 



S . 4  The E ffe c t s  o f  the  Expe r i men t a l  Fac t o r s  o n  p H , 

A l k a l i n i t y , Ammo n i a  and S u l ph i de Conce n t r a t i on s  

S . 4 . 1  E ff l ue n t  pH  

1 2 S  

Ne i t he r i n f l ue n t  s ub s t ra t e  concent r a t i o n , hydrau l i c re t e n ­

t i o n  t i me o r  o r gan i c  l o a d i n g  r a t e  e xe r t e d  any e f fe c t  o n  

f i l t e r  e f f l ue n t  pH as  c an b e  s e en  f r o m  Fi gure s 5 . 2 7 and 

5 . 2 8 .  A nar row range of e f f l ue n t  pH  be tween t he va l u e s  

pH  6 . 7 5 a n d  7 . 2 5 w a s  ob s e rve d ove r t h e  range o f  i nde pen ­

dant  va r i ab l e s  t e s t e d . Th i s  ob s e rve d range was  w i t h i n  

t h e  o p t i mum r a n g e p r e s e n t e d  b y  Mc C a r t y  ( 1 9 6 4 )  fo r 

me t h an o ge n i c  b a c t e r i a .  

A l th ough t he i n f l ue n t  pH  va r i e d  from run t o  run , t h i s  was  

not  an indepcndant  var i ab l e .  I n f l ue n t  pH was  l a rge l y  d e ­

t e r m i n e d  hy t h e  G mo u n t o f  N a i-I C 0 3 t h a t  w a s  a d d e d  t o  t h e  f e e d  

s o l u t i o n t o  ma i n t a i n  t h e  f i l t e r p H  a t  a favo u r a b l e  l e ve l . 

A l s o w h e n  s t e a d y  s t a t e  cond i t io ns  w e re a s s umed t o  have 

b e e n  ach i e ve d  a c e r t a i n  amoun t o f  "wean i n g "  was  c a r r i e d  

o u t  a s  t ime pe rm i t t e d . I n  mo s t  c a s e s , t h e  amo u n t  o f  b u f fe r  

u s e d  c o u l d  probab l y  b e  reduced and t h e  f i l t e r  a l l owed t o  

ma i n t a i n  i t s p H  t h rough re t e n t i o n  o f  a l k a l i n i ty . 

S . 4 . 2  Vo l at i l e Ac i d  Concen t r a t i o n  

Vo l a t i l e a c i d  concent r a t i o n  w a s  found t o  b e  c l o s e l y  re l a ­

t e d  t o  t h e  o rgan i c  l o ad i n g  r a t e  ( F i gure  S . 2 9 ) . A t  l o ad ­

i n g  r a t e s  o f  0 . 2  t o  1 . 0  k g  BOD S /m
3

d. t o t a l  vo l a t i l e  a c i d  

concen t r a t i on s  o f  l e s s  t han 1 0 0 0  mg� w e r e  ob s e rve d . 

Th e re fo l l owed a s h a rp i n c re a s e  i n  a c i d  l e ve l s  when  t h e  
3 

s y s t e m  was  l o aded above a l eve l o f  1 . 6 7  k g  BOOs / m  d ,  

w i th ac i d  concen t r a t i on s  r ang i ng from app ro x i ma t e l y  

2 0 0 0  mgh up t o  4 8 4 6  mg/Q, a t  a l o ad i n g  r a t e  o f  9 k g  BOO S / 

m
3

d .  The re was  a c o r r e s p o n d i n g  d e c r e a s e  i n  t h e  c on ve rs i o n  

o f  C O D  t o  me t h ane  w i t h  i n c r e a s e d  o rg an i c  l o ad i n g  r a t e  and 

t h i s  t re n d  w i l l  be d i s cu s s e d  in the n e x t  chap t e r . I nd iv i ­

dua l  v o l a t i l e  ac i d s , measured  fo r e ach  run are  p r e s e n t e d  

i n  ab l e  S . 4 .  The h i gh e r  t o t a l  vo l a t i l e a c i d  c o n c e n t r a -



7 . 5  

::!: 
p. 
+J 
c: 7 . 0  0) 
:J 

..-I 
4-l 
4-l 
0) 

(1 • s 

r : I C l l R E  5 . 2 7 :  

7 . 5  

:I: 7 . 0  P.. 
.j..J 
c: 
0) 
:J 

...-4 
4-l 
4-l 
0) 

6 . 5  

• • 

X 

X • 

X • 

X 

1 2 6 

' 9 0 0 0  mg BOD
5

/ R.  
• 5 0 0 0  " 

X 1 0 0 0  " 

• • 

J :1 4 5 

o r g a n i c  l o : 1 J i n g r : 1 t c  ( k g BO l l r ) m\l )  
t : f f l u c n t  p l l : 1 s : 1  f u n c t i o n o f  tH g : l n i L· I L 1 : 1 d i n g L l t C'  a t  

d i  f f c r c n t  i n f l t l c n t  s u h s t r :1 t c  L· O n L· c n t r : 1 t i 0 n s  

X 1 d 

• 3 d 

• • s d 

• 

• • 
X X 

X • 

X 

1 2 3 4 5 

o rgan i c  l o a d i n g  r a t e  ( k g BOD 5 ;m 3d )  

F I GURE 5 . 2 8 :  E f f l uent  p H  a s  a func t i on o f  o rgan i c  l o a d i n g  ra t e  

a t  d i fferent  HRT 



,--.. 
o< 
........... 
Cl) 
e '--' 
c 
0 

· r-t  
... 
e-o 
$.-.. 

... 
c 
a> 
u 
c 
0 
u 

'"0 
• r-t  
u 
e-o 

3 0 0 0  

2 0 0 0  

1 0 0 0  

0 

F I GURE 5 . 2 9 :  

X ' 

� (: �X 

A 

1 2 3 4 c: 

I n d i v i du a l vo l a t i l e a c i d s c o n c e n t r a t i G n s  

6 

a s  a 

ac e t i C 

X 

n . t ut Y r i c 

n . v a l c r i c 

7 8 9 1 0  

o r g a n i c  l o a d i n g  r a t e  ( k g B O D 5 / rn
3

d )  
func t i o n o f  o r g a n i c  l o a d i n g rat e � 



TAB L E  5 . 4 :  Ind i v i dual  Vo l a t i l e A c i d  Co n c e n t r a t i o n s  Me a s u r e d  a t  S t e a d y  S t a t e  Cond i t i on s . 

( A l l v a l ue s  in  m g / £ )  

--

O r g a n i c L o a d i n g 

Run HRT R a t e  
A c e t i c  P r o p i o n i c  i s o - B u t y r i c  Bu t y r i c  i s o-Va l e r i c  

3 
k g  BOD 5 / m  d 

1 1 1 . 0  3 7 8  4 1 4  - t r  

2 1 1 . 0  2 9 4  4 2 4 - 5 0  

3 3 0 . 3 � 3 0 1 s o  
4 5 0 . 2 0 2 3 9 1 8 (1 

5 1 5 . 0 1 8 7 2  2 1 9 9  t r  7 7 . 2  t r  

6 3 1 .  6 7 1 4 4 1  3 4 8  - 1 2 8 

7 3 1 .  6 7 1 3 1 0  8 9 9  - 8 4  

8 5 1 . 0  4 8 0  3 7 1  - 1 0 7  

9 1 9 . 0  1 6 2 6  2 7 6 6  t r  1 3 5 4  t r  

1 0  3 3 . 0  9 6 5  1 8 2 3  t r  5 8 6  

1 1  5 1 . 8  1 1 2 0  1 0 - i? - 7 5  

1 2  5 1 . 8  · 1 2  5 4  1 3 5 6  t r  9 6 . 5  

t r  = t race  quan t i t y 

Va l e r i c  

5 0  

9 0  

� 
N 
00 



1 2 9  

t i ons  were  charac t e r i s e d  b y  i n c r e a s e d  c o n ce n t r at i on s  o f  

h i gh e r  o rgan i c  a c i d s . Butyr i c  ac i d  c o n c e n t r a t i o n  i n c r e a s e d  

from z e ro a t  t h e  lowe s t  t o t a l  a c i d  c o n c e n t r a t i on s  ( and 

l owe s t  o rgan i c  l oad i n g  r a t e s  o f  0 . 2  and 0 . 3 3 k g  BOD 5 / m 3d ) , 

t o  1 3 5 4  mg� a t  t h e  h i ghe s t  t o t a l  ac i d  and l o ad i n g  r at e . 

n - va l e r i c  a c i d  was  de t e c t e d  i n  me a s urab l e  c o n c e n t r a t i o n s  
3 a t  l oa d i n g  rat e s  o f  5 . 0  and 9 . 0  k g  BOD 5 /m  d .  

5 . 4 . 3  Ammo n i a  Leve l s  

Th e r e  was  a s l i gh t  po s i t i ve c o r re l a t i o n  b e tween  f i l t e r  

e f f l u e n t  ammon i a  c o n ce n t rat i o n s  and  o rg an i c  l o ad i n g  r a t e  

( F i gure  5 . 3 C ) . When  o n e  cons i de rs t h a t  i n fl ue n t  t o t a l  

n i t rogen  conce n t rat i o n  i s  d i re c t l y  propo r t i o n a l  t o  i n f l u ­

e n t  s ub s t ra t e  c o n c e n t rat i on ( Tab l e  5 . 2 ) , i t  i s  i n t e re s t i n g  

t o  no t e  t h a t  a t  the  5 0 0 0  mg �ou 5 ; 1 and  9 U U U  m g  B O u 5 / 1  i n f l u e n t  

s ub s t ra t e  conc e n t rat i on , the  e f f l ue n �  ammo n i a  conc e n t r a t i o n  

w a s  g e n e ra l l y h i ghe r a t  t h e  l owe r o f  t h e s e  two in f l ue n t  
s ub s t ra t e  c o n c e n t rat i on s . At  a con s t an t  l e ve l  o f  i n f l ue n t  

s ub s t ra t e  c o nc e n t ra t i on , one  wo u l d  e xp e c t  h i gh e r  e ff l ue n t  

ammo n i a  conce n t rat i o n s  a s  hydrau l i c  r e t en t i o n  t ime w a s  

redu c e d  due t o  inco rpo r a t i on o f  the  n i t ro g e n  i n t o  new  ce l l  

growt h , t h e re b e ing  l e s s  conve r s i o n  o f  COD t o  me t h an e  a t  

t h e  s h o r t e r  hydrau l i c  r e t en t i on t ime . B u t  t h e r e  w a s  t o o  

w i de a s c a t t e r  i n  t h e  d a t a  t o  s t a t e  a n y  s uc h  r e l a t i on s h i p  

w i t h  c o n f i dence . 
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1 3 1  

5 . 4 . 4  Su lph i de Conce n t r a t i o n s  i n  t h e  F i l t e r  E f f l u e n t  

T o t a l  s u l ph i de conc e n t r a t i on i n  t h e  f i l t e r  e ff l ue n t  was  

re l a t e d  t o  o rg an i c  l o ad i n g  r a t e  ( F i gure  5 . 3 1 ) .  The re was  

a near  l in e a r  i n c re a s e  i n  s u l ph i de c o n c e n t r a t i o n  a s  the  

organ i c  l o ad i ng rat e w a s  i nc re a s ed to  3 k g  BOD 5 /m 3d and  

a s l i gh t  de c r e a s e  a t  9 k g  BOD 5 ; m3 d .  Th i s  i nc re as e was  

c o r re l at e d  t o  t he i n c r e a s e  i n  i n f l u e n t  s ub s t ra t e c o n c e n ­

t r a t i o n  and s o  t h e r e  appears  t o  b e  a p o s i t i ve re l at i o n s h i p  

b e tween  i n f l ue n t  s u l ph a t e  l eve l and e f f l ue n t  t o t a l  s u l p h ide  

c on c e n t ra t i on . 

The s u l ph i de c o n c e n t r a t i o n s  1 n  many runs were  above t h e  

gene ra l l y  a c c e p t e d  l e ve l o f  s t rong i nh i b i t i o n  by s u l p h i de 

o f  1 5 0 mg/ £ .  Dur i ng t h e  expe r i me n t a l  de s i gn runs , no  

a t t e m p t  w a s  made t o  reduce  t h i s  h i gh s u l ph i de c o n c en t ra t i o n  

a s  c o nd i t i o n s  had  t o  be  k e p t  cons t a n t  t h rougho ut  t h e  de ­

s i gn to  redu c e  the  e f fe c t s  o f  un con t ro l l ab l e  va r i ab l e s . 

l lowevc r , a f t e r  the  comp l e t i o n  o f  the  de s i gn and ana l y s i s  

o f  the  da t a , two fu r t h e r  runs were c a r r i ed out , one  o n  

e a c h  f i l t e r  un i t , unde r i den t i c a l  c o nd i t i o n s  exce p t  fo r 

t h e  add i t i o n  o f  F e C 1 3 . 9 H2 0 a t  2 . 5  g / £ t o  t h e  fe e d  o f  A F l  

t o  p re c i p i t a t e  t h e  s u l ph i de o u t  o f  t h e  f i l t e r  c o n t en t s . 

The da t a  from t he s e  runs  i s  pre s en t ed i n  T ab l e  5 . 5  a l on g  

w i t h  t h e  prev i ous  run from t h e  expe r i me n t a l  de s i gn fo r 

comp a r i s o n . A Wa l d - Wa l fowi t z  Run s Te s t  ( L i p s on and S h e t h , 

1 9 7 3 )  on  t h e  d a t a  i nd i c at e d  t h a t  t h e re was  no  s i gn i f i c an t  

d i fference  a t  9 5 %  con f i dence  l e ve l , b e twe e n  the  group s o f  

da t a . 

5 . 4 . 5  A l ka l i n i ty 

As  i n  the  c a s e  o f  e f f l u e n t  vo l a t i l e a c i d  c o nc e n t r a t i o n , t h e re  

was  s i gn i fi c a n t  (at  9 9  percent  con f i de n c e  l eve l )  c o rre l a ­

t i on b e tween  a l ka l i n i t y  and e ff l u e n t  COD . I n  c o n s equence , 

a l ka l i n i ty e xh ib i t e d  s im i l ar r e s p o n s e  t o  e ff l ue n t  COD  

and  i t s  conc e n t r a t i on was  e nt i re l y  dependant o n  that  quant i ty .  

F i gu r e  5 . 3 2 i l l us t r a t e s  t h i s  s im i l ar p a t t e rn . 



TAB L E  5 . 5 :  D a t a  from the  Rep e a t  E x p e r imen t a l  Run s t o  As s e s s  t h e  E f f e c t  o f  S u l ph i de Leve l o n  F i l t e r  

P e r fo rmance  

Parame t e r  D e s i gn run Repe a t  run  1 R e p e a t  run 2 

F e e d  c one . 9 0 0 0  mg BOD / � 9 0 0 0  mg / �  9 0 0 0  mg BOD / �  

.j.J 
Hyd r au l i c  r e t e n t ion  ld  l d  l d  

;:J t ime  
p. 

Temp e rature  3 5 °C 3 5 °C 3 5 °C s:: 
• r-t  

AF un i t  1 1 2 

F e e d  COD 4 7 1 7 5  mg / �  4 6 3 8 2  mg / �  4 6 3 8 2  mg/ � 

g a s  produc t i on 3 . 1 1 0  � / � d  3 . 2 4 7  � / .Q,d 2 . 8 6 5  £ / � d  

methane i n  g a s  ( % ) 4 9 . 9  4 7 . 8  4 6 . 4  

pH 6 . 9 0 6 . 9 5  6 . 9 0 

COD 3 1 0 9 0  mg/ £ 3 0 0 1 0  3 0 7 9 5 
.j.J BOD  4 4 5 5  mg/ £ 4 2 3 0 4 2 8 5  s:: 
<l.l 

ammo n i a  6 . 6  mM 8 . 2  mM 9 . 6 mM ;:J 
.--; 
I.H s u l ph ide  < 5 0 mg / £  1 8 . 6  2 9 3  I.H 
<l.l 

a l ka l i n i t y  ( a s  CaC03 ) 6 8 6 0  mg/ £ 5 9 9  5 5 7 2 0 

s us pended s o l i d s  7 4 0  mg / £  5 5 5  2 3 0 

v o l a t i l e  a c i d i t y  ( a s  a ce t i c )  4 8 4 6  mg/ £ 3 7 3 5  4 1 6 3  

C OD r emoved ( % )  3 4 . 1  3 5 . 3 3 3 . 6  

B OD r emoved  ( % ) 5 0 . 5  5 3 . 0  5 2 . 6  

C OD remov a l  r a t e ( k g/m 3 d )  1 6 . 0 8  1 6 . 3 7 1 5 . 5 8 

F TCM 0 . 2 4 6  0 . 2 7 0 0 . 2 4 3  
1-' 
VI 
N 
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F I GU RE 5 .  3 2 : E ffe c t  o f  org an i c  lo ad i ng ra t e  o n  fi l t e r  

al k a l i n i ty 

5 . 5  The E ffe c t  o f  F i l t e r  C o l umn He i gh t  

I t  was  n o t e d  e a r l i e r  i n  t h i s  s tudy t h a t  r e c i rc u l a t i o n  o f  

t h e  f i l t e r  e ff l ue n t  was  p r ac t i s ed . I t  w a s  c on s i de re d  t h a t  

s uch  re c i rc u l a t i on w a s  n e c e s s a ry t o  reduce  t h e  p o s s ib i ­

l i t y  o f  p o t e n t i a l l y  de l e t e r i ous  p H  p ro f i l e s  ve r t i c a l l y  up  

t h e  c o l umns t h a t  c o u l d  occur  in  a f l ow r e g i me t h a t  

i nc l uded  a l ar ge c o mpon e n t  o f  p l ug f l ow . 

T o  a s c e r t a i n  t h e  f l ow reg i me p r e s e n t  i n  t h e  anaerob i c  f i l ­

t e r , t h r e e  t r i a l s  w e r e  c a r r i ed o u t  o n  t he s ma l l e r  f i l t e r  

p r i o r  t o  s e e d i n g  and s t a r t  up . The  f i l te r  was  f i l l e d  

w i t h  w a te r  and pump i ng s t a r t e d  t o  e s t ab l i s h  t h e  f l ow r at e , 
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w i th and w i t h o u t  r e c i rcu l a t i on , a t  t he de s i r e d  l e ve l . 

At  a t ime t = 0 ,  a s t e p  change  i n  t h e  feed  was  i n t roduced  

in  t h e  fo rm of  a s o l ut i o n  of  the  dye s a fran i n . The f i l te r  

e ff l ue n t  was  t hen  mon i t o re d  b y  me a s u r i n g  t h e  ab s o rbance  

a t  5 3 0  nm  ( the  appr o x i ma t e  ab s o rb an c e  max i mum fo r s a frani cl ; 

and t h e  dye concen t r a t i on s  and t im e s  n o t e d . The r e su l t s  

are  shown i n  F i gu r e  5 . 3 2 .  The o rd i na t e  i s  t h e  r a t i o  o f  

the  c o n ce n t r a t i on C o f  t h e  dye a t  t ime t t o  t h e  concen t r a ­

t i on  o f  dye i n  t h e  fe e d , C0 ; t h e  ab s c i s s a  i s  a d imens i o n ­

l e s s  t ime pa rame t e r  Q t / V  whe re : 

Q = vo l ume t r i c  f l ow r a t e  ( Q/ h )  

t = t ime ( h )  

V vo i d  vo l ume o f  t h e  f i l t e r  ( 1 )  
The c urve s on  F i gure  5 . 3 2  are  known a s  t h e  F curves  

l l a n c k w e r t s  ( 1 9 5 3 ) . Supe r i mpo s ed on t h e  

f i gure  are  t h e  F cu rve s fo r s eve r a l  i de a l  f l ow re g ime s , 

name l y  pure  p l ug f l ow , fu l ly deve l o ped  l am i n a r  f l ow and 

a pe r fe c t l y  m i xe d  r e a c t o r . 

The t r i a l s  c a r r i ed o u t  were  a t  t h e o re t i c a l  re t en t i o n  t ime s 

( V / Q )  o f  1 0  d for t h e  unrecyc l ed f i l t e r  and 1 and 5 d 

fo r t h e  r e cyc l e d  f i l t e r . F rom t h e  r e s u l t s  i t  was  app a r e n t  

t h a t  a l O d  unre c i rc u l a t e d  reg i me e xh i b i t e d  n e a r  l am i n a r  

f l ow charac t e r i s t i c s  a n d  t h e  chang i n g  s l ope  i n  the  r e g i o n  

Q t / V  = 0 . 5  t o  0 . 7 5 c o u l d  i n d i c a t e  s ome p l ug f l ow was  

pre s en t . A 1 0  d hydrau l i c  r e t en t i o n  t ime was  n o t  u t i l i s e d  

i n  t h e  f i l t e r  s tudy e x c e p t  und e r  t h e  s t a r t - up c o nd i t i on s . 

The r e s u l t s  from t h e  1 d and t h e  5 d rec i rc u l at i o n  r e t e n ­

t i o n  t ime s i n d i c a t e d  t h a t  the  anae rob i c  f i l t e r  was  e s s en ­

t i a l l y  a c omp l e t e ly m ixed  reac t o r  unde r t h e s e  c o nd i t i on s . 

Th i s  re s u l t  meant  t h a t  t h e r e  s h ou l d  have b e e n  l i t t l e  o r  

n o  d i ffe r e n c e  b e tw e e n  s amp l e s  t ak e n  for  ana l y s i s  a t  t h e  

s amp l i n g  p o i n t s  up  t h e  l en g t h  o f  t h e  l ar g e r  c o l umn when  

i t  was  ope r a t i n g ; in  f a c t  t h i s  w a s  the  c as e .  
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I n  the  fo l l ow i n g  t ab l e  (Tab l e  5 . 5 ) ,  t h e  va l ue s  for  p H , 

C O D  ( s o lub l e )  and ammon i a  are t ab u l a t e d  a l ong  w i t h  t h e  

co rres pond i ng f i l t e r  e f fl ue n t  v a l u e s  fo r s t e ady s t a t e  

c o nd i t i on s . 

A l t ho ugh t h e re i s  s ome var i a t i o n  be twe en  va l ue s  up t h e  

co l umn he i gh t , none  appe a r s  t o  b e  a t t r ib u t ab l e  t o  the  

he i gh t  p arame t e r  a s  t h e  var i a t i o n  occurs  a t  random . 

1 3 6 

I t  i s  t h e re fore  fa i r  t o  s ay t h a t  t h e  re c i rcu l at e d  ana e rob i c  

f i l t e r  wa s b ehav i n g  a s  a comp l e t e l y m i xed react o r . 



TABLE 5 . 6 :  S t e ady S ta t e  COD , pH and Ammon i a  Levels as a Func t io n  o f  Column Heigh t  ( AF2 only ) 
5 = t o p  o f  c o l u mn , ! = b o t t o m 

Run No . 2 3 

Level COD pH NH
3 

COD pH NH
3 

E f f luent 1 8 88 6 . 7 5 2 . 35 1 9 3 1  6 . 9 5 9 . 1 5 

5 1 8 4 1  6 . 7 0 2 . 3  2 1 6 6 6 . 9 0  1 0 . 4  

4 2045 6 . 7 5 2 . 3  1 9 5 6  6 . 9 5  1 0 . 6  

3 1 7 8 7  6 . 7 0 2 . 4  1 9 5 4  6 . 8 5  9 . 8  

2 1 8 7 6  6 . 7 0  2 . 4 5  1 9 7 9  6 . 9 0  8 . 2  

1 2024 6 . 6 5 2 . 4  2 0 4 2  6 . 9 0 9 . 5  

mean 1 9 1 0 6 . 7 0  2 . 3 7  2004 6 . 9 0 9 . 6  

r a n g e  ( 1 )  1 3 . 5  1 . 5  6 . 3  1 1 . 7 1 . 4  2 3  

Uni t s  are : COD mg/ £ ;  p H  uni t s ; NH
3 

mM 

* NH
3 

not measured run 1 2  

1 as percent o f  mean 

COD 

1 7 3 7 8  

1 7 5 2 7  

1 6 7 9 0  

1 7 6 9 0  

1 8 7 5 5  

1 80 3 6  

1 7 6 9 6  

1 0  

5 7 1 1  

pH NH
3 

COD pH NH
3 

COD pH NH
3 

6 . 9 0  1 8 .  1 9 8 7 9  7 . 2 5 9 . 7  2 7 6 7 7  7 . 0 5 8 . 9  

6 . 80 1 7 . 3  1 0 4 5 6  7 . 1 5 9 . 6  280 1 0  7 . 1 5 7 . 7  

6 . 7 5 1 7 . 8  9 5 1 4  7 . 30 1 0 . 4  2 7 1 6 3  6 . 9 0  1 0 . 4  

6 . 7 5  1 8 . 0  9 7 2 5 7 .  25 1 1 .  7 2 8 340 7 . 00 8 . 4  

6 . 7 5 1 7 . 0  9 80 7  7 . 1 0 1 2 . 2  2 7 4 6 4  7 . 0 5  1 0 . 0  

6 . 8 5  1 8 . 4  1 0 0 4 0  7 . 1 0 9 . 3  2 7 885 7 . 0 5  9 . 3 5 

6 . 80 1 7 . 8  9 9 0 3  7 . 20 1 0 . 5  2 7 7 5 6 7 . 0 3  9 . 1 1 

2 8 9 3 24 4 3 26 

COD 

2 5 5 0 8  

2 5 4 8 7  

24860 

2 5 7 7 0  

2 5 9 4 5  

2 5 4 9 0  

2 5 5 1 0  

4 

1 2  

pH 

7 . 05 

7 . 0 5 

7 . 00 

7 . 05 

6 . 9 5  

7 . 00 

7 . 0 1  

1 

NH * 
3 

f--1 
VI 
-..J 
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CHAPT E R  S I X  

P E RFORMANCE OF  THE ANAE ROB I C  F I LTE RS 

6 . 1  I n t roduc t i o n  

1 3 8 

The ope r a t i o n  o f  t h e  anae rob i c  f i l t e rs u s e d  i n  t h i s  s t udy 

gene r a l l y  p r o c e e ded s moo t h l y  once  s eve r a l , l arge l y  me c h ­

an i c a l , p rob l ems we re i roned  o u t . The s e  re l a t e d  ma i n l y  t o  

the  e f f i c i e n t  ope r a t i on o f  the  pumps u s e d . I n i t i a l l y , 

pos i t ive d i s p l aceme n t  p i s t o n pumps we re u s e d , howeve r ,  

t h e s e  p roved pa r t i c u l a r l y  uns a t i s fac t o ry . The rap i d  

a c c umu l at ion  o f  b i o l o g i c a l  s o l i d s  o n  t h e  i n l e t  and o u t l e t  

b a l l  va lve s  rende red  t hem inope rat ive . A sw i t ch  t o  pe r ­

i s t a l t i c a c t i o n  pump s s o l ved t h i s  p rob lem . 

The on l y  o t h e r  mechan i c a l l y  c on t ro l l e d fa ce t o f  the  f i l t e r  

ope r a t ion , was  t h a t  o f  t empe rature . On s eve r a l  o c c a s i on s , 

due t o  power fa i l u r e s , the  f i l t e r s  we re coo l e d t o  b e l ow 

t h e  norma l 3 0 - 3 5 °C o p e r a t i ng temp e ra t u r e  for  p e r i ods  o f  

u p  t o  two days . Th i s  r e s u l t e d  i n  r educ e d  gas  p roduc t i on  

but  i t  was  re - e s t ab l i s he d  a g a i n  within approx imate  1 y twe 1 ve 

hours  o f  r e s t o r i ng o p e r a t i n g  t empe ra t u re s , t hu s  p ro v i n g  

the  s y s t e m  t o  be  t o l e ran t o f  f l uc t u a t ions  i n  t empe r a t ure . 

Young & McC a r t y  ( 1 9 6 7 )  i n  t h e i r  i n i t i a l  anae rob i c  f i l te r  

s tud i e s  p o i n t e d  o u t  t h e  b e ne f i t s  o f  ope r a t i ng a n  anae rob i c  

d i ge s t er a t  n e a r  amb i e n t  t empe r a t u r e s  and , from t h e  t emp ­

e ra ture  t o l e rance  s h own b y  t h i s  s tudy wh en good gas i fi c a ­

t i o n  r a t e s  were  man i fe s t dur i n g  t h e  t emp e r ature  drop s , a 

c a s e  c o u l d  b e  made fo r amb i e n t  t e mp e r at ure ope r a t i o n  fo r 

indus t r i a l  was t e s . 

Mun i c ip a l  s ewage , wh i c h  i s  much mo re d i l u t e  t h an the  

was t e s  gene r a l l y  u s e d  for  anae rob i c  s t ud i e s , has  b e en 

s uc ce s s fu l l y  t r e a t e d  b y  anae rob i c  f i l t ra t i o n  a t  amb i e n t  

t empe r a t u r e s  on  a �i l o t  s c a l e  (Genung e t  a l ,  1 9 7 6 ) . 

W i t h i n  s e a s o n a l  t empe ra t u r e  var i at i on s  o f  1 0  t o  2 6 °C an 

ave rage o f  S O  p e r c e n t  BOD 5 remo va l  was  ach i eve d . 
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A c o n s i d e r ab l e  p rob l em as s o c i a t ed w i th t h i s  s t udy w a s  

the  e x t ended p e r i ods  requi re d  t o  c a r ry o u t  a l im i t e d  numb e r  

o f  e xp e r i me n t a l  t r i a l s . U n fo r tuna t e l y  th i s  i s  a fun c t i on o f  

the  anae rob i c  p r o c e s s i t s e l f .  I n  ano th e r  s tudy o n  t h e  d i g ­

e s t i o n  o f  y e a s t p l a n t  e f f l u e n t  i n  s t i rred  r e a c t o r s ,  the  t ime 

de l ay s  w e r e  cons i de r e d  a p rob l em i n  t e s t ing  o rgan i c  l o ad i n g  

r a t e s  ove r t h e  range  3 . 2 8 t o  1 1 . 3 5 k g  COD/m3 d (Hans fo r d  & 
R i c h t o r , 1 9 7 5 ) . I n  th i s  s tudy a r ange  o f  1 . 1 5 t o  4 7 . 2  k g  

COD/m3 d w a s  coped  w i t h , i n  o rd e r  t o  as s e s s  t h e  e f f i c ac y  o f  

the  p r o c e s s  ove r exp e c t e d  r e a l  condi t i on s . The e ffec t s  o f  

the  l on g  t e rm n a t u r e  o f  the  exp e r i me n t a l  t r i a l s  are  d i s cus s ed 

1 n  s ub s eque n t  chap t e r . Th i s  s ec t i o n  w i l l  b e  c o n f i ned  t o  

the  e f fec t s  o f  t h e  i ndependent  var i ab l e s  app l i e d  t o  t h e  

f i l t e r  un i t s  and t h e i r  r e s p o n s e s . 

6 . 2  The  Tre a tm e n t  o f  H i gh S t rength  Was te  W a t e r  b y  

Anaerob i c  F i l t r a t i o n  

I t  was  n o t e d  i n  Chap t ff 2 that  a w i de range  o f  was t e  types  

h a ve b e e n  a p p l i ed  to  the  anae rob i c  f i l t e r  w i t h vary i ng degre e s  

o f  t r e atme n t  e f f i c i e ncy . I t  i s  the r e fo r e  n e c e s s a ry t h a t  the  

s c ope  o f  the  p r e s e n t  s tudy b e  p l a c e d  in  t h a t  con t ex t . I n  

F i gure  6 . 1 ,  t h e  F i gure  2 . 1 i s  r e p ro duc e d , s howi n g  t h e  p r imary 

var i ab l e s  o f  i n f l ue n t  s ub s t r a t e  c o n c e n t r a t i on and hydrau l i c  

re t e n t i on t ime o f  p re v i ous  s tudi e s  w i th tho s e  o f  the  p r e s e n t  

s tudy s up e r i mp o s e d . From th i s  f i gu r e  i t  may b e  no t e d  t h a t  

t h r e e  o f  t h e  runs  c a r r i ed o u t  i n  t h e  p r e s e n t  s t udy a r e  l o c a t ed 

i n  the  a r e a  re l a t ive l y  we l l  cove r e d  b y  p re v i ous  s tudi e s  and 

the o th e r  n i ne e x t e nd the  range of i n f l� e n t  s ub s t ra t e  c o n c e n ­

t r a t i on u p  t o  a lmos t 5 0 , 0 0 0  m g  COD/ � .  I n  t h i s  way , e xp e c t ed 

r e a l  e f f l ue n t  concen t ra t i on s t rengths  cou l d  b e  covered , wh i c h  

wou l d  i nvo lve  l oa d i n g  r a t e s  on  a p r oc e s s s y s t em h i gh e r  t h an 

p revi ous l y  t r i ed , as  we l l  as  t h o s e  a l re ady documen t e d  and the  

who l e  ana l y s ed s t a t i s t i c a l ly  v i a  a r a t i on a l  mode l . I n  t h i s  

way i t  was  hoped  t h a t  the  p e r fo rmance  o f  t h e  anae rob i c  f i l t e r  

ove r a w i de r ange  o f  cond i t i ons  c o u l d  b e  de s c ri b e d  w i th 

r e as o n ab l e accuracy i n  t e rms o f  a _few i np u t  p a r ame te r s . 

Th i s  upp e r  range  o f  i n f l ue n t  s ub s t ra t e  concen t r a t i o n  i s  

o f  p ar t i cu l a r  i mp o r t ance  i n  t e rms  o f  the  o n - s i t e t re a t ­

men t  o f  h i gh s t reng t h  i ndus t r i a l  w a s t e s  w i th l i t t l e o r  

n o  adu l t e r a t i o n, i n c l ud i n g  d i l u t i on w i th l ow e r  s t r e n g t h  
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s t re ams s uch  a s  p l a n t  wash  w a t e r s . The p re v i ous  s tud i e s  

may t h e re fo re b e  s e e n  t o  b e  we l l  e x t ended b y  t h e  p r e s en t  

wo rk . 

6 . 2 . 1  Remova l o f  O r g an i c  Mat e r i a l  b y  the  Anae rob i c  F i l t e r s 

The remova l o f  organ i c  mate r i a l  a s  me a s ured  b y  t h e  s o l ub l e  

COD  o f  t h e  f i l t e r  fe e d  and e ff l ue n t  c oncen t rat i on s  h a s  

b e e n  p re s en t e d  i n  t e rms  o f  r e s idual  ( e f f l ue n t ) COD , p e r ­

c e n t age  COD remova l  and r a t e o f  COD remov a l , and a l l  

t h re e  a s  func t i o n s  o f  the  i n f l uent  s ub s t ra t e  concen t ra ­

t i on , hydrau l i c re t e n t i on t i me and comb i n e d  o r g an i c  l o ad -

i n g  rate  ( F i gu r e s  5 . 1 t o  5 . 9 ) . 

E f f l ue n t  COD Conce n t rat i o n  

r i gu re s 5 . 1 t o  5 . 3  s h ow t h a t  the  amoun t o f  o rgan i c  mat e r i a l  

in the  f i l t e r  e ff l u e n t  s t re am was  a l mo s t  comp l e t e l y  depe n ­

de n t  o n  t he i n f l ue n t  s ub s t ra t e  conce nt rat i on . A t  two o f  

the  th ree l e ve l s  o f  feed  s t rength  the re was  imp roveme n t  

i n  e f f l ue n t  qua l i t y whe n t he re t e n t i o n  t i me was  e x t e nded 

b e yond one day ( F i gu r e s  5 . 2 ,  5 . 3 ) .  A c t u a l  imp roveme n t s  

we re : from 3 1 0 9 0  mg COD/ � down t o  2 6 5 9 2  mg COD / �  ( 1 4 . 5  

pe rcen t )  a t  9 0 0 0  mg 

from 1 7 3 7 8  mg COD/ � 

a t  5 0 0 0  mg BOD 5 / � ; 

BOD 5 / �  nom i n a l  feed  c o n c e n t r a t i o n ; 

down t o  8 9 7 8  mg COD / £  ( 4 8 . 3  p e rce n t ) 

and 2 0 2 0  mg COD / �  t o  2 8 2 5  mg  C OD / £ 

an apparent  4 0  p e r c e n t  de c l i n e  i n  e f f l ue n t  qua l i t y  a t  t h e  

1 0 0 0  m g  BOD 5 / t  l e ve l . A l l  t h e s e  c h a n g e s  occurred  ove r a 

f i ve - fo l d  i n c r e a s e  i n  hydrau l i c  re t en t i on t ime .  

There is not an i n c on s i d e r ab l e  d e g r e e  o f  s c a t t e r  i n  t h e  da t a , 

h oweve r t h e  c u rve s d r awn o n  t h e  f i gu r e  rep r e s e n t  p re d i c te d  

pe r fo rman c e  b as e d  on  a l e a s t s q u a r e s  ana l y s i s  o f  t h e  

e f f l u e n t  C O D  dat a s e t  a s  a who l e  a n d  us i ng t h e  four  p r ed i c ­

t o rs i nd i c a t e d  i n  t h e  append i x  ( T ab l e  A l ) . A s  a who l e , t h e  

r e g re s s i o n  l in e s  a c c o u n t  for  9 9  p e r c e n t  o f  t h e  var i at i on 

( r
2 

= . 9 8 1 ) . The l a rge s t  r e s i du a l s  o c c u r  fo r runs 5 and 

9 where t h e  a c t u a l  pe r fo rm an c e s  were r e sp e c t i ve l y  c o n s i ­

de rab l y  p oo re r  and  b e t t e r  t h an p red i c t ed . Tab l e  A l  a l s o  

quan t i fi e s  t h e  r e l a t i ve s i gn i f i c ance  o f  t h e  i n fl ue n t  

s ub s t r a t e  concen t r a t i o n  ( t  r a t i o  s i gn i f i c ant  a t  > 9 7 . 5  p e r ce n t ) . 
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The e x t reme dependance  o f  e ff l ue n t  COD o n  fe e d  c o n c e n t r a t i o n  

i s  howeve r a func t i on  o f  t h e  w i de r ange  o f  c o nd i t i o n s  

cho s e n  fo r t h e  t r i a l s  r a t h e r  t h an t h e  o p e r a t i on o f  t h e  

f i l t e rs t hems e l v e s . 

I n  p re v i ous  s t ud i e s  t h e r e  i s  s ome d i f fe rence  i n  re l a t i o n ­

s h i p  b e tween  the  e ffe c t s  o f  the  i nput  p a rame t e r s o n  

e f f l ue n t  COD . F o r  a pha rmaceu t i c a l  was t e  o v e r  t h e  r ange  

1 0 0 0  t o  8 0 0 0  mg  COD/ � s im i l ar re s u l t s  t o  t h e  p r e s e n t  

s t udy we re no t e d  (Je nne t t  & Denn i s , 1 9 7 5 ) , fo r a s yn t h e t i c 

wa s t e ,  a l i n e a r  re l a t i o n s h i p  was drawn b e tween  i n f l ue n t  

a n d  e f f l ue n t  C O D  at  i n f l ue n t  C O D  u p  t o  1 0 0 0 0  mg/ � ( E l ­

Sh a f i e  & B l oodgood , 1 9 7 3 )  compared t o  t h e  p re d i c t ed c u r ­

v a t u re in  l : i gure  5 . 2 .  N o  i mp ro veme n t  a t  a l l  i n  e f f l u e n t  

qu a l i t y w a s  n o t e d  fo r a m i l k  was t e  ( Pe t e rs o n , 1 9 7 5 )  w i t h  

a fo u r  fo l d  i nc re a s e  i n  r e t e n t ion  t ime from 8 t o  3 0  hours  

a t  c o n s t a n t  o r g a n i c  l o ad i n g rates  of  1 .  7 5  and  3 .  5 0  k g / m 3d .  

I n  th i s  l a s t  s t udy , remarkab l y  c o n s t a n t  e ff l ue n t  COD ' s 

were  a p p a r e n t  a s  the  i n f l uent  COD and r e t e n t i on t ime 

we re s imu l t aneous l y  man i pu l at e d  to ma i n t a i n a c o n s t an t  

l oa d i n g  r at e . 

S im i l ar man i pu l a t i on i n  the  p r e s e n t  s t udy ( runs 1 ,  2 and 8 ,  

Tab l e  5 . 1 ) i nd i c a t e d  no  s uch c on s t ancy , a phe nomenon a l s o  

n o t e d  i n  two o t h e r  s tud i e s  (Young & Mc C a r t y , 1 9 o 7 )  and 

J enne t t  & D e nn i s , 1 9 7 5 ) . The re fore  the  use  o f  t h e  c o mmon 

was t e  t re a t me n t  pa rame t e r, o rgan i c  l o ad i n g  r a t e, i s  n o t  an  

appropr i a t e  pre d i c t o r  fo r e f f l ue n t  s ub s t r at e  c o nc e n t r a t i o n . 

F i gure s 5 . 2  and 5 . 3  i mp l y t h a t  t h e r e  was  a read i l y d e g r adab l e  

p o r t i o n  p r e s e n t  i n  t h e  was t e  s t re am wh i ch was me t ab o l i s e d  i n  

ab o u t  one  day a f t e r  wh i c h  mo re r e s i s t an t  c ompounds w e re 

a t t ac ke d . Th i s  concept  w i l l  b e  fur t h e r  d i s cu s s e d  i n  a fo l ­

l ow i ng s e c t i o n . 

The i mp o r t ance  o f  e ff l ue n t  COD l i e s  i n  i t s  e ffec t  o n  the  

re c e i v i ng p o i n t s  down s t ream of  t h e  anae rob i c  f i l t e r , s uc h  

a s  t h e  e ffec t s  o f  s h o c k  l oa d i n g  a rec e iv i ng wat e r  o r  
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down s t re am b i o l o g i c a l  t re a tment  i n  t h e  c a s e  o f  d i s charge  t o  a 

mun i c i pa l  s ewe r . Howeve r the  b ene f i t s  ob t a i n ab l e  b y  e x t e n d ­

ing  t h e  de t e n t i on t ime b eyond one  d a y  wo u l d  s ure l y  b e  

o ffs e t  b y  t h e  i nc r e a s e d  c o s t  o f  reac t o r  s i z e . Econom i c s  

o f  re a c t o r  s i z e  are  dependent  o n  t h e  amount  o f  mat e r i a l  

removed and t h e  r a t e  a t  wh i c h  t h i s  o c c u r s . 

P e r c e n t age Remova l o f  COD  

F i gu r e s  S . 4  to  S . 6  de s c r i b e  the  e f fe c t s  o f  t h e  p r i ma ry 

var i ab l e s  o n  pe rcent age remo va l  o f  COD b y  t h e  anae rob i c  

f i l t e r s . F i gure  S . 4  i nd i c a t e s  a t rend  t owards  reduc e d  

f r ac t i on a l removal  a t  h i ghe r l o ad ing  r a t e s  a n d  F i gu re s  

S . S  and  S . 6  s how that  inc re a s ing  the  fe e d  c o n c e n t r a t i o n  

u p  t o  9 0 0 0  mg BOO s / £  a n d  reduc ing  the  r e t e n t i on t i me from 

S to 1 day b o t h  exe r t  a nega t i ve e f f e c t  on the r e s u l t i ng 

f r a c t i on o f  mat e r ia l  remove d . 

A l t hough c a r r i e d  out  a t  lowe r i n f l u e n t  conc e n t rat i o n s  ( and 

o f t e n  s h o r t e r  r e t ent i o n  t imes ) than in the pre s e n t  s t udy 

t h i s  n e g a t i ve re l a t i on s h i p  b e twe en  frac t io n a l remova l 

and l o a d i n g  r a t e  has  b e e n  n o t e d  b y  a l l  p re v i ou s  s tud i e s  

(Chap t e r  2 ) . A l in e a r  dec r e a s e  i n  one  c a s e  (Young & 

McCa r t y , 1 9 6 7 )  and an i mp l i e d  l in e a r i t y i n  o t he r s  a t  

c on s t an t  i n f l ue n t  s ub s t ra t e  concen t rat i on h a s  l ed t o  the  

app l i c a t i on of  f i r s t  o r d e r  k i ne t i c  mode l s  for  t h e  anae rob i c  

f i l t e r . An a t t emp t has  b e en made t o  de f i n e  t h e  k in e t i c  

c o n s t an t s  fo r p r e v i o u s  s tud i e s  i n  chap t e r  2 o f  t h i s  wo r k . 

The da t a  from t h i s  s tudy do n o t  s how a good  agreemen t  

b e tw e e n  ob s e rved  and p r ed i c t e d  pe r fo rmance . Th i s  i s  due 

to t h e  w i de s c a t t e r i ng e v i d e n t  in t he r e l evant  f i gures . 

Tab l e  A 2  s hows t h a t  t h e  l e as t s quare s e s t i ma t e s  o n  four  

p re d i c to r s , i n c l ud in g  one  fo r the  d i ffe r e n t  f i l t e r s  u s e d , 

cove r s  o n l y  8 4  p e r c e n t  o f  t h e  ob s e rved  var i a t i o n  ( r
2 = 

. 7 1 6 ) . Run 3 h ad a l arge  d i ffe rence  b e tw e e n  ob s e rved  

and p re d i c t ed va l ue s . O f  the  three  l e ve l s  of  i n f l ue n t  

s ub s t ra t e  concen t r a t i o n  u s e d  t h e  r e s u l t s  a t  t h e  h ighe s t , 

9 0 0 0  mg  BOO S / £  a re t h e  mo s t  c o n s i s t e n t . 
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3 A t  a c o ns t an t  l o ad i ng r a t e  o f  1 . 0  k g  BOD 5 /m  d t h e r e  w a s  

g o o d  agreement  b e tween  the  runs 1 , 2 a n d  8 w i th va l ue s  o f  

6 0 . 8 ,  6 5 . 6  and 6 3 . 0  p e r c e nt  COD removed r e s p e c t i ve l y . 

Ove ra l l , the  d a t a  app e a r e d  t o  cont rad i c t  t h e  ob s e rved 

remova l s  at  the l ower  feed  concen t r a t i on s  p r e v i ous l y  

t e s t ed , t h a t  i s  e i th e r  i ndependence  o f  p e r c e n t  COD remova l w i t h 

re s p e c t  t o  l o a d i ng r a t e a t  l ow l o ad i n g  r a t e s  ( Young & 
�1c C a r t y , 1 9 6 7 )  ( 2 . 3 8 t o  4 . 7 6 k g  COD/m

3
d )  and h i gher  

( W i t t  et a l �  1 9 7 9 )  ( 8 - 2 4 k g  COD/m3 d ) ; but  p e rc e n t age  

remova l b e i n g  b e t t e r  a t  h i gh feed concen t r a t i on/ l ong  r e t e n ­

t i on  t i me c omb i nat i on s  at  h i gh e r  l o ad i ng r a t e s  (Young 

� Mc C a r t y , 1 9 6 7 ; Jenne t t  & Dcnn i s , 1 9 7 5 ; P e t e r s o n , 

1 9 7 5 ; Johan s e n  & C a r l s on , 1 9 7 6 ) . S i m i l a r  t re nds to  the  

p re s e n t  s t udy h ave a l s o  b e e n  n o t e d  ( A r o r a  et a l �  1 9 7 5 ; 

l l uds on et a l �  1 9 7 8 ) . The l a t t e r o f  t h e s e  no t e d  l arge  d r o p s  

i n  C O D  r e m o v a l o f  8 0  t o  5 2  p e r c e n t  a t  l o ad i ng s  o f  0 . 1 5 t o  

0 . 3 6 k g  COD/m
3

u fo r e a c h  o f  two f i l t e rs one  p a c ked  w i t h 

rock  and t h e  o th e r  w i th  oys t e r  s h e l l  and t re a t i ng s h e l l f i s h  

p r o c e s s i ng  was t e  - a v e ry poor  p e r fo rmance comp a red t o  t h e  

remova l s  a t  much h i gh e r  r a t e s  i n  the  p r e s e n t  s tudy . 

I n  c o n s i de r i ng the  re l a t i ve magn i tudes  o f  p e r c e n t  COD remov a l, 

the  type  o f  was t e  b e i n g  t re a t e d  mus t b e  b o rne  i n  m i nd and t h i s  

i s  o ft en t h e  d e t e rm i n i ng fac t o r  (W i t t  et a l �  1 9 7 9 ; C h i an 

& de W a l l e , 1 9 7 7 ) . The r e l at i ve BOO / COD r a t i os vary 

w i d e l y, fo r i ns t ance  0 .  5 2  for  ve g e t ab l e  tannery  was t e  

( A r o r a  e t  a l �  1 9 7 5 ) , 0 . 9 for s he l l  f i sh was t e  and appr o ­

x i ma t e l y 0 . 2  for  t h i s  s tudy . The fac i l i ty o f  de t e rm i n i ng 

COD r a t h e r  than  BOD 5 has  p rob ab l y  favoured t h e  us e o f  t h e  

f o r m e r  i n  mos t  c a s e s . 

H i gh e r  l oad i ng r a t e  s tudi es have found b e t t e r  COD remova l s  

than  t h i s  s tudy fo r i n s t ance  8 8  p e r c e n t  for  p i g g e ry was t e  

a t  1 9 . 6  k g  COD/m3d ( C o l l e r an e t  a l � 1 9 8 2 )  and 4 6 - 6 0  p e r c e n t  

fo r a s y n t he t i c  was t e  (Mue l l e r  and Manc i ni , 1 9 7 5 ) , b o t h  

o f  the s e  mat e r i a l s  w e r e  re l at ive l y  r e ad i ly d e g r ad ab l e .  
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R a t e  o f  COD Removal  

G iven  a n  amo u n t  of  oxygen  demand t o  b e  removed from  a 

was t e  wat e r  s t re am , the  r a t e  a t  wh i c h  i t  c an b e  s o  removed 

i s  a l l i mp o r t a n t  from an  e c onomi c  p o i n t  of  v i ew , s in c e  

t h e  fa s t e r  t h e  remova l r a t e  t he s ma l l e r  t he p l an t  n e e d  

b e . 

The r e l a t i o n s h i p  b e tween  app l i e d  and  removed COD ( F i gure  

5 . 7 ) impl i es a near� l in e a r  i n c r e a s e . Th i s  i s  h owe ve r 

e r ro n e o u s  a s  the  s l o pe at  each  po i n t  mu s t  equa l t h e  

frac t i o n  C O U  remova l wh i c h  has  b e e n  s hown t o  v a r y  w i de l y  

o v e r  t h e  range  o f  cond i t i o n s  t e s ted  1 n  t h i s  s tudy . 

Th e re rema 1 ns , neve r t h e l e s s , the  ve ry s t ron g c o r re l a t i o n  

( r = 0 . 9 8 9 )  shown in r i gu re 5 . 7 . I t  imp l i e s  t h a t  the  

mo r e  h i gh l y  one  l o ads  t he s ys tem  the  fas t e r  i t  w i l l  

r e a c t t o  remove the  app l i e d  l o a d . I n t e re s t i ng l y ,  the  

d i f fe re n t  c o nd i t i ons  t e s ted  wh i c h gave r i s e  t o  t h e  c o n s t a n t  

l o ad i n g  r a t e  c o nd i t i o n s  ( 1 . 0  kg  BO�/ m3d )  s howed a g r e eme n t  

i n  remova l r a t e s  t o  w i th i n  s i x p e r c e n t . T h e  i nc re as ed remova l 

r a t e  ach i eved  b y  reduc i ng t h e  hyd rau l i c r e t e n t i on t ime 

to 1 d c ompa r e d  to us i ng 3 o r  5 d i s  app a r e n t  i n  

F i gure  5 . 8  and  the  e ffe c t s  o f  b o t h  hydr au l i c  r e t en t i o n  

t ime and i n f l ue n t  s ub s t r a t e  concen t r a t i o n  a r e  g re a t e s t  

a t  t h e i r  r e s p e c t i ve l e ve l s  wh i ch g ive r i s e  t o  t he h i ghe s t  

o r g an i c  l o a d i n g  r a t e . 

Whe n  t h e  da t a  from Tab l e  2 . 6 i s  man i p u l a t e d  t o  gene r a t e  

C O D  remo v a l  r a t e s  a n d  t ho s e  r a t e s  are  p l o t t e d  a ga i n s t  

app l i e d  l o ad i n g  r a t e  ( F i gure  6 . 2 ) , a l t hough  t h e r e  i s  

c o n s i d e r ab l e  s p re ad i n  the  p l o t  the  gene r a l l y i n c r e a s e d  

remo v a l  r a t e  w i t h  h i gh e r  l o a d i n g  r a t e  i s  i mmed i a t e l y  

apparen t . The s pr e a d  i n  dat a  po i n t s  i s  t o  b e  exp e c t e d  

due t o  t h e  l a rge numb e r  o f  d i f f e r e n t  f i l te r  s i z e s , 

p ac k i ng s , l oa d i n g s  and  feed  m a t e r i a l s  a s  u s e d  b y  t h e  

d i f fe r e n t  wo r k e r s . Young & McC a r t y  ( 1 9 6 7 )  ' s d a t a  i s  

p l o t t e d  a s  groups  A & B and l in e s  d r aw n  i n  b y  eye  i n d i c a t e  

a s 1 i ght  c o n c av i ty t owards  t h e  ab s c i s s a  fo r t h e  p r o t e i n /  

c a rb oh yd r a t e  was t e  ( A )  b u t  n o t  s o  much fo r t h e  vo l a t i l e 
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a c i d  was t e  ( B ) . The d a t a  from t h i s  p r e s e n t  s tudy wh i ch 

i s  a l s o a c arbohydr a t e  was t e  a l s o  s hows a c o n c av i t y t owards  

t h e  ab s c i s s a  and  the re fore  the  p r o c e s s  mus t b e  r e ac L i n g  

a l im i t  1 n  r e s p e c t  o f  t re a tment  c a p a c i t y a t  t h e  h i ghe s t  

l o a d i n g  i n  e ach  c a s e . An ope r a t i n g  enve l ope  d r awn on  

F i gure  6 . 2  s hows t h a t  ove r t h e  range of  l o a d i n g  r a t e s  

u p  t o  2 0  k g  COD/m3d ,  expec t e d  remova l s  o f  C O D  fa l l  i n  

t h e  range 3 5  t o  9 5  p e r c e n t . The p r e s e n t  s t udy i s  s e e n  

t o  e x t e nd t h e  uppe r range o f  F i gu r e 6 . 2  b u t  a l ong  t h e  

l owe r l i m i t  o f  t h e  ope rat ing  enve l o pe p ro p o s e d  ( F i gure 

6 . 3 ) .  T h i s  w o u l d  b e  d u e  t o  t h e r e l a t i ve l y l ow de grada ­

b i l i ty o f  t h e  y e a s t  was t e  s i nce  t h o s e  wa s t e s  r e p r e s e n t e d  

nc: t r t h e u p p e r b o u n d  a rc t h e vo l a t i l e fa t t y  a c i d  wa s t e 

o f  You n g t; J'vl c C J r t y ( 1 9 6 7 )  : t n d  t h e  s y n t h e t i c  w a s t e  o f  E l  

Sh a f i c t; B l oo d g oo d ( 1 9 7 5 )  a t  t h e h i g h e r l o a d i n g ra t e s . 

I n  t h e p r e s e n t  s t u d y  t h e d e c r e a s i n g r e mo v a l r a t e o c c urred  

a t  l o a d i. n g s a b o v e  a b o u t  4 k g  BO I \ / m 3 d ( w h i c h c o r r e s p o n d e d  
t o  a p p r o x i ma t e l y  2 0  k g  C O i l / m 3 d ) �- o m p a r c d  t o  a b o u t  
9 k g  COD/m3d f o r  t h e  p r o t e i n  c a rbohyd r a t e  wa s t e . The 

vo l a t i l e ac i d  was t e  (B  in f i gure 6 . 2 ) s h ows  l i t t l e d e c r e a s e  

i n  remo v a l  a t  l o a d i n g s  u p  t o  1 8 . 7 5 k g  COD/m3 d a n d  t h e r e ­

fore  the  s ys t em was mo re  amenab l e  t o  t h i s  t ype  o f  wa s te 

than  the  p r o t e in/ c a rb oh yd r a t e  one . 

O t h e r  s a l i e n t  fe a t u r e s  o f  F i gure  6 . 2  are  t h e  rap i d  de c re a s e  

i n  r a t e  o f  remova l  w i t h  inc r e a s ed l o a d i n g  fo r t h e  c a rb o hy ­

d r a t e  waste t re a t e d  b y  P l ummc r et a l  ( 1 9 7 5 )  ( P l o t C )  a t  a 

very  l ow l o a d i ng rat e . S im i l ar t rends  t o  t he one found 

in t h i s  s tudy were a l s o  o b s e rved b y  Je nne t t  & Denn i s  ( 1 9 7 5 ) , 

P l o t  D ;  Pe t e r s o n  ( 1 9 7 5 ) , P l o t  G ;  Ho v i o u s  et a l  ( 1 9 7 1 ) ; 

van  Ve l s en et a l  ( 1 9 7 9 )  P l o t  L ;  No rman & F ro s t e l l  ( 1 9 7 7 )  

P l o t  M .  

The vege t ab l e  t an n e ry l iquor  t re a t e d  b y  A r o r a  et a l  ( 1 9 7 5 ) , 

P l o t  ! , s hows a peak  remo v a l  r a t e  a t  2 . 1  k g  COD/m3 d l o ad ­

i n g  r a t e  and a dec l i ne  a f t e r  t h a t  p o s s ib l y due t o  t o x i c i t y  

i n f l ue nc e s  o f  t h e  t an n i n g  l iquo r . 

F r o m  a k i ne t i c  v i ewp o i n t  i t  i s  impo r t an t  t o  know t he 

re l at i o n s h ip b e twe e n  l o ad i n g  r a t e  and remova l r a t e  s o  
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t h a t  a n  o p t imum s i z e p ro c e s s 1 n g  fac i l i t y c a n  b e  des i gn e d .  

The u s e  o f  t h e  COD remova l r a t e  d a t a  t o  prov ide  a 

mod� l for u s e  i n  p red i c t i on o f  t h a t  r a t e  w i l l  b e  d i s c us s e d 

i n  a l a t e r  s e c t i o n . 

6 . 2 . 2  C onve r s i o n  o f  Organ i c  Mat e r i a l  t o  Me thane  

The  c o nve r s i o n  of  o rg an i c  mate r i a l  t o  me thane  i s  a 

c omp l e x  a n d  l i t t l e unde rs t o od pro c e s s  e s pe c i a l l y w i th 

re s p e c t t o  c o m p l e x w a s t e  wa t e r  s t re ams . The  s c o p e  o f  

t h i s  � udy do e s  not  e x t e nd t o  d i s c u s s ion  o f  t h e  m i c rob i o ­

l o g i c a l o r  b i ochem i c a l a s pe c t s  o f  me t h an o g e n i s i s . How eve r , 

t h e  p r a c t i c a l  a s p e c t s a rc v i t a l . S o l ub l e  o r gan 1 c  

ma t e r i a l  remo ve d f r om t h e  wa s t e s t r e am i s  ut i l i s ed e i t h e r  

fo r c e l l u l a r  growth o r  co nve r t e d  t o  me t h a n e . S i n c e  

me t h a n e  i s  a h i g h  e n e rgy compound , l i t t l e  e n e rgy i s  n o r ­

ma l l y  ava i l a b l e f o r c e l l  growth i n  a b a l an c e d  anae rob i c  

d i ge s t ion  p r o ce s s . P roduc t io n  o f  b i oma s s  h a s  b e e n  

s hown t o  b e  de pende n t  o n  the  t y p e  o f  c o mpound b e i n g  

c a t ab o l i s e d  ( Sp e e c e  & McC a r t y , 1 9 6 2 ) . T h e  s o l i d s  r e t e n ­

t i o n  t ime a l s o h a s  a d i r e c t i n f l ue n c e . D i ge s t e r  s tud i e s  

o n  c ompounds a s  c a rbon  and energy  s ub s t ra t e s  ind i c a t e d  a 

n e t  s yn t he s i s  from s ub s t ra t e  COD  o f  4 . 5  t o  6 p e r c e n t  

fo r fa t t y a c i d s  a n d  g l yc i ne ; a n d  2 6  t o  4 2  p e r c e n t  f o r  

g l uc o s e  s t arch  a n d  c e l l u l o s e  a n d  a l l  a t  5 d sol ids retention 
t ime ( S RT ) . When  t he SRT was  ext ended t o  3 0  d ,  t h e  

s o l i d s  synthe s i s d ropped i n  b o t h  c a s e s  t o  3 p e r c e n t  for  

t h e  fa t t y  a c i d  mat e r i a l  and 1 0  t o  1 7  p e rc e n t  fo r t h e  

carb ohydra t e . I n  the  anae rob i c  f i l t e r  t re a t i n g  ye as t 

was t e � wh i ch i s  h i gh i n  c arb ohydra t e , a cons ide rab l e  

amount  o f  t h e  removed COD may b e  expe c t ed t o  app e a r  a s  

n e t  s o l i d s  s y n t h e s i s , even a t  t h e  h i gh SRT found i n  t h e  

p r o c e s s . 

F rom a mechan i c a l  v i ewpo i n t  i t  i s  e s s en t i a l t h a t  s o l i ds 

p roduc t i on b e  k e p t  t o  a m i n imum t o  m a i n t a i n  t h e  vo i d  vo l ­

ume i n  the  f i l t er  and r educe  t h e  r e q u i rement  f o r  s o l i ds 

was t i ng . 
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The anae rob i c  f i l t e r  does  n o t  l end i t s e l f  we l l  t o  s o l i d s  

ana l y s i s  dur ing  o p e ra t i on . A s o l i ds b a l an c e  was  made b y  

Young & McC ar t y  ( 1 9 6 7 )  i n  t h e i r  f i r s t  s t udy b y  d i s mant l i ng 

t h e  f i l t e r  a f t e r  the runs and m e a s u r i n g  the s o l i d s  accum ­

u l a t i on . That  p rac t i ce  was  n o t  c o n s i d e r e d  t o  b e  feas i b l e  

i n  t h e  p r e s en t  s t udy due t o  t h e  a t t endant  t ime r e q u i r ement  

fo r r e s e e d i n g  and  r e - e s t ab l i s hment  o f  an  ac t ive  b i omas s . 

An i nd i rec t me as u rement  o f  s o l i ds s y s t he s i s  has  b e en  u s e d  

i n  s ev e r a l  s t ud i e s  ( Pe t e r s on , 1 9 7 5 ; Mo s ey , 1 9 7 7 ; Fro s t e l l , 

1 9 8 1 )  wh e reby t h e  ob s e rved r a t i o  o f  c onve rs i o n  o f  COD  t o  

me t h a n e i s  comp a r e d  wi t h  a t h e o r e t i c a l  m a x i mum , us ua l l y 
3 0 . 3 5 1 m me t h a n e / k g COD  removed ( Mc C a r t y , 1 9 6 4 ) . A rat i o  

n e a r  u n i t y i s  t a k e n  t o  mean l i t t l e n e t  s o l i d s  s y n t h e s i s  

h a s  o c c u rred . 

Th e frac t i ona l conve r s i o n o f  COD t o  m e t h a n e  ( FT C M )  c a n n o t  

h e  c a l c u l a t e d w i t ho u t  d e t a i l e d d a t a  o n  g a s  p roduc t i on and 

m e t h a n e  c o n t e n t , wh i c h  h a s  b e e n  g e n e r a l l y l a c k i n g in t h e  

l i t e r atu re  t o  da t e . The  r e a s o n  i s  p rob ab l y  t h e  cons i d e r ­

at i o n  o f  t h e  g a s  a s  me r e l y  a us e fu l  by - produc t o f  was t e  

t re a tment . I n  t h e  p r e s ent  c o n t e x t  o f  ene rgy awarenes s ,  

gene r a t i o n  o f  me thane  i s  c o n s i d e r e d  a val uab l e  res ource  

( T reve l yan , 1 9 7 5 ; Fro s t e l l , 1 9 7 9 ; C o l l e r an , 1 9 8 2 )  and 

i n  the  ·pr es ent  s t udy , eq ua l emphas i s  was  p l a ced o n  t h e  

gas  produc t i on  a s  C O D  remov a l  t o  as s e s s  the  anae rob i c  

f i l t e r ' s  e f f i c i e ncy a s  a n  ene rgy r e c overy  p ro c e s s .  The  

FTCM i s  t h e r e fo r e  of  c on s i d e rab l e  i mp o r t ance . 

Wh i l e i t  i s  appa r e n t  from t he r e s u l t s t h a t  t h e  max i mum 

p roduc t i v i t y  o f  t o t a l  gas  and me thane  o c c u r r e d  a t  t h e  

h i gh e s t  l oad ing  c o nd i t i on s  t e s t e d , t h a t  i s  1 . 5 5 2  £ / £d 

o f  me thane a t  9 . 0  kg  BOD 5 ;m3 d ( 4 7 . 2  kg  COD/m3 d ) ,  t h i s  was 

o n l y  marg i na l l y  b e t t e r  t han gas p roduc t i ons  a s ob s e rved 

be tween  2 and 4 k g  BOD 5 /m3 d ( F i gure  5 .  2 0 ) . F u r t h e r , 

t h e  much h i gh e r  COD remova l r a t e s  a t  t h e  h i ghe s t  o rgan i c  

l o ad i n g  r a t e  ( F i gu r e  5 . 7 ) i n d i c a t e  t ha t  t h e  t rend 

t owards  l owe r c onve rs i on e ff i c i e n c y  of  COD  t o  me thane  as  

l o a d i n g  r a t e  i n c r e a s e d  n o t e d  i n  Chap t e r  2 (Tab l e  2 . 9 ) 

i s  even mo re marked  a t  l oa d i n g  r at e s  b eyond tho s e  p re v ­

ious l y  exam ined . 
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F rom F i gure  6 . 4  i t  c o u l d  b e  deduc ed t h a t ,  a t  l o adi ng r a t e s  

ab ove ab o u t  1 0  k g  B OD 5
;m3 d, t h e  anae rob i c  f i l t e r  i s  o p e ra t i ng 

as  a s ludge  g e n e r a t o r , and t h a t  t h e  non - me t h an o g e n i c  b ac t e r i a  

are  p reva i l i n g  i n  an unb a l an c ed d i g e s t e r . 

W i t h  a conve r s i o n  r a t i o  o f  2 4 . 6  p e r c e n t  o f  t h e  

t h e o re t i c a l  amount  ( run 9 ) , 7 5 . 4  p e r c e n t  o f  t h e  C O D  

removed i s  unac coun t e d  fo r 1 n  the  me thane , and d i s c oun t i ng 

the  p os s ib l e  l o s s e s  o f  gas  i n  the  s y s t em , i s  p rob ab ly  

p re s en t  a s  accumu l a t e d  s o l i d s  in  the  f i l t e r . The b e s t  

convers i o n  e f f i c i e ncy  occurred  i n  run 5 a t  7 7 . 2  p e r c e n t  

o f  t he t h e o re t i c a l  max i mum . T h e  magn i t ude o f  a l l  the  c o n ­

ve rs i o n ra t e s  i s  w i t h i n  t h e  range  o f  t h o s e  p r ev i ou s l y  

r e p o r t e d  fo r o t h e r  w a s t e  t y p e s . A mat hemat i c a l  mode l t o  

p re d i c t c o nve rs i o n r a t e  i s  s u gg e s t e d  i n  t h e  fo l l ow i ng 

c h ap t e r . S ome a c tua l s o l i ds h a l an c e s  pub l i s h e d  h ave 

n o t e d  s y n t h e s e s  o f  3 p e r c en t fo r pharma c e u t i c a l  wa s t e 

( J e nne t t  � Den n i s , 1 9 7 5 )  and  1 7  p e r c e n t  fo r p r o t e i n 
c: a rh o h y d r ; 1 t c  a n d  2 pe r c e n t  f o r v o l a t i l e a c i d  w a s t e  ( Yo u n g  

1; �1 c C  a r t y , 1 9 () 7 ) . T h e s c w e  r e  a 1 1  c o n s i s t c n t w i t h t h os  e 

n o t e d  by  S p e e c e  ft Mc C a r t y  ( 1 9 6 2 )  . 

The r e fo r e , i n  c on s i de r i n g  the  anae rob i c  f i l t e r  fo r the  

t re a tme n t  of  h i gh s t rength  y e a s t p l ant  e ff l uen t , a l t hough 

the h i ghe s t  organ i c  remova l r a t e  and me t h an e  p roduc t i on 

r a t e  occurred  a t  a l o ad i ng r a t e  o f  9 . 0 k g  BOD 5 / m3 d ( 4 7 . 2  

k g  COD/m3
d ) , b e t t e r  e f f i c i enc i e s  o f  convers i o n  w e r e  man i ­

fe s t  a t  l owe r l o ad i ng r a t e s , e s p e c i a l l y  t ho s e  a t  l on g e r  

t h an one  d a y  hydrau l i c r e t ent i o n  t ime . To  comp e t e  w i th 

s l udge b e d  p roc e s s e s F ros t e l l  ( 1 9 8 1 )  c onc l uded  t h a t  t h e  

anae rob i c  f i l t e r  mus t be  ab l e  t o  ope r a t e  a t  g re a t e r  than  

5 - 1 0 kg COD m
3

d wh i ch the  p r e s e n t  s t udy has  s hown t o  b e  

p o s s ib l e . 

6 . 3  Env i ronme n t a l  F a c t o r s  W i t h i n  the  Anaerob i c  F i l t e r  

P r o c e s s 

6 . 3 . 1  Vo l at i l e Ac i d  C o n t e n t  

Th e i mp o r t an c e  o f  vo l a t i l e a c i d i t y  i n  anae rob i c  d i g e s t e r s  

i s  app a r e n t  b o th from t h e  p o i n t  o f  v i ew o f  pH  and  
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t o x i c i ty o f  the  a c i d  t hems e l ve s . 

The magn i t ude o f  t h e  vo l a t i l e a c i d  c oncen t ra t i on wou l d  no t 

n e c e s s ar i ly b e  con s i de r ed i nh ib i t i n g  even a t  the  4 8 4 6  mg/ � 

( a s ac e t i c  a c i d )  ob s e rved i n  the  t r i a l  at  9 kg  BOD 5 / m3d ( 4 7 . 2  

kg  COD/m3d ) . Vo l a t i l e ac i d  c on c en t ra t i ons  o f  8 4 0 0  mg/ � 

have b e e n  r e p o r t e d  a s  n o t  i mp e d i n g  d i g e s t i o n  (Augen s t e i n  

e t  a l �  1 9 7 6 / 7 7 )  i n  t h e  anae rob i c  t re a tmen t o f  s o l i d w a s t e s . 

I n  ano t h e r  s t udy ( H ob s on & Shaw , 1 9 7 6 )  the  o rgan i s m  

Me t h a n o b a c i l l u s  fo rm i c i c um , c on s i de red t o  b e  t yp i c a l  o f  

a n a e r o b i c  d i ge s t o r  b i oma s s  was  found t o  b e  unaffec t e d  b y  

a c e t i c  a n d  b u t y r i c  ac id  c o n c e n t r a t i ons  o f  up t o  1 0 , 0 0 0  mg / � .  

l l oweve r ,  p ro p i o n i c  a c i d  ext e nded the  l ag ph a s e  i n  b a t ch 

c u l t u re from 4 t o  6 d a y s a t  c o n c e n t rat i o n s  o f  1 0 0 0  and 5 0 0 0  

mg / �  re s pe c t i v e l y . I t  i s  t h e re f o re po s s i b l e  that  t he p r op i on i c  

a c i d  c o n c e n t ra t i o n s  o b s e rve d i n  th i s  s t udy were  e xe r t i ng a 

n e g a t i v e  i n f l ue nc e i n  t h e  o p e r a t i o n . 

6 . 3 . 2  Ammo n i a  

Ammon i a  i s  i mp o r t an t  from the  nut r i e n t  p o i n t  o f  v i ew a s  a 

n i t ro g e n  s o urce  from the  b i omas s and a l s o  ammo n i a  exe r t s  a 

t o x i c  e ffe c t  o n  t h e  b i omas s  a t  h i gh e r  conce n t r a i ons . The  

t o x i c  c on c e n t r a t i o n s  h ave var i ous l y  b e e n  n o t e d  as  1 5 0 0  t o  

3 0 0 0  mg/ � (Mc C ar t y , 1 9 6 4 )  and 4 0 0 0  mg/ � ( H ob s on & Shaw , 

1 9 7 6 )  whe r e a s  o t h e r  w o r k  i n  p i g gery was t e  n o t e d  no  i nh ib i t i o n  

b y  ammo n i a  a t  5 g / �  a l though a n  e x t ended 1 ag pha s e  was  n o t e d . 

The i nh i b i t i ng l eve l o f  ammon i a  app e a red t o  b e  l arge l y  as s o c i ­

a t e d  w i th the  acc l i ma t i o n  l eve l o f  the  b i omas s ( van  Ve l s en �t; a l  
1 9 7 9 ) . 

Ammon i a  a l s o  exe r t s  a th i rd i n f l uence  i n  anae rob i c  

d i ge s t i o n  i n  t h a t  i t  p ro v i d e s  the  p r imary p H  b u f fe r  



s y s t e m  ( Go s s e t t  e t  a l ,  1 9 7 8 ) . I n  a s s o c i a t i o n  w i t h  

c a rbon di o x i d e  ( equa t i o n  6 . 1 ) , l g  o f  ammo n i a  g ive s r i s e  

t o  3 . 6 g o f  b i c ar b o n a t e  a l k a l i n i t y  

1 5 4  

( 6 . 1 ) 

Me l l e r i ng e r  & D o ne l l o r  ( 1 9 7 1 )  found t h a t  ammon i a  n i t ro g e n  

gave r i s e  t o  2 3  p e r c e n t  o f  the  t o t a l  a l ka l i n i t y o f  

anaerob i c  d i g e s t io n . Kroeker e t  a l  ( 1 9 7 9 )  ave r t h a t  the  

me chan i s ms of  p r o c e s s  s t ab i l i t y  are  b io - ch e m i c a l l y  r e l a t e d  

to  the  c o n c e n t r a t i o n  o f  ammo n i a  i n  s o l ut i o n . 

I n  t h e  p re s en t  s t udy , t he p r i n c i pa l  c o n c e r n  w i th r e s p e c t  

t o  n i t rogen  i n  the  f e e d  mat e r i a l  was  t h a t  t h e re b e  

s u f f i c i e n t  w i t ho u t  augme n t a t i o n  t o  ma i n t a i n  nut r i e n t  

l e ve l s  fo r t h e  b i omas s .  The ra t i o o f  COD : N  i n  t h e  feed  

ma t e r i a l was  1 0 0 : 2  and the  p re s en c e  of  ammo n i a  in  t he 

f i l t e r  env i ronme n t  ( F i gu re 5 . 2 9 )  was  t a k e n  t o  i nd i c a t e  t h a t  

t h e re w a s  n o  l ac k  o f  nut r i e n t  n i t ro g e n . 

The app l i e d  COD : N  r a t i o  was  n o t  a s  l ow a s  o n e  p r e v i ou s  

s tudy 1 0 0 :0 . 37 ( de Wal l e  & C h i an , 1 9 7 6 )  wh i ch c o n c l uded  

t h e r e  was  n o  nut r i en t  l a c k . None  of  t h e  ammon i a  c o n c e n ­

t ra t i o n s  me a s ured  i n  t h i s  p r e s e n t  s tudy were  n e a r  t ho s e  

c o n s i de re d  t o  b e  i nh i b i t o ry , t h e  h i ghe s t b e i n g  1 8 . 1  mM 
( 3 0 8  mg/ £ )  

6 . 3 . 3  The E f fe c t s  o f  S u l ph a t e  i n  t h e  Feed  

The  h i gh c o n c e nt r a t i o n s  of  i no rgan i c  s u l ph a t e s  e n c o un ­

t e r e d  i n  mo l a s s e s  b a s ed was t e s  such  a s  y e a s t p l a n t  

e ff l ue n t  a n d  d i s t i l l e ry s l op s  have l o n g  b e e n  known t o  

caus e prob l ems  i n  anae rob i c  d i ge s t i o n  ( Sheehan  & 

G r e en f i e l d , 1 9 8 0 ; B a s u  & Lec l e rc , 1 9 7 2 ; S t ande r e t  a l ,  1 9 5 0 )  

The s u l ph a t e  redu c i ng b ac t e r i a  found i n  t h e  d i ge s t o r  

b ioma s s  r e ad i l y  reduc e the  s u l ph a t e s  t o  s u l ph i de s , wh i c h  

a r e  t o x i c  and a l s o t h e  s u l ph a t e  r e du c i n g  r e ac t i o n  may 

comp e t e  w i th m e t h a n o g e n s i s  fo r ava i l ab l e  hydrog e n  t h u s  

r e du c i n g  m e thane  y i e l d s . 
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I n  t h e  pre s e n t  s t udy , the  t o t a l  s up h i d e  c o n c en t r a t i o n s  

i n  t h e  anaerob i c  f i l t e r s  were  l a rge l y  c o r r e l a t e d  w i t h  

i n f l ue n t  s ub s t ra t e  c o n c en t r a t i o n  and , t h e re fo re s u l ph a t e  

c o n c e n t r a t i o n  i n  t h e  feed . The i n f l ue n t  COD - s u l p h a t e  

co r re l a t i o n  was  r = 0 . 9 9 a n d  s u l phate - s u l ph i de r = 0 . 7 0 6 . 

From F i gure  5 . 3 0 the  e ffe c t  o f  i n f l ue n t  s u l ph a t e  c on c e n ­

t r a t i o n  i s  n o t e d . The s u l ph ide c o n c e n t ra t i o n  o f  1 8 6  

mg / �  a t  9 k g  BOD 5 ;m 3d ,  l i e s  w i t h i n  t h e  s omewha t  b ro ad 

range  o f  s u l p h i de c o n c e n t rat i o n s  o f  o t h e r  runs  a t  t he s ame 

app l i e d  c o n c e nt rat ion  even  t hough the t o t a l  amoun t o f  

s u l p h a t e  l o aded o n  the  s y s t em was  s ome f i ve fo l d  h i gh e r . 

The re 1 s  s ome c o n t rove r s y  o v e r  the  c o n c e n t ra t i o n s  a t  

wh ich  s u l ph ides  b e  t o x i c  o r  i nh i b i t o ry t o  anae rob i c  

d i ge s t i o n . E a r l y  re po r t e d  va l u e s  o f  1 5 0  mg/ � (Mc C a r t y ,  

1 9 6 4 ; S t ander  e t  a � , 1 9 5 0 )  w e r e  f o u n d  t o  h e  i n h i b i t o ry , h u t  l ow 

c o n c e n t rat i o n s  o f  5 mg / �  t o  s t imu l a t e  d i g e s t i o n  ( W i n fr e y  

& Z e ikus , 1 9 7 9 ) . S t ud i e s  on  anaerob i c  d i ge s t ion  o f  ye as t 

p l an t  e ff l ue n t  ( S t ande r e t  a L ,  1 9 7 1 )  found t h a t  add i t i o n s  

o f  s u l ph a t e  o f  u p  t o  1 8 0 0 0 mg/ � wh i c h  gave r i s e  t o  

4 0 0  m g  S/ � i n  the  d i g e s t o r  d id n o t  a p p e a r  t o  c aus e i n h ib i ­

t i o n s . B a t c h  s t ud i e s  us i n g  Me t ha n o c o c c u s  s pp o n  med i a  

con t a i n ing  l g  Na 2 s ; �  demo n s t r a t ed fur t h e r  t o l e rance  (Ab ram 

& Nedwe l l , 1 9 7 8 ) , Me t h a n o b ac i � I u s  MOH has  b e e n  s hown t o  

be  t o l e rant  o f  H2S a t (ffl0mg/ 9.)and p H  6 . 6 / 6 . 8 .  

Su l ph a t e  i s  t hought  t o  comp e t e  fo r hydrogen  i n  t h e  

anaerob i c  e n v i ronmen t .  I n  fac t  a was t e  t re at me n t  p ro c e s s  

was  t e s t e d  i n  wh i c h  s u l ph a t e  w a s  added t o  a was t e  s t r e am 

and s u l ph a t e  reduc i n g  b ac t e r i a  u t i l i s e d  o rg a n i c  mat e r i a l  

and reduced s u l ph a t e  t o  hydrogen  s u l ph i de . A t  2 . 5 6 

kg VS/m3d ,  3 2  p e r c e n t  o f  the  COD o f  t h e  waste was  remov e d  

a n d  a b o u t  4 0 0  mg/ � . d  o f  s u l ph i d e  p roduced  ( P i p e s , 1 9 6 0 ) . 

Seve r a l  re l at i o n s h i p s  h ave b e en  propo s e d  fo r t he e ffe c t s  

o f  s u l ph a t e  o n  me t ha n o ge n s i s  such as a connnensalism between 

D e s u � p h o v i b r i o  s pp . Me t ha n o b a c i � � u s  s pp . due t o  ace t a t e  

p r o du c t i o n  b y  t h e  fo rme r and u s e  b y  t h e  l a t t e r , b u t  w i t h  

i n h i b i t i o n  o f  t he me thanogen  i n  t h e  p re s e n c e  o f  s u l ph i de 

(Cappenberg , 19 75 ) . However ,  in the presence of sulphate , the l ack of 
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me t h ane  p roduc t i o n  i n  p re v i o u s l y  s yne rg i s t i c  re l a t i o n s h i p  

b e tween  D .  v e Z g a r i s  and a b ac t e r i a  s i m i l a r t o  

M .  fo rm i c i um , was due t o  compe t i t i o n  fo r H 2 r a t h e r  t h an 

s u l ph a t e  o r  s u l ph i t e  t o x i c i ty ( Bryan t e t  a Z �  1 9 7 7 ; 

W i n frey  & Z e i kus , 1 9 79 ) . Me t hane p ro duc t i o n  may a l s o  

b e  reduced  due t o  c ompe t i t i o n  fo r ac e t at e  a s  we l l  a s  

hydro gen ,  a s  t h e  f r e e  ene rgy change  f o r  reduc t i o n  o f  s u l ph a t e  

b y  a c e t a t e  l S  mo re favourab l e  t h a n  ac e t at e  reduc t i o n  

( Equat i o n s  6 . 2  and 6 . 3 ) ( Kahan & Tro t t i e r , 1 9 7 8 ) ,  

s o -
4 

+ C I-1 3 0 0 0 H S + 2 HC0 3 + 6 G  = - 4 7 k J  ( 6 .  2 )  0 

(] ! .. COO + H 2 0 C 1 1 4 + 1-1co; 6 G  - 3 1 kJ ( 6 .  3 )  
.) 0 

l l owcvc r ,  an  a c c umu l a t ion  o f  vo l a t i l e a c i d s h a s  a l s o  b e e n  

s h own t o  i n h i b i t  s u l ph i de produc t i o n  ( Ba s u  & Cho s e , 1 9 6 1 )  J 

F rom a p r ac t i c a l  p o i n t  o f  v 1 ew i t  1 s  adv i s ab l e  t o  r e duce 

s u l ph i de c o n c e n t rat i o n s  d u e  t o  t h e i r  ma l o dourous  

and  t o x i c  n a t ure  ( S t ander  & G i en ,  1 9 5 6 )  and  de l e t e r i ous  

e f fe c t s  on  c o n c re t e  and o the r c o n s t ruc t i o n  ma t e r i a l s  

( Ru f fe r , 1 9 7 8 ) . Removal  o f  s u l ph i de i s  g e n e ra l l y  

ach i eved b y  p r e c i p i t a t i o n  w i t h  he avy me t a l  i o n s . I n  f a c t , 

t ox i c i t y  due t o  e i the r s pe c i e s  i s  t re a t e d  b y  add i t i o n  o f  

t h e  o t h e r  ( L awrence  & McC a rt y , 1 9 6 5 ; Mas s e l l i  e t  a Z  1 9 6 7 )  

The b e ne f i t s  o f  reduc ing  the  s u l ph i de c o n c e nt ra t i o n  o f  t h e  

p r e s e n t  s t udy , a n d  t h e reb y  to a s c e rt a in whe t he r s u l ph i de 

was  e x e r t i n g  a t o x i c  e f fe c t  on  t h e  f i l t e r  o p e ra t i on , were  

a s s e s s e d . The  add i t i o n  of  fe rr i c  c h l o r i de a t  2 . 5  g / £ 

( e q u i va l e n t  t o  7 mmo l Fe / £ )  e f fe c t ive l y reduced  t h e  

f i l t e r  s u l p h i de c o n c e n t r a t i o n  t o  l e s s  t h a n  5 mg/ £ .  There  

was , howeve r , no  i mp r oveme n t  in  f i l t e r  p e r fo rmanc e  a s s o c i ­

a t ed w i th t h e  l ow s u l ph i de c o n c e n t r a t i o n  and  t h i s  w a s  

t ak e n  t o  i nd i c a t e  t h a t  s u l ph id e t o x i c i ty was  n o t  a 

p rob l em . 
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Hydrogen s u l ph i de was  n o t  de t e c t ed i n  the  f i l t e r  o f f ­

gas e s  a t  any t ime dur i n g  t h e  o p e ra t i o n , b u t  mus t  h ave 

b e e n  p r e s en t . Typ i c a l  H 2 S c o n t e n t s  h ave b e e n  n o t e d  a s  

l e s s  t h a n  O . S  p e r c e n t  ( v / v )  fo r mo l as s e s  b a s ed fe rme n t a t ­

I o n  was t e s  ( S t ande r e t  a Z �  1 9 S O )  and l e s s  than  one  p e rc e n t  

f o r  y e a s t  p l an t  e f f l ue n t  ( St and e r  e t  a Z �  1 9 7 1 ) . The 

a b s e n c e  o f  H 2 S from the d i g e s te r gas i s  de s i rab l e  t o  

prevent  c o r ro s i ve e f fe c t s  o f  s u l phur ox i de s  when  the  

g a s  i s  burnt  for  h e a t i n g purpos es . 

The  hydrogen  s u l ph i de may be  s t r i pped  from the  gas , howev e r  

t h i s  i s  e x p e n s i ve .  A l t e rn a t ive l y  a " s t ab l e  anae rob i c  

m i c rob i a l  a s s oc i a t i o n "  has  b e e n  deve l o ped ( Ande r s o n  

e t  a Z �  1 9 8 2 )  wh i ch max i m i s e s  the  p ro duc t i o n  o f  me t hane 1 n  

t he p r e s e n c e  o f  s u l ph a t e  i n  mo l a s s e s  b as e d  was t e s . The 

p ro c e s s  c l a i ms no  fre e H2 S de t e c t ab l e . 

No s t i mu l a t i o n  o f  d i g e s t i o n  was  n o t e d  a ft e r  t h e  add i t i o n s  

o f  i ro n  a s  w a s  n o t e d  i n  p r e v i ous  s t ud i e s  whe re s t imu l us  

of  a c e t a t e  c o n ve rs ion  a i ded i n  reduc t i on  of  vo l a t i l e 

a c i d  c o n c e n t r a t i o n  ( Speece  & McC a rt y , 1 9 6 2 ; Hob s o n  & 
van den B e r g , 1 9 7 9 ) . Howeve r ,  t h e re wou l d  have b e e n  on l y  

a s l i ght  exce s s  o f  Fe ( I I )  i ons  a s s um i n g  a 2 0 0  mg/ � 

s u l ph ide conc e n t r a t ion  t o  b e  removed . 

6 . 4 The Anaerob i c  F i l t e r  a s  a Pre - t r e a tment  fo r Ye a s t P l an t  

E f f l ue n t  

The o p e r a t i n g  c o nd i t i ons  fo r t he anae rob i c  t re a t me n t  o f  

y e a s t  p l an t  and s im i l a r  was t e  wat e rs i s  i l l us t ra t e d  i n  

fi gure  6 . S .  A l though the  BOO S v a l u e s  fo r o th e r  s t ud i e s  

have b e e n  muc h  h i ghe r t han tho s e  i n  t h e  p r e s e n t  s t udy , 

the  e x t ended  r e t en t i o n  t ime s u s e d  ( up t o  2 S  d )  meant  t h a t  

n o  l o ad ing  ra t e s  have exceeded  4 k g . BOO S / m
3

d Th i s  i s  p r o ­

b ab l y due t o  t he i n ab i l i ty o f  s t i rr e d  t an k  anae rob i c  

d i ge s t e r s  t o  ma i n t a i n  b i omas s a t  the  h i gh hydrau l i c l oad ­

i n g s  wh i ch accompany h i gh organ i c  l o ad i n g  r a t e s . 

T he l onge r hydrau l i c  r e t e n t i o n  t ime s h ave , howeve r , 

c on t r ib u t e d  t o  ve ry  h i gh p e r c e n t age  remova l s  o f  BOO S 
, 
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r emova l s  i n  exc e s s  o f  9 0  p e r c e n t  a t  re t e n t i o n  t ime s g re a t e r  

t h an 1 0  days . 

B e c au s e o f  t he l ow remova l  e f f i c i en c i e s  ob t a i ne d  i n  t he 

anae rob i c  f i l t e r , t h e  p ro c e s s de s i gn cou l d  n o t  b e  

c o n s i de re d  fo r mo re  t han a n  e n  s i t e  p re - t re a t me n t  p l an t . 

Howeve r , a t  t he h i gh l o ading  r a t e s  pe rm i s s i b l e  on  t h e  

f i l t e r  a s ma l l t re a tmen t  un i t  wo u l d  b e  ab l e  t o  p re - t re a t  

a l a rge amount  o f  e f f l u e n t  i n  a re l a t ive l y  s h o r t  t ime . 

t- o r  i n s t an c e  a p r ev i o u s l y  p red i c t e d max i mum o rgan i c  l o a d ­

t n g  r a t e  fo r mo l � s s e s  was t e  was 3 . 2 kg  BO�/ m3d a t  wh i ch 

BOD
5

r c mo v a l  was  7 4  p e rc e n t  howeve r t he me thane  c o n t e n t  o f  

t h e  g a s  was  3 0  p e r c e n t  and conve rs i o n  o n l y  . 0 7 7  m 3C H4 / k g  

B O D
5 

r e mo v ed ( B � s u � L e C l c r c , l 9 7 2 ) . On t h e  anae rob i c  f i l t e r  

a s i m i l a r c o nve r s i o n  r � t c  was  fou rtd  b u t  a t  a l o a d i n g  r a t e  

o f  9 k g  BOo 5 ; m3d ,  c o r r e s pond ing  gas  c o n t e n t  wa s 5 0  

p e r c e n t  me t h a n e . C O D  remova l s  we re s i m i l a r  o n  the  

a n � e r o b i c  f i l t e r  t o  the  s t i r re d  t a n k  re a c t o r  fo r y e a s t  

p l a n t  e f f l ue n t  ( Ha n s ford  & R i c h t o r , 1 9 7 5 )  b u t  a t  g re a t e r  

l o ad i n g  r at e s  v i z 6 7  t o  7 1  p e r c e n t  COD remova l a t  l o ad i n g  

r a t e s  o f  2 . 1 4 t o  1 1 . 3 5 k g  COD/m3d on  t h e  s t i r red  t a n k  

a n d  3 4  t o  6 7  pe rcen t remova l o n  t h e  f i l te r  a t  l o ad i n g  

r a t e s  o f  1 . 1 5 t o  4 7 . 2  k g  COD/m3d .  

As  we l l  a s  n o t  r e qu i r i n g  t h e  s i z e o f  c o nve n t i o n a l  anae rob i c  

d i ge s t o r s , t h e  anaerob i c  f i l t e rs wou l d  n o t  r e q u i re t h e  

t e chn i c a l  and me chan i c a l  s o ph i s t i c a t i o n  o f  s ome o f  t h e  o t h e r  

w a s t e  t re a t me n t  s y s t ems  s uch as  t h e  ' ANAMET ' p ro c e s s  

( Hus s , 1 9 7 7 ;  S k o gman , 1 9 7 9 ) . A l s o , s i n c e  ye a s t  was t e  

c o n t a i ns  no t h i n g  o f  va l ue re cove rab l e  fo r an ima l feeds  

( J ac k s on & L i n e s , 1 9 7 0 )  i t s  only  o th e r  va l ue i s  a s  w a t e r  

fo r padd o c k  i r r i g a t i o n , a d i s p o s a l  me t h o d  o f  l im i t e d  e ffe c t ­

ivene s s  i n  w i n t e r  mon t h s  o n  a l ready s at u r a t e d  g round . 
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MOD E L L I NG O F  THE ANAE ROB I C  

F I LTRAT I O N  O F  YEAST WAST E 

7 . 1 I n t roduc t i o n  

1 S 9 

The s t e ady s t a t e  da t a  gathe red  i n  t h e  runs i nvo l ve d  i n  t h e  

expe r ime n t a l  d e s i gn w e r e  u s e d  t o  p roduce r e s p o n s e  equat i o n s  

fo r t h e  pro c e s s o f  anae rob i c  f i l t ra t i o n  o f  ye a s t  p l an t  

e f f l ue n t . There  we re two r e a s o n s  fo r t he s e  mode l s . 

F i r s t l y t o  p roduce s t a t i s t i c a l l y  b as e d  mathema t i c a l  

mode l s  wh i c h  wou l d  de s c r ib e  t h e  o b s e rved p ro c e s s . A l t hough  

a numb e r  of  anae rob i c  f i l t e r  s t ud L e s  h ave been  made to  

d a t e , the re  i s  no s imp l e  quan t i t a t i ve bas i s  wh i c h  can be  

u s e d  f o r  de s i gn  purpo s e s .  Second l y , a quant i t a t i ve mode l 

w a s  de s i re d  wh i c h c o u l d  b e  u s e d  t o  p re d i c t  the  o p t i mum 

o pe ra t i ng cond i t i o n s  w i t h i n  the  e x p e r imen t a l  range fo r 

two runs  s ub s equent  t o  t h o s e  o f  t h e  expe r ime n t a l  de s i gn . 

Four  s y s t em r e s po n s e  parame t e r s  wh i ch are  o f  eng i n e e r i ng 

de s i gn s i g n i f i c an c e  we re c h o s e n  t o  b e  mode l l ed .  

The s e  were  r a t e  o f  remova l o f  COD , t o t a l  gas  produc t i o n , 

me thane  p roduc t i o n  and conve r s i o n  o f  COD t o  me thane 

e xp re s s ed a s  a frac t i o n  o f  the t h e o r e t i c a l  max i mum 

conve r s i o n  ob t a in ab l e . 

Mode l s  p r e v i ous l y  app l i ed t o  the  anae rob i c  f i l t e r , and 

o t h e r  was t e  t re a tmen t  sys tems  h ave u s ua l l y  b e e n  b a s e d  on 

k i ne t i c mode l s  o f  chem i c a l  r e ac t i ons  or  b a c t e r i a l  growth  

and  are  o ft e n  e x t reme l y  comp l ex and of  l i t t l e  use  f o r  

prac t i c a l  de s i gn prob l ems ( Mue l l e r  & Manc i n i , 1 9 7 5 ) . 

The s t a t i s t i c a l  b a s i s  o f  t h e  expe r iment a l  de s ign  u s e d  i n  

t h e  p re s e n t  s tudv w a s  cho s e n  fo r s imp l i c i t y  and t o  e nab l e  

t h e  re s u l t s  t o  b e  e a s i l y u t i l i s e d  i n  t h e  f i t t in g  o f  

r e g re s s i o n  mode l s . 

The mode l s  p r e s e n t e d  i n  t h i s  chap t e r  are  t h e  re s u l t s  o f  

p o l yn om i n a l  r e g re s s i on o f  t h e  da t a . The a n a l y s i s  was  

c a r r i ed out  u s i n g  t h e  ' M I N I TAB ' s t a t i s t i c a l  p a c k age  
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TABL E  7 . 1 :  Re s pons e D a t a  and Coded Expe r imen t a l  D e s i gn 

Fac t o r s  Us e d  in  Re gre s s i o n  Ana l y s e s  

Run I SC HRT TEMP AF COD rem . GAS METHANE FTCM 

kg/m 3 d ,Q,j ,Q,d ,Q, / ,Q,d 

1 - 1  - 1  - 1  - 1  3 . 3 3 6  0 . 8 4 5  0 . 7 0 6  0 . 5 4 1  

2 - 1  - 1  - 1  1 3 . 5 9 9  0 . 5 9 9  0 . 5 1 9  0 , 3 6 9  

3 - 1  0 1 1 1 . 3 2 0  0 . 4 0 9  0 . 3 3 5  0 . 6 5 1  

4 - 1 1 1 - 1  0 . 5 9 0  0 . 1 7 3  0 . 1 3 8 0 , 6 0 0  

5 0 - 1  1 1 1 0 . 4 2 7  1 . 7 7 0  1 . 3 4 3  0 . 3 3 1  

6 0 0 - 1  - 1  3 . 5 5 7  1 . 2 9 6  0 . 8 5 9  0 . 6 1 8  

7 0 0 1 1 5 . 0 1 9 2 . 0 1 0  1 . 3 3 7  0 . 6 8 2  

8 0 1 - 1  - 1  3 . 0 5 4  1 . 3 5 0  0 . 9 1 7  0 . 7 7 2  

9 1 - 1  1 - 1  1 6 . 0 8 3 . 1 1 0  1 . 5 5 2  0 . 2 4 6  

1 0  1 0 - 1  - 1  5 . 2 0 4  2 . 1 5 3  1 . 2 1 4 0 . 5 9 7 

1 1  1 1 - 1  1 3 .  7 5 4  1 . 6 4 0  1 .  1 0  5 0 . 7 5 6  

1 2  1 1 1 1 3 . 7 6 7  1 .  7 8 4  1 . 3 0 9  0 . 8 8 7  
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re l e as e  8 1 . 1  Penn s y l van i a  S t a t e  Un i v e r s i ty ,  ( Ryan e t  

a Z ,  1 9 7 6 )  o p e ra t i n g  o n  t he Bur roughs  B 6 7 0 0  compute r a t  

Ma s s e y  Un ive r s i t y . The r e s p o n s e  equat i o n s  repr e s e n t  

p a r s i mo n i ous  mode l s  wh i ch b e s t  f i t  t h e  dat a . A l l re g re ­

s s i o n s  were  c ar r i e d  out  us i ng t h e  coded  l e ve l s  o f  t he 

dependant  var i ab l e s  t h i s  g iv i n g  e q u a l  we i gh t i ng t o  e a c h  

o f  tho s e  var i ab l e s . T h e  c oded mode l s  we re t h e n  decoded  

us 1 n g  the  equa t i o n s  de s c r i b e d  in  Chap t e r  4 .  

The c r i t e r i a  u s e d  t o  a s s e s s  t h e f i t  o f  a mode l we re t h e  

s t a t i s t i c a l  s i g n i f i c a n c e o f  t h e  p red i c t e d  c o e f f i c i e n t s , 

a n d t h e c o e f f i c i e n t  o f  de t e rm i na t i o n  ( r 2 ) .  Th i s  l a t t e r  

i s  t h e  rat i o  o f  t h e  va r i ance  exp l a i ne d  b y  t h e  r e g re s s i o n  

equat i o n t o  the t o t a l  va r i ance , v 1 ?. 

2 s s  . 
r regre s s t o n ( 7 . l ) 

s s  t o t a l  

a n d  L s  t h e s q u a r e  o f  t h e  c o r re l a t i o n  c o e f f i c i e n t  b e t we e n  

t h e  o b s e r v e d  a n d  p r e d i c t e d  v a l ue s  o f  t h e  re s p o n s e 

var iab l e . 

The  d a t a  u s e d  for  t he r e g re s s i o n  mode l s  a r e  p r e s e n t e d  i n  

T ab l e 7 . 1  and t h e  r e g re s s i o n  parame t e rs fo r t h e  mode l s  

i n  T ab l e s  7 . 2  t o  7 . 5  

7 . 2  The Sys t em Re s p o n s e  Equat i ons  

7 . 2 . 1  COD  Remova l Rat e  COD ( r )  

The p a r s i mon i olli mode l for  COD remo va l  r a t e  1 s  expre s s e d 

a s  k g  COD remova l /m 3 f i l te r  vo i d  vo l ume p e r  day  i n  i t s  

coded  form 1 s  

COD ( r ) = 5 . 3 8 1  + 3 . 4 0 5 i s c  - 3 . 6 3 7h r t  + 0 . 8 0 3h r t 2 

- 2 . 4 3 2 ( i s c ) ( h r t ) ( 7 . 2 ) 

Upon  decod i n g  t h e  equat i o n  7 . 2  

COD ( rY=  5 . 8 3 7  + 1 . 7 6 4 I S C  -

- 0 . 3 0 4 ( I S C ) ( HRT)  

b ec omes  

3 . 9 1 4H RT + 0 . 6 0 3 HRT
2 

( 7 .  3 )  



whe re i s c  coded l eve l o f  i n f l u e n t  s ub s t ra t e  

concen t rat i o n  

I S C  i n  f l u  e n t  s ub s t ra t e  c o n ce n t rat i o n  i n  

g BOO/ £ ( 1  < I SC < 9 )  

h r t  coded  l eve l o f  hyd r au l i c  r e t e n t i o n  t ime 

H RT = hydrau l i c  re t e n t i o n  t ime i n  days  

( 1 < HRT < 5 )  

1 6 2  

Re g r e s s i on  p a r ame t e r s  fo r t h i s  mode l a r e  p r e s e n t e d  1 n  T ab l e  

7 . 2 . 

F ro m  T :1 h l e  7 . 2  i t  i s  a p p a rent  t h a t  the  four  f a c t o r s  u s e d  t o  

p r e d i c t  COD remova l  r a t e  have ve ry s ound s t a t i s t i c a l  b as i s , 

w i t h  c o n f i d e n c e  l e ve l s  9 9 . 9  p e r c e n t  f o r  a l l  e x c e p t  ( HRT ) 2 

fo r wh i c h  t h e  l e ve l i s  9 9  p e r c e n t . The equa t i o n  exp l a i ns  

g re a t e r  t h a n  95  p e r c e n t  o f  the  va r i at i o n  ob s e rved in  t h e  

d a t a  a n d  th e 9 5  p e rc e n t  c o n f i d e n c e  i n t e rva l a p p l i c ab l e  t o  

t h a t  d a t a  i s  + 2 . 3 1  k g  COD ( r ) / m
�

d .  

COD  remova l r a t e  i s  the re fo re s e e n  t o  be  a fun c t ion  o f  s ub ­

s t ra t e  concen t ra t i o n , HRT , an i n t e rac t i o n  be tween  t he s e  two 

and the  curva t u r e  in the dat a  a t t r ib u t e d  to  a quadr a t i c  t e rm 

i n  HRT . 

7 . 2 . 2  To t a l  Gas  P r o duc t i o n  

The t o t a l  g a s  p roduc t i o n  i n  vo l umes  o f  g a s  p e r  un i t  n e t  vo l ume 
� �  � i l t P. r  o e r  day in c oded fo rm i s  de f i ne d  by 

� = 1 . 4 2 8  + 0 . 9 3 4 i s c  - 0 . 4 0 6 h r t  + 0 . 1 1 4 t emp 

- 0 . 0 8 9 i s c 2 

Upon d e c o d i n g  t h e  gas  p r o duc t i o n  w as 

GAS = - 0 . 8 5 8  + 0 . 4 0 1 I S C  - 0 . 2 0 3HRT + 0 . 0 4 6TEMP 

- 0 . 0 1 7 I S C 2 

The var i ab l e s  are  t h e  s ame a s  fo r equat i on s  7 . 2  and 7 . 3  

( 7 . 4 ) 

( 7 . 5 ) 

and i n  add i t i o n , t emp and TEMP are  t h e  coded  and uncoded  

fo rms o f  t h e  t e mp e r a ture  fac t o r , whe re 30  < TEMP  < 3 5 . 

The  r e l evant  regre s s i on p a r ame t e r s  a r e  p r e s e nt e d  i n  Tab l e  

7 . 3  from wh i c h  i t  i s  s e en  t h a t  t h e r e  i s  good  e v i d e n c e  
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fo r i n c l us i o n  o f  the  c on s t an t , I SC and HRT c o e f f i c i e n t s  

i n  t h e  equa t i o n  b u t  o n l y  9 0 %  con f i dence  i n  t h e  t empe ra t ure  

and  quadra t i c  t e rms . The r e a s o n  fo r r e t a i n i n g  t h e s e  

l a t t e r  two t e rms i n  t h e  mode l i s  t h a t  i t  i mp r ov e s  t he 

c o e f f i c i e n t  o f  de t e rm i na t i o n  t o  9 3 . 2  p e rc e n t  from  l e s s  

t h a n  9 0  p e r c e n t . The re l a t ive l y  sma l l  magn i t ude o f  t h e  

c o e f f i c i e n t s  fo r the s e  p arame t e r s  me an t h e y  h ave l i t t l e  

i n f l ue n c e  o n  the  r e s p o n s e  and the  equa t i on i s  e s s en t i a l l y  

l i n e a r . The 9 5  p e r c e n t  c o n f idence  i n t e rva l fo r GAS i s  

+ 0 . 5 5 6  � / � d . 

7 . 2 . 3  M e t h a n e  Produc t ion  

The  p a r s imo n i o u s  r e g re s s 1 o n  equa t i on fo r me t h a n e  p roduc t i on  1 n  

.its c o J. e d  fo rm L s 

M ET H A N E = 0 . 9 4 5  + 0 . 4 8 6 i s c  - 0 . 2 0 3h r t  - 0 . 0 8 5 i s c 2 

( 7 .  6 )  

U p o n  d e c od i n g t h e  e q u a t i o n i s  
2 

METHANE = 0 . 4 1 4  + 0 . 2 8 0 I S C - 0 . 0 1 6 I S C  - O . l O l HRT 

( 7 .  7 )  

whe r e  t he var i ab l e� are  t he s ame a s  the  p re v i ou s  mode l s . 

Re g re s s i o n  da t a  i s  p r e s en t e d  i n  Tab l e  7 . 4 .  A l l p ar ame t e r s  

i n  t h e  r e s p on s e  equa t i on have a very good  s t a t i s t i c a l  b a s i s  

fo r t h e i r  i n c l us i o n  w i th a m i n i mum c o n f i d e n c e  l eve l o f  

9 7 . 5  p e r c en t . The 9 5  p e r c e n t  c o n f idence  i n t e rv a l  fo r 

me t hane  produc t i o n  1 s  � 0 . 3 1 1  � / �d and 9 1 . 6  p e r c e n t  o f  

t h e  o b s e rved  var i an c e  i s  exp l a i ne d  b y  t h e  equat i o n . 

A l t hough t h e  coe f f i c i en t  fo r t h e  quadrat ic t e rm i s  a n  o r d e r  

o f  magn i tude s ma l l e r t han the  o t h e r s  i t s  s t a t i s t i c a l  b a s i s  

i s  s i gn i f i c a n t  and hence  t h e  c urva t u r e  i n  t h e  da t a  i s  a s s i g ­

ned  t o  the  s quare  o f  t h e  s ub s t r a t e  c o n c en t ra t i o n . 

7 . 2 . 4  Conve rs i o n  o f  COD t o  Me thane  

Fo r t h i s  mo de l , t h e  actual  conve r s i o n  of  COD to  me t h a n e  i s  

exp re s s e d  a s  a frac t i o n  o f  t h e  t h e o r e t i c a l  amoun t , b as e d  o n  
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t h e  s t o i ch i ome t ry o f  m e t h an e  ox i da t i on , d e t e r m i n e d  b y  

McC ar t y  ( 1 9 6 4 )  o f  0 . 3 5 1  m3 / k g  COD removed . The d a t a  c ou l d  

equ a l l y  w e l l  h ave b e e n  l e f t  a s  t h e  ac tua l amoun t o f  m e t h an e  

p r oduced p e r  k g  C O D  r emoved b u t  i t  was  fe l t  t h a t  the  fac ­

t o r i a l  t h e o re t i c a l  c onve r s i ons  c onvey ed mo r e  meani n g  ab o u t  

h ow e ffec t i ve l y  t h e  p r o c e s s  was  o p e r a t i n g . 

Th e p a r s i mon i ous  r e g re s s i on equ a t i on for  frac t i on a l  c onv e r ­

s i o n o f  C O D  t o  m e t h ane ( FTCM) i n  i t s  c oded f o rm i s : 

FTCM = 0 . 5 5 4 + 1 . 1 9 l h r t  + 0 . 0 6 7 t emp - 0 . 0 6 4vo l ume 

- 0 . 0 4 1 6h r t
2 + 0 . 2 0 2 ( i s c ) ( h r t )  

wh e r e  i n  add i t i on t o  t ho s e  var i ab l e s a l r eady d e f i n e d  

' vo l ume ' i s  t h e  c oded l eve l o f  f i l t e r  vo lume . 

( 7 .  8 )  

Th e r e g r e s s i on  d a t a  i s  p r e s ent ed 1 n  T ab l e  7 . 5 .  A s  we l l  as  

a c o n s t an t  t e rm , f i ve  p a r ame t e rs were  found to  be  s i gn i f i ­

c an t  w i th m i n i mum c o n f i dence l e ve l  o f  9 7 . 5  p e rcen t . Th e 

s i x  t e rm equ a t i o n  i s  ab l e  t o  account  f o r  9 7 . 1  p e r c e n t  o f  t h e  

ob s e rved va r i at i on i n  the  da t a  and  the  9 5  p er c e n t  c o n f i ­

de n c e  i n t e rv a l  on  t h e  p r e d i c t ed r e s p o n s e  i s + 1 1 . 0 8 9 .  

Th e l a r ge d e p e n d e n c e  o f  conv e r s i o n r a t e  I IR T  a s  n o t ed i n  the  

g r a ph i c a l  p r e s en t at i o n  of  t h e  da t a  i s  q u a n t i f i e d i n  T ab l e  

7 . 5 ,  a s  i s  i mp o r t a nce  o f  the  q u a d r u t i c  t e rm h rt 2 w j t h  � 
9 9 . 5  c o n f i d e n c e  l eve l . Th e r e  was  a l a rge  i n t e r a c t i ve 

e ffec t b e tw e e n  H R T  and s ub s t r n t e  c o n c e n t r a t i o n .  

I t  i s  a p p a r e n t  t h a t  s ome d i fference  b e tween  t h e  two f j J t e r  

un i t s w a s  man i fe s t , a l th ough t h e  c o e f f i c i ent  i s  s ma l l  r e l a ­

t i ve l y , s t a t i s t i c a l  b as i s  for  i t s i n c l us i on i s  s ound ( 9 7 . 5  

p e rc e n t ) . The appe ar ance o f  the  t e rm r e l a t i n g  t o  p a r t i c u ­

l ar f i l t e r  means  t h a t  one  dec oded r e s p onse  equat i on i s  n o t  

re l eva n t . I n  t h e  r e g r e s s i on ana l y s i s  th i s  fac t o r  w a s  

arb i t ra r i l y c oded us i n g  n e t  f i l t e r  vo l ume as  a b as i s  a l though 

any c l a s s i f i c a t i on c ou l d  have b e en  used as  the fac t o r  

i s  a q u a l i t a t i v e  one . Due t o  th i s  l ack  o f  quant i t a t i ve 



i s c  

TABL E  7 . 2 :  R e g r e s s i on P a r ame t e r s  for  COD Remov a l  R a t e  

Mode l 

S t andard  d ev i a t i o n  o f  y about  t h e  r e g r e s s i on l ine  

s = 1 . 1 3 w i th  7 degrees  o f  fr eedcrn ( d . f . )  

C o e f f i c i en t  o f  det e rm i nat i on r 2 = 0 . 9 5 5  

S i gn i � i c � n c e  n f  t h e n a r arn e t e r  es t i ma t e s : 

1 6 5  

FACTOR COEF F I C I ENT 9 5 %  C l  t - RAT I O  S I GN I F I CANCE LEVEL  

+ 
C on s t an t  5 . 3 8 1  0 . 6 8 5  

l S  c 3 . 4 0 5  0 . 8 4 0  

h r t  - 3 . 6 3 7  0 . 8 4 0  

h r t 2 0 . 8 0 3  0 . 4 7 6 

x h r t  - 2 . 4 3 2  0 . 9 8 2  

Ana l y s i s  o f  var i an c e  

flUE  TO  

r e g re s s i on 

r e s i d u a l  
t o t al 

t = 4 . 7 8 5  . 0 0 1 , 7  

D . F . 

4 

7 

1 1 

t . 0 1 ' 7 

1 6 . 0 8 . 0 0 1  

8 . 2 9 . 0 0 1  

- 8 .  8 5  . 0 0 1  

3 . 4 4 . 0 1 

- 5 . 0 7 . 0 0 1  

SU�1 O F  SQUARE� H E Ar'\  SQUAF E 

1 9 0 . 2  4 7 . 5 5 

8 . 8 7 1 . 2 7 

1 9 �) . 0 7 

2 . 9 9 8  
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TABL E  7 . 3 : Re g re s s i on P a r ame t e rs fo r Gas  Produ c t i on Mode l 

S t andard  dev i a t i on o f  y about  r e g re s s i on l i ne  

s = 0 . 2 7 2  w i t h  7 d . f . 

C o e f fi c i e n t  o f  de t e rm i n a t i on r 2 
= 0 .  9 3 2  

Si gn i fi cance  o f  p a r ame t e r  e s t imat e s : 

FACTOR COEFF I C I ENT 9 5 %  C l  t - RAT I O  S I GN I F I CANC E  

cons t an t  1 . 4 2 8 3  

i s c  0 . 9 3 4 0  

h r t  - 0 . 4 0 5 6  

t emp 0 . 1 1 4 4  

i s c 2 - 0 . 0 8 9 1  

Ana l y s i s  o f  va r i an c e : 

DUE TO 

r e g re s s i on 

r e s idua l 

t o t a l  

t = 4 . 7 8 5  . 0 0 1 , 7  

L EVEL  

0 . 1 6 0  1 8 . 1 8 0 . 0 0 1  

0 . 2 0 3  9 . 4 0 0 . 0 0 1  

0 . 2 0 3  - 4 . 0 8 0 . 0 0 5  

0 . 1 6 0  1 .  4 6  0 . 1  

0 . 1 1 3  - 1 . 6 0 0 . 1  

D .  F .  SW1 OF SQUARES HEAN SQUARE  

4 

7 

1 1  

7 . 1 2 8 

0 . 5 1 8  

7 . 6 4 6  

t = 3 .  4 �1 9 . 0 0 5 , 7  t . ] ' 7 

1 . 7 8 2  

0 . 0 7 4 

] . 4 ]  5 
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TABL E  7 . 4 :  Re g re s s i o n  P a r ame t e rs for  Me thane  P r o duc t i o n  

Mode l 

S t andard  o f  devi a t i on o f  y about  the regre s s i on l in e  

s = 0 . 1 5 2  w i t h  8 d . f .  

Co e f f i c i e n t  o f  de t e rm i n a t i on r 2 = 0 . 9 1 6  

si gn i fi cance  o f  p arame t e r  e s t ima t e s  

FACTOR COEF F I C I ENT 9 5 %  e r  t - RAT I O  S I GN I F I CAN C E  
LEVEL 

cons t an t  0 . 9 4 5  0 . 0 9 0  2 1 . 5 7  . 0 0 1  

i s c  0 . 4 8 6  0 . 2 0 3  8 . 7 7 . 0 0 1  

h r t  - 0 . 2 0 3  0 . 2 0 3  - 3 . 6 6 . 0 0 5  

i s c  2 - 0 . 0 8 5  0 . 0 6 3  - 2 .  7 3 . 0 2 5  

An a l y s i s  o f  V a r i ance  : 

DUE TO D . F .  sm1 OF  SQUARES  MEAN SQUARE 

r e g re s s i o n  3 1 . 9 9 6  0 . 6 6 5  

re s i dua l 8 0 . 1 8 4  0 . 0 2 3  

t o t a l 1 1  2 . 1 8 0 

t 0 . 0 0 1 , 8  4 . 7 8 5  t 0 . 0 0 5 , 8  
3 . 3 5 5  t 0 . 0 2 5 , 8  2 . 3 0 () 
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TABL E  7 . 5 : Re g re s s i on P a r ame t e r s  fo r Conve r s i on o f  COD t o  

Me thane  Mode l 

S t andard  devi a t i on o f  y ab out  t h e  r e g r e s s i on  l ine  

s = 0 . 0 4 3 8 w i t h  6 d . £ .  

Coe f f i c i e n t  o f  de t e rm i n a t i on  r 2 
= 0 . 9 7 1  

S i gn i f i c an c e  o f  p a rame t e r  e s t ima t e s  

FACTOR COEF F I C I E NT 9 5 %  C l  t - RAT I O  
+ 

cons t an t  0 . 5 5 4 0  0 . 0 2 8  3 9 . 6 2 

h r t  0 . 1 9 1 0  0 . 0 3 2  1 2 . 3 3 

t emp 0 . 0 6 7 4  0 . 0 4 6  3 . 0 2 

v o l ume - 0 . 0 6 4 5  0 . 0 4 6  2 .  8 9  

h r t 2 - 0 . 0 4 1 6  0 . 0 1 9  4 . 4 1 

i s c  x h r t  0 . 2 0 1 7  0 . 0 7 3  5 . 6 4 

An a l ys i s  o f  Va r i ance  

DUE  TO  D .  F .  Sm1 OF  SQUARES  

r e g re s s i o n 

r e s i d u a l  
t o t a l  

t = 5 . 2 0 8  . 0 0 1 , 6  

5 
6 

1 1  

t = 3 .  7 0 7  
. 0 0 5 , 6  

0 . 3 8 7 1  

0 . 0 1 1 5  

0 . 3 9 8 6  

t 
. 0 2 5 , 6  

S I GN I F I CANCE  
LEVEL  

0 . 0 0 1  

0 . 0 0 1  

0 . 0 2 5  

0 . 0 2 5  

0 . 0 0 5  

0 . 0 0 1  

�1EAN SQUARE 

0 . 0 7 7 4 

0 . 0 0 1 9  

2 . 4 4 7  
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c on t i n u i t y  b e tw e e n  t h e  fac t o r  l eve l s , two equat i on s  mus t  b e  

de f i n e d , one  f o r  e ach  f i l t e r .  The two equa t i on s  w i l l  v a ry 

o n l y  i n  t h e  con s t a n t  t e rm v i s  e quat i on s  7 . 9  and 7 . 1 0 ,  t h e  

decoded  r e s p on s e  equa t i o n s  fo r t h e  s ma l l and l a rge  anaerob i c  

f i l t e rs r e s p e c t i ve l y . 

FTCM ( l ) = - 0 . 3 6 3  + 0 . 1 5 6H RT - 0 . 0 3 1 HRT
2 + 0 . 0 2 S ( HRT ) ( I SC )  

- 0 . 0 7 6 I S C - 0 . 0 2 7 TEMP 

( 7 .  9 )  

FTCM ( 2 )  = - 0 . 4 9 2  + 0 . 1 5 6HRT - 0 . 0 3 1HRT 2 + 0 . 0 2 S (H RT ) ( I S C )  

- 0 . 0 7 6 I S C - 0 . 0 2 7 TEMP 

( 7 . 1 0 )  

The app e a ran ce  o f  t h e  I SC t e rm i n  t h e  decoded f o rm o f  t h e  

equ a t i o n  b u t  n o t  i n  t h e  c oded fo rm r e s u l t s  from t h e  a l geb ra  

invo l ve d  i n  d e c o d i n g  the  HRT x I SC i n t e ract i o n . 

7 . 3  I n t e rp re t a t i o n  and Op t im i s a t i on o f  t h e  Mode l s  

Four  mode l s  have b e en  deve l oped  t o  exp l a i n t h e  ob s e rved 

va r i a t i o n  in  the expe r imen t a l  r e s u l t s  and t he s e  are  c ap ab l e  

o f  a s s i gn in g  ove r 9 0  p e r c en t  o f  t h e  va r i a t i on t o  b a s i c a l l y  

t w o  i nput  p a rame t e r s , n a m e l y  HRT and i n f l ue n t  sub s t r a t e  con ­

c e n t r a t i on ,  w i t h  sma l l i n f l u e n c e s  b y  t e mp e r a t u r e  an d f i l t e r  

un i t  u s e d  i n  t h e  c a s e s  o f  t w o  o f  t h e  m o d e l s . I t  i s  t h e r e f o r e 

conven i en t  t o  g r a ph i c a l l y  p r e s e nt p re d i c t e d  s y s t em r e s p o n s e 

1 n  t e rms o f  t h o s e  two p r ime i np ut s . 

A compu te r p r o g r am has  b e e n  u s ed t o  p roduce  c on t ou r  p l o t s o f  

p r e d i c t e d  r e s p on s e  a t  t h e  d i f fe re n t  comb i n u t i ons  o f  HRT a n d  
s ub s t rate  concent rat i on . I n  th i s  p ro g ram , t h e  r e s p on s e  i s  

c a l c u l a t e d u s i n g  the  two r e l evan t  p a rame t e r s  wh i l e  o t h e r  

parame t e r s , i f  p r e s en t , are  h e l d  a t  cons t a n t  va l ue s . The re ­

fore  t h e r e  a re p l o t s  fo r b o t h  t emp e r ature  l eve l s  i n  t h e  GAS 

mode l and each  c omb i nat i o n  o f  t empe ra t u re and f i l t e r  un i t  

for  t h e  FTCM mode l . By fo l l ow i n g  t h e  con t ou r  any o p t i ma l  

cond i t i on s  i n  t h e  r an g e  o f  exper imen t a l  fac t o rs can b e  s e e n . 

The  p r o g r am i s  w r i t t e n  i n  FORTRAN 7 7  and was  run on  a P R I ME 

7 5 0  compu t e r . By us i n g  t h e s e  c on t ou r  p l o t s  i t  i s  po s s i b l e  

t o  i l l u s t ra t e  i ndepende n t  e ffec t s  o f  b o t h  HRT and s ub s t r a t e  



concen t r a t i on o n  t h e  s y s t em w i t h o u t  t h e  n e e d  t o  u s e  t h e  

o ft e n  amb i guous t e rm o f  o r gan i c  l oa d i n g  r at e . 

1 7 0  

F i gure 7 . 1  i s  t h e  p l ot f o r  COD remova l r a t e  from wh i ch a 

l oc a l  max i mum was  n o t e d  o f  1 5 . 6 4 k g  COD rem/m3d a t  cond i ­

t i ons  o f  1 d HRT and 9 0 0 0  mg BOD 5 ; � .  

I n  th i s  mode l , t h e  e f fe c t  o f  t h e  quadra t i c t e rm can b e  s e e n  

w i th t h e  re l at i v e l y  f l a t  a r e a  at  l ow HRT and i t s  s t ee p e n i n g  

a s  HRT i s  reduced . 

The gas  p roduc t i o n  mode l i s  p r e s e n t e d i n  F i gures  7 . 2  and 7 . 3 ,  

b e i n g  t h e  r e s pon s e  a t  3 0  and 3 5 °C r e s pe c t i ve l y .  The l o c a l  

max imum o c curs  a t  t h e  h i gh e s t  l o ad i n g  on t h e  s y s tem  o f  

1 d HRT and 9 0 0 0  mg BOD 5 / � .  

The me t h an e  p roduc t i on mode l i s p r e s en t ed i n  F i gure  7 . 5 .  

The max i mum ope r a t i n g  cond i t i o n s  for  t h i s  mode l , w i t h i n  

t h e  range  t e s t ed i s  p r e d i c t ed a s  1 . 5 3 7  � / �d o c cur r i n g  

a t  l d  HRT a n d  8 8 0 0  mg BOD 5 / � .  T h e  s im i l a r i t y b e tween t h e  

t o t a l  g a s  and me thane  c o n t our  p l o t s  i s  evident . A t  h i gh e r  

sub s t ra t e  c o n c e n t r a t i o n s , t l1 e  m e t h a n e  c o n t o u r  l i n e s  c u rv e  

mo re about  the  max 1 mum . Th i s  .i n d i c a t e s  t h e re l a t i ve l y  

sma l l e r  e f fe c t  o f  HRT . 

F i gures  7 . 5  t o  7 .  8 i l l u s t r a t e  t h e  c o n ve r s i on o f  COD t o  

me thane  mode l a t  e ach o f  t h e  t empe r a t u r e  a n d  f i l t e r  un i t  

comb i nat i on s . The p l o t s  a r e  id ent i c a l  i n  s h a p e  and vary 

o n l y  i n  t h e  va l ue s  on  t h e  c on t o ur l i n e s  due t o  c h a n g e s  i n  

t h e  equat i ons c o n s t an t  t e rm .  

The c o n t o u r  p l o t s  s how a s t eep l y  dropp i n g  COD c on vcr� i �n 

e ff i c i en c y  a s  HRT i s  reduced wh i l e s imu l t aneous l y  i n c r e a s ­

i n g  t h e  s ub s t r a t e  concen t r a t i on . Howev e r , a t  t h e  s ame h i gh 

s ub s t r a t e  c o n c e n t ra t i o n , b y  i n c r e a s i n g  r e t en t i on t ime , t h e  

max imum conve r s i o n  e ff i c i ency  i s  p r ed i c t e d . A l arge  f l a t  

a r e a  i s  p r e d i c t ed a t  t h e  l ower  e n d  o f  t h e  concen t r a t ion  

range  and  m i d  range  HRT . Th i s  a rea cons t i t u t e s  one  s i de 
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o f  a s ad d l e  po i n t . The pred i c t e d  max imum ope r a t i n g  r e s p o n ­

s e s  are  0 . 9 0 1 , 1 . 0 3 ,  0 . 7 6 5  and 0 . 9 0 0  fo r f i l t e r  un i t s  

1 and 2 a t  3 0  and 3 5 ° C r e s p e c t i ve l y . 

The s e  COD t o  me t h ane  conve r s i on e f f i c i e nc i e s  have b e e n  

comp u t e d  us i n g  a t h e o re t i c a l  max i mum b a s ed o n  COD reduc t i on 

when  a l l the  COD i s  c o nve r t ab l e t o  me thane . S ince  n o t  a l l  

COD i s  c arbonac eous  a r e s i s t an t  frac t i o n  w i l l  b e  e v i dent  

and t h i s  w i l l  vary from one  wa s t e s t re am to  anothe r . 

Chen  and � l a s i mo t o  ( 1 9 7 8 )  have sugge s t e d  t h a t  t h e  a c t u a l  

max tmum p o s s i b l e  conve r s i o n  e f f i c i e ncy 1 s  t h e  i n t e rc e p t  o n  a 

p l o t  o f  a c t ua l me t hane p roduc ed  p e r  kg  o f  COD aga i ns t  re c i -

p r o c a l r e t e n t i o n  t ime . Such a p l o t  for  t h e  da t a  o f  t h e  
3 

p r e s e n t  s t ud y  y i e l d  a max i mum va l ue o f  0 . 2 7 4 m CH4 / k g  COD 

w i t h a c o r re l a t i o n  c o e f f i c i e n t  o f  r = 0 . 8 8 4  and one  dat a 

po i n t s i gn i f i c ant l y  d i ffe re n t  ( 9 5 %  C I )  t han t h e  v a l ue p red i c t e d  

b y  t he l i n e a r r e g re s s i on l i ne . Whe n t h a t  d a t a  po i n t was  

om i t t e d  the  max imum was  0 . 2 8 1  m3 C H4 / k g COD ( r  = 0 . 9 5 0 )  

wh i c h  i s  8 0  pe rce n t  o f  the  t he o re t i c a l  max i mum . Conve r s i on 

e f f i c i enc i e s  i n  t h i s  s tudy a re t h us b e t t e r  t han a t  f i rs t  

appe a r , as are  p e r c e n t age  COD remova l s  by  the  s ame fac t o r . 

7 . 3 . 1  Max i ma l  Ope ra t i ng Cond i t i o ns  

Two add i t i o n a l  expe r ime n t a l  runs were  c a r r i e d out  to  t e s t  

t h e  repe a t ab i l i ty o f  the  prev i o u s  runs . I t  was  de c i ded 

t h a t  t he s e  runs s ho u l d  b e  c a r r i ed out  a t  the p re d i c t e d  max ­

i mum ope r a t i n g  po i n t s  fo r b o t h  COD removal  and g a s /me t h ane  

p roduc t i o n , that  i s  1d  HRT and  9 0 0 0  mg  BOD 5 / £ .  A t empe r a ­

t ure o f  3 0 °C was  cho s e n  a s  the re  appe a re d  t o  b e  l i t t l e 

b e ne f i t  from t h e  h i ghe r temp e ra t ure  u s e d  i n  p r e v i o us des i gn 

and  an o t he r t empe rat u re c o nd i t i o n  c o u l d  no t b e  t e s t e d  as  

i t s  us e cou l d  negate  the  repe a t ab i l i t y a s p e c t . 

I n  a d d i t io n  t o  the  ab ove c o nd i t i on s , t he e ffe c t  o f  re duc i n g  

t h e  s o l ub l e  s u l ph i de concen t r a t i o n  w a s  a l s o  i nve s t i ga t e d  

b y  add i n g  fe r r i c  c h l o r i de t o  t h e  f e e d  o f  t h e  s ma l l e r  f i l t e r . 

Th i s  a s pe c t  h a s  b e en  d i s cu s s e d  i n  t h e  p r e ce d i ng c h ap t e r . 

Tab l e  7 . 6  s umma r i s e s  the  r e s u l t s  o f  t h e  repe a t e d  runs a s  



TABL E  7 . 6 :  Ob s e rved , P re d i c t e d  and R e - eva l ua t e d  \· a l u e s  for  the R e g r e s s i o n  �l ode l P a rame t e r s  

R e - ob s e rved  

Parame t e r  O b s e rved ( l ) P r ed i c t ed AF l A F 2 .!\ve rage  

COD  remo v a l  1 6 . 0 8 1 5 . 6 6 1 6 . 3 7 3  1 5 . 8 8 1 5 . 9 7 9  
rate  k g / m3d 1 . 9 8

( Z ) + 

Gas p roduc t i on 3 . 1 1 0 2 . 7 9 3  3 . 2 4 7  2 . 8 6 5  Q,/ Q, d  + 0 . 4 0 9  

M e th an e  1 .  5 4 9  produc t i on  1 .  5 5 2  0 . 2 1 0 1 .  5 5  2 1 . 3 2 9  
Q,j Q,d  + 

FTCM 0 . 2 4 6  0 . 2 5 2  0 . 2 7 0  0 . 2 4 3 0 . 0 9 2  + 

NOTE S : ( 1 )  R e s u l t s  from r e l evan t e xper ime n t a l  des i gn run 

( 2 )  9 5 %  con fidence b ounds on  pre d i c t e d  v a l u e  

3 . 0 5 6  

1 . 4 4 1  

0 . 2 5 7  

D i f f e r e n c e s  ( % )  

ob s . -+  pred . re run -+ p r e d . 

+ 2 . 7  + 2 . 0  

+ 4 . 6  + 2 . 6  

.+ 0 .  2 - 7 . 0  

- 2 . 0  + 2 . 0  

� 
00 
::::> 
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t h e y  c o n c e rn the  p r e d i c t o r  mode l s  

On re run the  COD remova l rat e was  ob s e rved t o  b e  e x t reme l y  

c l o s e  t o  b o th the  o r i g i n a l  run and t h e  p re d i c t e d  v a l ue , a s  

was  the  conve r s i o n  o f  C O D  t o  me t hane . To t a l  gas  a n d  me t h ane  

p roduc t i on was h i gh e r  1 n  the  sma l l e r , fe r r i c  c h l o r i de 

t re a t e d , f i l t e r  than  t h e  l ar g e r  one . F o r  t h i s  f i l t e r  t h e  

t o t a l  g a s  p roduc t i o n  was  j u s t  out s i de the  9 5  p e rc e n t  co n f i ­

d e n c e  b ound  o f  the  p red i c t e d  va l ue howev e r  i t  was  ve ry s im i ­

l a r t o  the  o r i g i na l run . Me thane  p ro duc t i on  i n  t h e  l a r ge r , 

non  t re a t e d , fi l t e r  was  down o n  b o t h  t h e  t re a t ed f i l t e r  and 

p re v i ou s  run . Ove ra l l  the repe a t ab i l i t y  was  g o o d  to l e s s  

than  5 p e rcent  o f  p r e v i ous run and 7 p e rc e n t  o f  the  p re ­

d i c t e d  va l ue . 

The  d i f fe rence  i n  g a s  and me t hane  p r o duc t i o n  b e tween  the  

t re a t e d and un t r e a t ed f i l t e r s  cou l d  no t b e  c o n t r i b u t e d  t o  

reduc t i on o f  s u l ph i de conce n t r a t i on s i n c e  t h e  t re a t e d  

fi l t e r  p e r fo rmance s howe d no  improveme n t  ove r t h e  p re v i o us  

run  wh i ch h ad no  s u l p h i de removal  t re at me n t . 

7 . 4  S t a t i s t i c a l  L a c k  o f  F i t  o f  the  Mo de l s  

I n  b o t h  t h e  COD remo v a l  r a t e  and me t hane p r o du c t i on mode l s  

two o f  t h e  i ndependant  var i ab l e s  are  om i t t e d  f rom t he 

r e s pon s e  e qua t i on s . By acce p t i n g  the  n u l l hyp o t he s i s  t h a t  

the  e f fe c t s  o f  t he s e  p arame t e rs , t emp e r a t ur e s  a n d  anae rob i c  

f i l t e r  s i z e , are  no t s i gn i f i c an t ly d i f fe re n t  from z e ro t h e  

de s i gn may b e  v i ewed a s  a comp l e t e 3 2 fac t o r i a l  p l us  

three  re p l i c a t e  runs . 
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F r o m  T ab l e  6 . 1  i t  i s  n o t e d  t h a t  runs  1 and 2 are  r e p l i ca t e s  

i n  re s p e c t  o f  t h e  two i ndependant  var i ab l e s  u s e d  i n  t h e  

mode l ,  n ame l y  i n f l ue n t  s ub s t ra t e  concen t ra t i o n  a n d  hydrau l i c  

re t en t i o n  t ime , w i th b o t h  var i ab l e s  a t  the i r  l ow l eve l . 

S im i l ar l y , run s 6 and 7 , 1 1  and 1 2 , are  r e p l i ca t e s  w i t h  

b o t h  fac t o r s  a t  t h e  m i d  and h i gh l e ve l s  r e s p e c t i ve l y . 

Ti\ B L E  7 . 7 :  Re p l i c a t e  D a t a  fo r L a c k  o f  F i t  Te s t  

C O D  R e m ov a l r 3 t c  
3 

J.... g COD/m  d 

3 . 3 3 6  

3 . 5 9 9  

3 . 5 5 7  

5 . 0 1 9  

3 . 7 5 4  

3 . 7 6 7  

�·l e t ha n e  
P r o d u c t i o n  

9_ / R- cl  

0 . 7 0 6  

0 . 5 1 9  

0 .  8 5 9  

1 . 3 3 7  

1 . 1 0 5  

1 . 3 0 9  

L e v e l 

1 

1 

2 

2 

3 

3 

The d a t a  fo r t h e  rep l i c a t e d  runs  has  b ee n  repe a t e d  1 n  Tab l e  

7 . 7  and e ach  p a i r  o f  rep l i ca t e s  a s s i gn e d  a l eve l . A 

o n eway  anal y s i s  o f  var i an c e  for  e ac h  s e t  o f  re spon s e s  and 

t h e  a s s i gned  l eve l s  has  b e e n  p e r fo rmed (T �b l e  7 . 8 ) t o  

a s c e r t a i n  t h e  amount  o f  var i an c e  due t o  l ac k  o f  f i t  u s i ng 

t he me thod  de s c r ib e d  b y  B e l z  ( 1 9 7 3 ) . 



TAB L E  7 . 8  Oneway An a l y s i s  o f  Va r i an c e  Summary 

for  Re p l i c a t e Runs 

COD remova l mode l 

SOURCE  

leve l 

e r r o r  

t o t a l 

d .  f .  

2 

3 

5 

Me t h a n e  p r o d uc t i o n  m o d e l 

l e ve l  

e r r o r 

t o t a l  

2 

3 

5 

SUM OF  
SQUARES 

0 . 6 9 5  

1 . 1 0 5  

1 . 8 0 0  

. 4 1 9 1  

. 1 8 1 5  

. 6 0 0 6  

MEAN 
SQUARE 

. 3 4 7  

. 3 6 8  

. 2 0 9 5  

. 0 6 0 5  

1 8 3  

U s i n g 13 e l z ' s  me t h o d s , t h e  r e s i J u :1 l v :1 r i a n c e  o f  t h e  re g r e ­

s s i o n m o d e l s  m a y  h e  p a r t i t i o n e d  i n t o  t h a t  d u e  t o  p u r e  o r  

e xp e r imen t a l  e r ro r and t h a t  due to  l a c k  o f  f i t  o f  t h e  

mode l , v i z. :  

SS  ( l ac k  o f  f i t )  = S S  ( re s i dua l ) - SS  
( from 
r e g re s s i o n )  

( e r ro r )  
( from  o neway 
a n a l y s i s  o f  
var i an c e ) 

The  c a l cu l a t i on s  are  p r e s e n t e d  i n  T ab l e  7 . 9 .  

Comp ar i s on o f  t h e  F va l ue s  c a l c u l a t e d  i n  T ab l e  7 .  9 w i t h  

t h o s e  g iven  fo r t h e  9 9  and 9 5  p e rc e n t  c o n f i de n c e  l eve l s  

i nd i ca t e  t h a t  t h e r e  1 s  n o  s t a t i s t i c a l l y  s i gn i f i c an t  l ac k  

o f  f i t  i n  t h e s e  mode l s . 

S t a t i s t i c a l  l ac k  o f  f i t  c an n o t  b e  t e s t e d  fo r i n  t h e  c a s e  

o f  t h e  g a s  produc t i o n  a n d  conve r s i o n  o f  COD t o  m e t h an e  

mode l s  as  t h e re are  i n s u f f i c i e n t  r ep l i ca t e d  r u n s  t o  gene r ­

a t e  d e g re e s  o f  f r e e dom fo r t h e  s i g n i f i cance  t e s t s . 



TAB L E  7 . 9 : L a c k  o f  F i t An a l y s i s  fo r COD Removal  

and Methane  P roduc t i o n Mode l s  

COD remova l r a t e mode l 

s s  re s i dua l 
( t ab l e  6 .  2 )  

s s  ( t ab l e  6 . 7 ) 
e r ror  

s s  l ac k  o f  f i t  

me a n  s q u a r e  l ac k  o f  f i_ t 

me a n  s q u a r e  e r ro r 

F 

�le t h a n c  p roduc t i o n  mo d e l  

s s  res i du a l  
( t ab l e  6 . 4 )  

s s  ( t ab l e  6 .  7 )  
e r r o r  

s s  l a c k  o f  f i t  

me a n  s quare  l ac k  o f  f i t  

mean  s quare  e r ro r 

F 

F . 0 1 , 4 , 7 5 . 5 2 ; 

F . 0 1 , 5 ,  8 6 .  6 3 ; 

= 

= 

= 

= 

= 

= 

F . 0 5 , 4 , 

F . 0 5 , 5 ,  

8 . 8 7 d . f . = 7 

1 . 1 0 5  d .  f .  = 3 

7 .  7 6 5  = 4 

7 .  7 6 5 / 4  

1 .  9 4 1 

8 . 8 7 / 7 

1 .  2 7 

1 . 9 4 1 / 1 . 2 7 

1 . 5 2 3  

. 1 8 4 1 d .  f .  

. 1 8 1 5  d .  f .  

. 1 8 4 1 - . 1 8 1 5  d .  f .  

. 0 0 2 6  

. 0 0 2 6 / 5 

. 0 0 0 5  

. 1 8 4 1 / 8  

. 0 2 3 0 

. 0 0 0 5 / . 0 2 3 0  

. 0 2 2  

= 4 . 1 2 7 

8 3 , 6 9  

1 8 4  

8 

3 
= 8 - 5  

5 
-
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7 . 5  Trends  i n  the  Exp e r imen t a l  D a t a  

Th e d i f fe rence  b e tween  the  ob s e rved a n d  p r ed i c t e d  v a l u e s  o f  

Y i n  t h e  r e g re s s i o n  equ a t i o n s  a r e  p r e s e n t e d  i n  Tab l e  7 . 1 0 .  

The c o l umn he aded res i du a l  i s  the  d i fference  Y ( ob s e rve d )  -

Y ( p redi c t e d ) . The r e s i du a l s  a r e  s t andard i s e d  b y  d i v i d i ng 

e a ch res i dua l b y  the  e s t ima t e d  s t andard devi a t i on o f  t h a t  

r e s idu a l , a n d  th e s e  v a l ue s  a r e  t ab u l a t e d  i n  c o l umn four 

o f Ta b 1 e 7 . 1 0 . 

·rh e  s t a nd a rd i s e d res i dua l s  a re p l o t t ed aga i ns t the  i nd e ­

p e nde n t  va r i ab l e s, i n f l uent  s ub s t ra t e  c o n c e n t r a t i on and 

hyd rau l i c r e t e n t i on t i me, and  a l s o  t emp o r a l  run order  in the 

s ub s eq u e n t Fi gures  7 .  9 to 7 . 1 8 .  

I n s p e c t i o n o f  t h e s e  f i gures  i n d i c a t e s  t h a t ne i th e r  o f  t he 

i n d e p e n d e n t  v a r i a b l e s  e x e r t e d a c o n s i s t e n t  e f fe c t  on  t h e  

r e s i dua l s , t h e  s p read  o f  p o i n t s  ab o u t  t h e  z e r o  res idual  l eve l 

w a s  d i f f e r e n t  i n  e ach mode l f o r  b o th p a rame t e rs . L a r g e  

devi a t i ons  f r o m  p r e d i c t e d  b eh av i our , m e a s u red as s t andard i s ed 

r e s i du a l  g re a t e r  than  2 . 0  e x i s t  in  run 10  of  the  COD r emova l 

r a t e  mode l and run 8 o f  the  conve r s i o n  o f  COD t o  me thane  

mode l . The  i n put  c o nd i t i o n s  fo r t h e s e  runs  w e r e  

9 0 0 0  mg BOD 5 / 1 - 3d a n d  5 0 0 0  mg BOD 5 / 1 - 5  d a y s  re s p e c t i ve ly .  

I t  was  n o t  po s s ib l e t o  a s s i gn a c au s e  f o r  t h e s e  l arge  devi ­

a t i o n s  a s  t h e  o t her  mod e l s  d i d  n o t  exh ib i t  s im i l ar devi a t -

1 o n s . I n  f a c t  b o t h  t he s e  runs w e r e  c a r r i ed out  on t h e  s ame 

anae rob i c  f i l t e r  un i t . Howeve r ,  in t empo r a l  run o r d e r  they  

we re  runs  n i ne and s i x r e s p e c t i ve l y  so  a t empo rary f i l t e r  

abb e r a t i o n  c a n n o t  b e  i mp l i c a t ed e i t h e r . 

S i gn i f i c a n t  t ime t rends  i n  the  da t a  wou l d  b e  i nd i c a t e d  b y  

n o n - r andom s c a t t e r  o r  r e s i du a l  va l ue s  ab o u t  z e ro  when  p l o t ­

t e d  a g a i n s t run o r d e r  ( F i gu r e s  7 . 9 t o  7 . 1 2 )  
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TAB L E  7 . 1 0 : Ob s e rved and P re d i c t e d  V a l ue s  o f  Y i n  t h e  

Re s p o n s e  Equa t i on s and the  Re s i dua l s  

COD remo va l  r a t e  mode l 

Y .  Ob s . Pre d . y Re s idua l  S t . Res . 
V a l ue 

3 . 3 4 3 . 9 8 - 0 . 6 5 - 0 . 7 6 

3 . 6 0 3 . 9 8 - 0 . 3 9 - 0 . 4 5 

1 .  3 2  0 . 3 7 0 . 9 5  1 .  0 8  

0 . 5 9 1 .  5 7  - 0 . 9 8 - 1 . 7 2 

1 0 . 4 3 9 . 8 2 0 . 6 1  0 . 6 3  

3 . 5 6 3 .  7 8  - 0 . 2 2 - 0 . 2 2 

5 . 0 2 3 . 7 8 1 .  2 4  1 .  2 8  

3 . 0 5 2 . 5 5 0 . 5 1 0 . 5 3 

1 6 . 0 9 1 5 . 6 6 0 . 4 3 0 . 7 5 

5 . 2 0 7 . 1 8 - 1 . 9 8 - 2 . 2 4 

3 .  7 5  3 . 5 2 0 . 2 3 0 . 2 7 

3 .  7 7  3 .  5 2  0 . 2 5 0 . 2 9 

To t a l gas mode l 

Y .  Ob s .  P re d . y Res i du a l  S t . Res . 
V a l ue 

0 . 8 4 5  0 . 6 9 6  0 . 1 4 9  0 . 7 1 

0 . 5 9 9  0 . 6 9 6  - 0 . 0 9 7  - 0 . 4 6 

0 . 4 0 9  0 . 5 2 0  - 0 . 1 1 1  - 0 . 5 0 

0 . 1 7 3  0 . 1 1 4 0 . 0 5 9 0 . 3 2 

1 . 7 7 0  2 .  1 2  7 - 0 . 3 5 7  - 1 .  7 9  

1 . 2 9 6  1 .  4 9 2  - 0 . 1 9 6  - 0 . 8 8 

2 . 0 1 0  1 . 7 2 1  0 . 2 8 9  1 .  3 0  

1 .  3 5 0  1 .  0 8 6  0 . 2 6 4  1 .  3 3  

3 . 1 1 0  2 . 7 9 3  0 . 3 1 7  1 .  7 2  

2 . 1 5 3  2 . 1 5 9  - 0 . 0 0 6  - 0 . 0 3 

1 .  6 4 0  1 . 7 5 3  - 0 . 1 1 3 - 0 . 5 4 

1 . 7 8 4  1 .  9 8 2  - 0 . 1 9 8  - 0 . 9 5 



TABLE  7 . 1 0 C o n ' d  

Me thane  p ro duc t i on mode l 

Y .  ob s . 

0 .  7 0 6  

0 . 5 1 9  

0 . 3 3 5  

0 . 1 3 8 

1 . 3 4 3  

0 . 8 5 9  

1 . 3 3 7  

0 . 9 1 7 

1 . 5 5 2  

1 .  2 1 4 

1 .  1 0  5 

1 . 3 0 9  

FTCM Mode l 

Y . ob s . 

0 . 5 4 1  

0 . 3 6 9  

0 . 6 5 1  

0 . 6 0 0  

0 . 3 3 1  

0 . 6 1 8 

0 . 6 8 2  

0 . 7 7 2  

0 . 2 4 6  

0 . 5 9 7  

0 . 7 5 6  

0 . 8 8 7  

Pred . Y 
V a l ue 

0 . 5 7 7  

0 . 5 7 7  

0 . 3 7 4  

0 . 1 7 1  

1 . 3 1 7  

1 . 1 1 4 

1 .  1 1 4 

0 . 9 1 1  

1 . 5 4 9  

1 . 3 4 6  

1 . 1 4 3  

1 .  1 4  3 

Pred . 
Va l ue 

0 . 5 2 0  

0 . 3 9 1  

0 . 6 4 0  

0 . 6 3 4 

0 . 3 2 4  

0 . 6 3 4  

0 . 6 4 0  

0 . 7 0 0  

0 . 2 5 2  

0 . 6 3 4 

0 . 7 7 3  

0 . 9 0 8  

y 

Re s i du a l  

0 . 1 2 9  

- 0 . 0 5 7  

- 0 . 0 3 9  

- 0 . 0 3 3  

0 . 0 2 7  

- 0 . 2 5 5  

0 . 2 2 3  

0 . 0 0 5  

0 . 0 0 3  

- 0 . 1 3 2  

- 0 . 0 3 8  

0 . 1 6 6  

Re s i du a l  

0 . 0 2 1  

- 0 . 0 2 2  

0 . 0 1 1  

- 0 . 0 3 4 

0 . 0 0 7  

- 0 . 0 1 6  

0 . 0 4 2  

0 . 0 7 2  

- 0 . 0 0 6  

- 0 . 0 3 7  

- 0 . 0 1 7  

- 0 . 0 2 1  

1 8 7  

S t . Re s . 

1 .  0 3  

- 0 . 4 6 

- 0 . 3 0 

- 0 .  2 9  

0 . 2 2 

- 1 . 9 4 

1 .  6 9  

0 . 0 5 

0 . 0 3 

- 1 . 0 1 

- 0 . 3 0 

1 .  3 3  

S t . Re s . 

0 . 9 5 

- 0 . 7 4 

0 .  3 2  

- 1 . 1 3 

0 . 2 0 

- 0 . 4 7 

1 .  2 2 -

2 .  1 3  -· 

- 0 . 1 9 -

- 1 . 0  7 

- 0 . 5 8 

- 0 . 9 5 
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E x am i na t i on o f  the  res idua l s  i s  i mp o r t a n t  as l arge  dev i a ­

t i o n s  from p r ed i c t ed b ehav i our c a n  h e  p i c k e d  up and o ft e n  

s h ows  whe re  m i s t a k e s  have b e e n  made , fo r i n s t an c e  i n  me a s ­

ur eme n t s  o f  e x p e r i me n t a l  pa rame t e rs , o r  as s ump t i on s  made 

i n  t h e mod e l a re no t va l i d o r  the  wrong mode l has  b e e n  

c h o s e n . ·rhe  re s i dua l s  p l o t s  a r e  p r e s e n t ed i n  App e nd i x  2 

fo r t h e  ma 1 n  i n p u t  pa rame t e rs . 

O f  p a r t i c u l a r  i mp o r t ance  i n  t h i s  s t udy was t h e  po s s i b l e 

e f fe c t s  o f  a s i g n i f i c an t  t i me t re nd e x e r t i n g  an i n f l ue n c e  

o n  t h e r e s u l t s . B e c a us e t h e  expe r i me n t a l  d e s i gn w a s  c a r r i ed 

o u t  ove r an  e x t e nded  p e r i od o f  t i me due t o  t h e  n a t u r e  o f  

t h e  s y s t e m r e q u i r e d  l o ng p e r i od s  o f  b u i l d  up t o n e w  op e r ­

a t i n g c o n d i t i o n s . The s p r ead  o f  re s i dua l s  ah ove anu  b e l ow 

z e r o i n t h e f o I 1 o w i n g f o u r p 1 o t s i n d i c a t  e t h a t  t h e r e  \v a s  

n o  i mm e d i a t e l y  o b v i o u s  t r e nd in  the  re s i d ua l s  ove r t he e x p ­

e r i me n t a l  t i m e  p e r i od .  L i k e l y  p a t t e r ns a r e  fan n i ng o u t  ( o r  

i n ) o f  res i dua l s  i nd i c a t i ng the  mode l was  wo rs e ( o r  b e t t e r )  

a t  p re d i c t i n g e a r l i e r  runs than  l at e r . I t  i s  p o s s i b l e  t h a t  

f o r  t h e  c o nv e r s i o n  o f  COD t o  m e t h a n e  mode l re s i dua l s  

( F i gu r e  7 . 1  1) the  l ar g e r  f i l t e r  fo l l ow e d  a c y c l i c  p a t t e rn 

i n  runs  o rd e r  1 - 3  and 4 - 6  and t h a t  i n  e ach c y c l �  c o nv e r s i o n  

e f fi c i e ncy  i mp roved ove r t h e  p re v i ous runs . Th i s  i s  a 

po s s i b i l i ty as  t h e  b i omas s  cou l d  h ave  b e c ome , s ay ,  b e t t e r  

a c c l i ma t e d  a s  t ime w e n t  b y  b u t  o n e  wou l d  e xp e c t  th i s  t o  o c c u r  

ove r the  e n t i re run numb e r  a n d  n o t  t o  cyc l e . 

One  may t h e n  c o n c l ude  t h a t  t h e  e x p e r ime n t a l  d e s i gn cho s e n  

was  n o t  c omp rom i s ed i n  i t s  a s s ump t i on o f  n o  unac coun t e d  fo r 

o r  s y s t em b i as ove r the  e xp e r ime n t a l  p e r i od . 

7 . 6  The Us e o f  Was t e  T r e a tment  Mode l s  

Wh e n  t h e  b as i c  p r i nc i p l es o f  a p ro c e s s  a r e  s i mp l e  and w e l l  

e s t ab l i s h e d  a t h e o r e t i ca l l y  b as ed mode l c an b e  f o rmu l a t e d . 

Th i s  i s  o ft e n  t h e  c as e  i n  c h e m i c a l  p r o c e s s e s  b u t  n o t us ua l ly 
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app l i c ab l e t o  the  h i gh l y  var i ab l e  cond i t i o n s  found i n  

was t e  t re a tme n t  p r o ce s s e s . The a l t e rnat i ve i s  t o  s e t  up 

a n  emp i r i c a l  mode l in the  fo rm of a ma thema t i c a l  or 

graph i c a l  p r e s e n t at i o n  wh i c h  is  no t n e c e s s a r i l y  r e l a t e d  to 

the t h e o ry o f  ope r a t i on b u t  g ive s a good de s c r i p t i o n  o f  

t h e  ob s e rved  b ehav i ou r  (Tebbut t ,  1 9 7 8 ) . The ma t h -

emat i c a l  mode l mo s t  o ft e n  u s e d  t o  de s c r i b e  anae rob i c  

d i ge s t io n  s tu d i e s  i s  t h e  s imp l i f i e d  mas s b a l ance  mo de l 

p ro po s e d  b y  E c k e n fe l de r  & O ' Connor  ( 1 9 6 1 )  and a l s o  E a r l e  

( 1 9 6 2 ) . Fo r a comp l e t e l y m i x e d  s y s tem  a t  s t e ady s t a t e , 

t he ef f l ue n t  conce n t rat i o n  i s  r e l a t e d  t o  hyd rau l i c r e t e n t i on 

t i me  i n  equa t i on 7 . 1 1 .  

s 1 c 
= s 1 + Kt ( 7 . 1 1 )  

0 

wh e re s = e f fl ue n t  s ub s t ra t e  c o n c e n t r a t i on  e 
s

o i n f l ue n t  s ub s t r a t e  c o n c e n t r a t i o n  

K s ub s t ra t e  remova l c o e f f i c i e n t  

t re t e n t i o n  t i me 

Th i s  and o th e r  k i n e t i c  mode l s , s uch a s  t h e  Monod 

g rowth mode l , requ i re t h a t  s ub s t ra t e  remova l coe f f i c i en t s  

b e  de f i n e d  i n  t e rms o f  the  r a t e  limit ing s ub s t r a t e  for  

d i ge s t i o n  to  p ro ce e d . Many  anae rob i c  d i g e s t i o n  s t ud i e s  

are  c a r r i e d o u t  u s i ng s yn t he t i c , chem i c a l l y  de f i ne d  s ub ­

s t ra t e s  i n  wh i ch the  r a t e  l im i t i ng c omponen t s  are  read i l y  

i de n t i f i e d . I n  the  s t udy o f  r e a l  i ndus t r i a l  was t e  wat e r  

s t r e ams  o f  comp l e x  and o ft e n  var i ab l e  n a t ure  g ro s s  s ub t ra t e  

c o n c e n t r a t i o n  me a s ureme n t  b y  COO o r  vo l a t i l e  s o l i d s  i s  

e s s e n t i a l  ( Ch e n  & Has h imo t o , 1 9 7 8 ) . The fac t  t h a t  n o t  a l l  

COO i s  b i o l o g i c a l l y  d e gradab l e  and c on t a i n s  a res i s t an t  

frac t i o n  h a s  b e e n  accounted  fo r i n  t h e  mas s  b a l an c e  mode l 

b y  a l t e r i n g  equa t i on 7 . 1 1 t o  e q u a t i o n  7 . 1 2 ( Ec k e n fe l de r  

& Ford , 1 9 7 1 ) , 

s 0 
- s 

e 
= K t  s

r 

where  S r = r e s i s t a n t  COD conce n t r a t i on 

( 7 . 1 2 )  
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The app l i c a t i o n  o f  t h e  mas s b a l ance  mode l o f  equa t i o n  

7 . 1 1 t o  t h e  d a t a  o f  t h e  p r e s e n t  s t udy i s  p r e s e n t e d  i n  

f i gu re 7 . 1 3 wh i ch i s  a p l o t  o f (S
0

/S
e) - 1  ag a i n s t t ime fo r 

e a c h  o f  t h e  t hree  l eve l s  o f  i n f l ue n t  s ub s t ra t e  concett r a t i on . 
3 

mg BOO S / �  

2 � 
� 

� • 

1 

0 
1 2 3 4 

hy d r au l i c  r e t e n t i o n  t i me 

F I GURE  7 . 1 3 : Mas s b a l ance  mode l a p p l i ed to d a t a  

o f  the  pres e n t  s t udy 

� 

s 

( d )  

Th e re app e a r s  t o  b e  r e a s o n ab l e  f i t  a t  the  h i gh e r  l oa d i n g  

r a t e s , howeve r a t  t h e  l owe s t  concen t r a t i o n  o f  1 0 0 0  mg  

BOO s / �  much s c a t t e r  i s  evident  and  the  po i n t  a t  5 d  HRT i s  

g r e a t l y  out  o f  l in e . Th i s  l a t t e r  p o i n t  h a s  b e e n  omm i t t e d  

i n  c a l cu l at i o n  o f  t h e  K va l u e s  wh i c h  w e r e  a t  1 0 0 0  mg/ � 

0 . 8 7 d - 1 , 5 0 0 0  mg / �  0 . 3 6 d - 1 and 9 0 0 0  mg/ � 0 . 1 5 d - 1 . 

S t a t i s t i c s  fo r t h e s e  regre s s i o n  l i ne s  were  r 2 0 . 8 2 ,  

0 . 9 4 and 0 . 9 0 re s pe c t i ve l y . I t  i s  n o t  fe l t  t h a t  t h i s  

mode l adequa t e l y  f i t s  the  d a t a  i n  t h a t  from F i gure  7 . 1 3 

i t  i s  l i k e l y  t h a t  t h e re i s  rap i d  s t ab i l i s a t i o n  o f  r e ad i ly 

deg radab l e  po r t i o n  o f  the  was t e a t  s h o r t  r e t e n t i o n  t ime s 

o f  l e s s  t h a n  ab out  1 d  and t h a t  K t h e n  de c re a s e s  a s  t h e  

mo re res i s t a n t  ma t e r i a l  i s  degrade d . T o  t ak e  i n t o  account  

t h e  e ffe c t  o f  a r e s i s t a n t  frac t i o n  o f  COO , equa t i o n  7 . 1 2 

1 s  u s e d  fo r t h e  d a t a  o f  t h e  p r e s e n t  s tudy and i l l us t r a t e d  

i n  Fi gure 7 . 1 4 .  R e a r r angeme n t  o f  equa t i o n  7 . 1 2 i n t o  t h e  

fo rm o f  e qua t i o n  7 . 1 3 was  u s e d . 



,........, 
0 
0 
0 
.-I 
>< 
� 

......... 
b£) 
E 

0 
0 
u 
+-' 
c: 
(!) 
� 

.-I 
4-1 
4-1 
(!) 

4 

3 
4 
4 

2 

1 

1 0 0 0  

0 
4 0 0 0  

+ s r 

8 0 0 0  

• 

9 0 0 0 mg BOD 5 / £  

. ,  
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( S  - S ) / t  0 (mg/ 9-d )  

F I GURE 7 . 1 4 :  �la s s b a l anc e mode l i nc o rp o ra t i ng 

res i s t an t  COD  frac t i on  ap p l i ed to  

data  of  t h e  p r e s ent  s t udy 

1 9 3  

( 7 . 1 3 ) 

2 0 0 0 0  

L in e ar r e g re s s i o n  l i n e s  were  c a l c u l a t e d  fo r e ach  d a t a  

group f i gure  7 . 1 4 a n d  are  p r e s e n t e d  i n  t ab l e  7 . 1 1 .  

TABL E  7 . 1 1 : Regre s s i on Ana l y s i s  o f  P l o t s  1 n  F i gure  7 . 1 4 

s me an i n f l ue n t  K s 0 
r 2 BOD 5 / .Q.  COD mg/ .Q. - 1  r mg 

d mg COD/ £ 

1 0 0 0  5 6 6 0  * 2 6 2 0  0 . 1 4 

5 0 0 0  2 5 3 2 0  1 . 1  7 3 7 0  0 . 4 9  

9 0 0 0  4 5 9 8 0  3 . 4  2 6 6 6 0  0 . 1 5 

* n e g a t ive  s l ope  o f  l e a s t  squares  l in e  
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From t he  r 2 va l ue s  i n  T ab l e  7 . 1 1 i t  i s  e v i de n t  t h a t  t he 

a pp l i ed ana l ys i s  does  not  f i t  t h e  d a t a  we l l . The r e s i s t a n t  

frac t i o n  a l s o  var i e d  be twe en  0 . 4 6 , 0 . 5 8 a n d  0 . 2 9 a t  t he 

l ow , h i gh and m i d  range i n f l ue n t  s ub s t ra t e  c o n c e n t ra t i on s  

r e s pe c t i ve l y . A l l t h e  fe e d  ma t e r i a l  was  d i l u t e d  from s to c k  

ma t e r i a l  o f  ave rage BOD 5 1 4 2 5 0  mg / �  and t h e  apparent  var ­

i a t i o n s  i n  r e s i s t an t  frac t i o n  r e s u l t i ng  from inade q u a t e  

p re p a r a t i on i s  h i gh l y  un l i k e l y  s in c e  t h e  runs  were  c a r r i ed 

out  o n  a random i s e d  b a s i s  ove r t h e  e xp e r ime n t a l  p e r i o d  t o  

e l i m i n a t e  s uch  b i a s .  Al though t h e  u s e  o f  t h e  mas s b a l ance  

e q u a t i o n s  1 s  w i d es p r e a d i n  t h e  l i t e ra t u re , t h e i r  u s e  i s  

p r o b ab l y  l i m i t ed t o  n a r row concent r a t i o n  ran g e s  and b e s t  

ap p l i c ab l e  t o  s yn t he t i c  s ub s t ra t e s  i n  wh i c h  t he r a t e s  l im i ­

t i ng c o n c e n t ra t ion  c a n be re ad i l y i d e n t i f i e d . Sw i t z e nb aum 

( 1 9 7 8 )  fo un d e qua t i on  7 . 1 1 a d e q u a t e l y  de s c r i b ed p e rfo rmance  

o v e r  the  range  of  3 0 0  t o  6 0 0  mg COD/ � u s ing  a s yn t he t i c 

w a s t e  c omp r i s i n g g l u c o s e  p l us y e a s t e x t r a c t a n d  s a l t s  and 

d e t en t i o n  t i me s o f  0 . 3 3 to  6 hou r s . L i t t l e , i f  a ny o f  t h e  

COD o f  th i s  wa s t e  wo u l d  have r e s i s t e d  b i o de g radat i o n . On 

the o t h e r  h and , i n  t r i a l s  a s s e s s i n g  the amenab i l i ty of dome ­

s t i c re fu s e  t o  anaerob i c  d i ge s t io n  K was  found t o  vary b e t ­

we e n  z e ro a n d  0 . 7 6 9  d - l i n  a non - u n i fo rm man n e r  ove r a 
range o f  HRT o f  1 . 5  t o  1 4 . 6  d ( P ffe fe r , 1 9 7 8 ) . Th i s  was  

conc l uded t o  b e  due t o  the  comp l ex  n a ture  of  real  was t e  

s t re ams and fu r t h e r  i t  w a s  doub t e d  whe t h e r  a n y  k i n e t i c  mode l 

c o u l d  b e  adequa t e l y  f i t t e d  t o  t h e  dat a  fo r t h e  s ame r e as o n . 

I n  the  re a l m  o f  anae ro b i c  f i l t ra t i o n  s tu d i e s , s e ve r a l  mode l s  

have b e e n  p ro p o s e d  t o  p re d i c t  f i l t e r  p e r fo rmance . The s e  

range i n  comp l e x i t y  be tween comp l e x  c o n s i de ra t i on s  b as e d  o n  

the  the o r i e s  o f  b i o f i lm k i ne t i c s  (Jenn i n g s  e t  a l �  1 9 7 6 )  t o  

Monad b as e d  k i ne t i c app ra i s a l s  ( Young & McC a r t y , 1 9 6 7 )  and 

f i rs t o rd� r k i ne t i c s  (Mue l l e r  and Manc i n i , 1 9 7 5 ) . Fo r us e 

i n  a des i gn s i tuat i o n  a p e r formance mode l n e e d  t o  b e  a s  

s imp l e  a s  p o s s i b l e , a n d  a l s o  t o  r e f l e c t  t h e  var i ab l e  n a t ure  

o f  t h e  s y s t em . The real  s i tu a t i o n s  e n c o un t e re d  in  t he t re a t ­

men t  o f  comp l ex wa s t e s  b y  m i x e d  popu l a t i o n s  and t he l im i t a ­

t i on s  o f  app l y i ng pure  c u l t ure k ine t i c s  t ho s e  h ave a l re ady 
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b e e n  no t e d  ( Down ing , 1 9 6 6 ) . The po s s ib i l i t y t h a t  t h e  

r a t e  l im i t i n g  s ub s t ra t e - o rgan i sm comb i n a t i on var i e s  und e r  

d i f fe re n t  l oa d i n g  c o nd i t i o n s  has  b e e n  p r o p o unded ( P f fe fe r , 

1 9 7 8 ) . Th i s  can a l s o  b e  adduced from the  var i a t i on i n  e s ­

t imat e s  o f  k ine t i c p a rame t e r s  o f  g re a t e r  t h an an o rde r o f  

magn i t ude i n  rev i ew s  o f  l i t e ra t u re fo r mode l s  s uch a s  

Monod  b a s e d  k i n e t i c  an a l y s e s  o f  anaerob i c  d i ge s t ion  

( Ze h nde r et a l �  1 9 8 1 ) . 

Pe rhaps  a un i fy i ng  c o n c e p t  fo r an ae rob i c  di ges t i on and 

indeed any b i o l o g i c a l  pro c e s s  w i l l  o n l y  b e  ach i eved when 

the  p ro c e s s e s  a re reduced  to  a mo l e c u l a r  l e ve l  and a ,  nec ­

e s s ar i l y , va s t  mode l requ i r i ng comp l e t e  c h a rac t e r i s a t i o n  o f  

b o t h  s ub s t ra t e s  and o rgan i sms ( i n c l ud i n g  t h e i r  ab i l i ty t o  

mu t a t e )  i s  produc e d . Unt i l  t h e n  i t  i s  no t . un l i k e l y t h a t  

s i mp l i s t i c emp i r i c a l  mode l s  w i l l  have t o  s u f f i c e . 

·r h e  u s e  o f  s t a t i s t i c a l l y  b a s e d  re g re s s L o n  mo de l s  i s  t he r e fo re 

s e e n  a s  a v i ab l e  a l t e rn a t i ve t o  chem i c a l  and pure - cu l ture ­

b i o l o g i c a l  k i ne t i c s  fo r the  mode l l ing  o f  anae rob i c  f i l t r a ­

t i o n . The re d o e s  ex i s t  a c l a s s o f  p rob l ems i n  wh i ch regre ­

s s i on s  do e x i s t , b u t  t h e re i s  no  func t i o n a l  r e l a t i o n s h i p  

b e twe en  var i ab l e s , e s pe c i a l l y  i n  b i o l o g i c a l  s y s t ems ( Dav i e s , 

1 9 54) . Th i s  c o u l d  we l l  b e  the  c a s e  when us i n g  gro s s  s ub ­

s t ra t e  me a s uremen t s , s uch  a s  COD , i n  b i o l o g i c a l  was t e  t re a t ­

men t  s tud i e s  as  t h e y  are  o f  prac t i c a l  n e c e s s i t y . 

When  on l y  a l im i t e d  numb e r  o f  e xp e r i me n t a l  t r i a l s  are  ab l e  

t o  b e  c a r r i ed o u t  t h e  s t at i s t i c a l l y  b as e d  expe r ime n t a l  de s i gn 

gene r a t e s  much more d a t a  t han the  c l a s s i c a l  one  va r i ab l e  a t  

a t ime approach . I n  add i t io n  wh i l e  many mode l s  may n o t  be  

l in e a r  i n  t h e  proce s s  va r i ab l e s , r e g re s s ion  ana l y s i s  a l l ow s  

f i t t i n g  o f  t rans fo rme d , c o d e d  var i ab l e s  t o  p roduce  mode l s  

wh i ch can  e as i ly b e  a n a l y s e d  a s  the  e qu a t i on s  b e come l i n e a r  

i n  t h e i r  p ar ame t e r s a n d  i n t e r ac t i on s  b e tw e e n  var i ab l e s  c an 

b e  quan t i f i e d . Wh i l e t h e  p r e s e n t  s tudy h a s  on l y  i s o l at e d  

t h e  p arame t e r s  h a v i n g  t h e  g r e at e s t  e f fe c t  o n  anaerob i c  f i l te r  

p e r fo rmance , from t h e  t re a tmen t  o f  a h i gh s t re n g t h  i n du s t r i al 
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wa s t e , th o s e  parame t e r s  have b e e n  us ed , t o  q u a n t i fy t h a t  

p e r f o rmance i n  equa t i o n s  wh i c h  may b e  u s e d  t o  p r ed i c t  the  

pe r fo rmance of  a real  was t e  t rea tme n t  s y s tem  ove r a g r e a t e r  

range  o f  pro c e s s  var i ab l e  leve l s  than  p revi ous l y  t e s t ed 

The t echno l o g i c a l  s i gn i f i c ance  o f  t h e  e qua t i o n s  w i l l  b e  

demons t r a t e d  i n  the  fo l l ow i n g  chap t e r  o n  the  b a s i c  des i gn 

o f  an  on  s i t e  e ff l ue n t  pre- t rea tment  p r o c e s s . 
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CHAPTER E I GHT 

ON - S I TE  P RETREATMENT 

OF YEAST P LANT E F F LU ENT : 

AN ANALYS I S  OF  PLANT S I Z E  OPT I ONS 

A fac t o ry 1 s  p r o d i c i ng up to f i ve b a t ch e s  of b ak e r s ' y ea s t 

p e r  w e e k . Th e amoun t o f  y e as t p r opag a t i on b ro t h  and y e a s t 

c r e am wash  w a t e r  p roduced i s  p re s e n t ed i n  Tab l e  8 . 1 .  F o r  

th e purp o s e s  o f  t h e  a n a l y s i s  the  i t ems l i s t ed i n  Tab l e  8 . 1  

a r e  c o ns i de r e d  t o  c o n t r i b ut e  1 0 0  p e r c e n t  o f  the  was t e  w a t e r  

oxy g e n  demand and 4 0  p e r c e n t  o f  t h e  t o t a l  v o l ume . I t  i s  

a l s o  as s umed t h a t  t h e  s l udge  produced b y  t h e  mo l as s es 

c l a r i f i c a t i o n w i l l  b e  d i s po s ed o f  s ep a ra t e l y i n  a s o l i d 

fo rm and n o t  f l us h e d  t o  was t e .  The r ema i n i ng  was t e  w a t e r  

vo l ume w i l l  th e r e f o r e  cons i s t  p r i m a r i l y  o f  f e rme n t e r  c oo l i ng 

w a t e r  and w a s h i ngs  from t h e  p l an t  a nd w i l l  not  c o n t r i b u t e  

s i gn i f i c an t ly  t o  the  oxy g e n  demand . 

TAB L E  8 . 1 : F a c t o ry D i s ch a r g e s  o f  S p e n t  Med i a  

and Y e a s t C r e am W a s h  W a t e r s . 

I t em Vo l ume BOD 

3 m /week  mg/  

S p e n t  med i a  1 6 5  1 4 2 5 0  

1 s t  w a s h  w a t e r  9 0  5 0 0 0  

2 nd wash  w a t e r  1 2 5  1 2 5 0  

3 r d  w a s h  w a t e r  1 1 0  5 0 0 *  

TOTALS 4 9 0  6 1 6 0 + 

* e s t i m a t e d  

+ we i gh t ed for  vo l ume 

The t o t a l  B OD 5 d i s ch a r ge d  from t h e  p l an t  i s  t h e r e fo r e  

3 0 2 0  k g/we e k . T h e  w as t e  s t r e ams i t em i s ed i n  Tab l e  8 . 1  a r e  

r e ad i l y  i s o l at e d , from the  o th e r  l iq u i d w as t e s  from t h e  
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f ac t o ry and c an b e  chane l l ed  t o  a t r e a tm e n t  fac i l i ty l oc a t e d  

o n - s i t e .  

Th e t r e a tment  p l ant  w o u l d  cons i s t  o f  an  equa l i s i n g  t an k , 

a rec i r c u l a t ed anae rob i c  f i l t er  and a s ed i men t a t i on ves s e l . 

A l t e rn a t i v e l y , p r ov i s i on c o u l d  b e  made fo r s ed i m e n t a t i o n  

w i th i n  t h e  f i l t e r  b ody . T h e  t r e a t ed e f f l ue n t  w o u l d  b e  m i xed 

w i t h the  r ema i n i n g  p l an t  was t e  w a t e r  p r i o r  to  d i s ch arge  t o  

t h e  mun i c i p a l  s ew e r . 

The cha rge  l ev i ed for  the  accep t ance  o f  the  was t e w a t e r , 

by  the  l o c a l au tho r i ty , i s  c a l c u l a t e d  from equa t i o n  8 . 1 .  

$ / y e a r = �S � 1 . 2 + 03�6S + 04668 � - z R ( 2 . 6 7 ) 

wh e r e : V= ave rage  d a i ly d i s charge  ( l i t r e s ) 

S = s us p ended s o l i ds c o n t e n t  ( mg / £ )  

B = BOO S c o n t en t  (mg/ £ )  

z a n d  R = r a t i n g  c o e f f i c i en t s  

( 8 .  1 )  

The t o t a l  w a s t e  w a t e r , unt r e a t e d , w i l l  a t t ra c t  a charge  o f  $ 1 0 8 4 0 p e r  y e a r . Th i s  i s  a cons i de r ab l e s um and w i l l  

o n l y  i nc reas e i n  t h e  futur e , e s p e c i a l ly w i th r e s p e c t t o  t h e  

c o e f f i c i en t  re l a t i ng t o  BOO S ' as  t h e  l oc a l  autho r i ty i s  

ob l i ged t o  i ns t a l l mo re  s oph i s t i c a t e d  BOO S t re a t m e n t  i n  t h e i r  

own p l ant . S ev e r a l  op t i on s  are  p e r c e i ved for  t h e  amoun t o f  

was t e  w a t e r  t o  b e  t r e a t ed o n  the  fac t o ry s i t e .  Th e s e a r e  

i t em i s ed i n  Tab l e  8 . 2 .  T h e  BOO
S 

c o n t e n t  o f  t h e  f i rs t t w o  

opt i ons  a re  cons i de re d  t o  b e  t o o  h i gh for  t r e a tm e n t  w i t h o u t  

s ome d i l u t i o n , b u t  t h e  next  t h r e e  fa l l  i nt o  t h e  r a n g e  know n  

t o  b e  amen ab l e  t o  t r e a tment  b y  t h e  anae rob i c  f i l t e r . I n  t h e  

fo l l ow i n g  ana l y s i s  t h e s e t h r e e  are  l ab e l l e d  A , B  a n d  C r e s p ­

e c t i v e ly . 
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TAB L E  8 . 2 : On - s i t e  T r e a tment  Op t i on s  

S t r eam t o  b e  t r e a t e d  Vo l ume BOD 5 

m 3 /we e k  mg/ Q 

S p e n t  medi a 1 6 5  1 4 2 5 0 

S p e n t  medi a + w a s h  1 2 5 5  1 1 0 0 0  

S p e n t  med i a  + w a s h e s  1 & 2  3 8 0  7 8 0 0  A 

S p e n t  medi a + a l l w a s h es 4 9 0  6 1 6 0  B 

To t a l  was t e  w a t e r  1 2 2 5  2 4 6 0  c 

Th e expe c t ed opera t i ng cond i t i ons  and s ome  e c onom i c  es t i m a t e s  

f o r  o p t i ons  A , B  a n d  C are  p re s e n t e d  i n  Tab l e 8 . 3  a n d  t h e  

no t e s  r e l a t i ng t o  i t .  F or  c onve n i e nc e , t h e  hydrau l i c  re t ­

en t i on t i mes  us ed i n  t h e  prev ious  s t udy h ave b e e n  us e d  h e r e  

a s  w e l l  a n d  t h e  s ub s c r i p t s  r e f e r  t o  1 , 3 a n d  5 d � ! RT r e s p ec t ­

t v e l y fo r t h e  o p t i ons  i n  row 1 .  

Th e b o t t om l i ne  1 n  Tab l e  8 . 3  i nd i c a t e s  t h a t  o p t i on s  A l  and 

B l  g i ve s im i l ar cos t s av i ng s  when  c ompared  on  an  equal  p l a n t  

i nves tment  c o s t b as i s . A ch o i c e h�w e e n  t h em w o u l d  p r ob ab l y  

depend  l ar g e l y  o n  t h e  l and a r e a  ava i l ab l e f o r  t h e  t r e a tment  

p l an t , s i nc e  the  f i l t e r  requ i red for  op t i on B l  i a  ab out  

tw i c e  the  s i z e o f  th a t  needed for  A l . 

No do l l ar va l ue h as b e en  p l ac e d  on t h e  c o s t o f  f i l t e r  

cons t ru c t i on b u t  i t  i s  ant i c i p a t ed t h a t  l ong  p ay - b ac k  

p e r i ods wou l d  b e  man i fe s t d u e  t o  t h e  magn i tude o f  t h e  s av i ngs  

i nvo lved . H oweve r , cos t s av i ngs  are  no t a l l  t h a t  i s  t o  

b e  c o ns i dered  i n  th e t r e a tm e n t  p l ant . Th e e f f l ue n t  i s  o f  

a l ow e r  pH than  t h a t  range s p e c i fi ed b y  t h e  l oc a l  au t h o r i ty  

name l y  6 to  9 ,  and t h e  anae rob i c  f i l t ra t i on p r o c e s s  w i th 

i t s  a t t e ndan t pH  adj us tment  w i l l  b o t h  t en d  t o  equa l i s e  th e 

f i n a l  d i s ch arge  w i th r e s p e c t  t o  pH  and BOD 5 m n t e n t ; thus  

p ro t e c t i ng the  down s t r e am b i o l og i c a l  t r e a t m e n t  f ac i l i t i es . 



TAB L E  8 .  3 :  Comp ar i s on o f  S e v e r a l  Tre a tment P l an t  Op t i o ns 

F e e d  c onen t r a t i on 

BOD 5 mg/ � 

COD mg/ �  

Vo l ume  m3 / d  

H RT ci 
E f f l ue n t  COD mg/ � 

COD r emov a l  % 

BOD 5 r emov a l  % 

E ff l ue n t  B OD 5 mg/ � 

F i na l  B OD 5 mg/ �  
3 

M e t h an e  m / d  

N e t  f i l t es 
vo l ume  m 

Gros s e n e r gy 
i n  m e t h an e  G J / d  

Ne t ene rgy G J / d  

S av i ngs  d u e  t o : 

B OD 5 remova l  

G a s  c redi t 

To t a l  

Re l at i ve c os t 

Re l a t i ve c o s t  
b en ef i t  

n o t e s  

1 

2 

1 

3 

4 

5 

6 

7 

8 

9 

A l  A 2  

7 8 0 0  7 8 0 0  

3 9 0 0 0  39 0 0 0  

5 4 . 3  5 4 . 3  

1 3 

2 6 5 3 5  2 4 2 4 5  

3 2 . 0  3 7 . 8  

4 0 . 0  4 7 . 3  

4 6 8 0  4 1 1 0  

1 4 5 0 1 2 7 5  

8 3 . 1  7 2 . 1  

5 4 . 3  1 6 2 . 9  

3 . 1 2  2 . 7 1 

0 . 9 2  0 . 6 4  

$ 3 3 1 5  3 8 3 2  

$ 1 3 1 0  9 1 0 

$ 4 6 2 5  4 7 4 2  

1 .  0 0  1 .  9 3 

4 6 2 5  2 4 5 7  

O PT I ON 0Jm!B E R  
A3 B l  B 2  B 3  

7 8 0 0  6 1 6 0  6 1 6 0  6 1 6 0  

390 0 0  3 0 8 0 0  3 0  8 0 0 3 0 8 0 0  

5 4 . 3  7 0  7 0  7 0  

5 1 3 5 

2 1 6 0 0  1 9 0 4 5  1 7 6 3 0  1 5 0 7 5 

4 4 . 6  3 8 . 2  4 2 . 8  5 1 . 1  

5 5 . 8  4 7 . 7  5 3 . 4  6 3 . 8  

3 4 4 8  3 2 2 2  2 8 7 1  2 2 3 0  

1 0 7 0  1 2 9 5  1 1 5 0  89  5 

6 1 . 1  1 5 0 . 7  1 2 9 . 4 1 0 8 . 1  

2 7 1 . 5  1 0 5 . 0  3 1 5 . 0 5 2 5 . 0  

2 . 2 9 5 . 6 5 4 . 8 5 4 . 0 6 

0 . 3 4 1 .  9 3  1 .  3 7  0 . 8 1 

4 4 4 0  3 7 7 3  4 2 0 2  4 9 5 8  

4 8 5  2 7 5 0 1 9  s o  1 1 5 5  

49 2 5  6 1 2 5  6 1 5 2  6 1 1 3  

2 . 6 3 1 .  4 9  2 . 8 7 3 . 9 0  

1 8 7 2  4 1 1 0 2 1 4 3  1 5 6 7  

C l  C 2  C 3  

2 4 6 0  2 4 6 0  2 4 6 0  

1 2 3 0 0  1 2 3 0 0  1 2 3 0 0  

1 7 5  1 7 5  1 7 5  

1 3 5 

5 9 9  5 49  4 0  4 0 1 0  

5 1 . 3  59 . 8  6 7 . 4  

6 4 . 1  7 4 . 8  8 4 . 2  

8 8 3  6 2 0 3 8 9  

8 8 3  6 2 0 3 8 9  

1 5 8 . 5  1 2 3 . 0  8 7 . 5  

1 7 5 . 0  5 2 5 . 0  8 7 5 . 0  

5 . 9 4  4 . 6 1  3 . 2 8 

( 3 . 6 6 )  ( 4 . 9 9 )  ( 6 . 3 2 )  

4 9 9 3  5 7 7 2  6 4 5 6 

( 5 2 1 0 ) ( 7 1 0 5 )  ( 8 9 9 7 )  
N 

( 2 1  7 )  ( 1 3 3 3 )  ( 2 5 4 1 )  0 
0 

2 .  0 2 3 . 9 0  5 . 3 0 



No t e s  re l at i ng t o  Tab l e  8 . 3  

1 F i l t e r  e f f l ue n t  COD o r  BOD 5 

2 B a s e d  o n  t h e  a s s ump t i on t h a t  BOB 5 r emoval  w i l l  b e  

equal  t o  t h e  r emova l o f  degr adab l e  COD . 

3 BOD 5 c o n t e n t  o f  the  was t e  w a t e r  d i s ch a rged  t o  t h e  

mun i c i p a l  s ew e r . 

4 Ca l cu l a t ed from t h e  methane  p r o duc t i on mode l o f  

th i s  s t udy . 

2 0 1  

5 Bas ed  on  a h e a t i ng va l ue o f  3 7 . 5  MJ/ m3 for  m e t h ane . 

6 Net  e n e r gy = 7 0 % o f  t h e  e n e r gy r emai n i ng a f t e r  t ak i ng 

i n t o  account  t h e  ene r gy requ i r ed t o  h e a t  t h e  f i l t e r  

feed  t o  3 0 ° C .  Th e e s t i m a t ed fe ed  t em p e r a t u r e s  o f  

t h e  f e e d  mat e r i a l  arc : 2 2 , 2 0 a n d  1 7 ° C fo r o p t i on s  

A , B  a n d  C res p e c t i ve l y . 

7 D e c emb e r 1 9 8 3  p r i c es as s umi ng t h e  me th ane w i l l  rep l a c e  

natu r a l  g a s  us e d  b y  t h e  p l an t . 

8 Us i ng op t i on A l  as  t h e  b as e  p l an t  s 1 z e  t h e n : 

( 1 O f  P l an t ) 0 . 6 
r e l a t i ve p l an t  c o s t = b as e  cos t ( �v�o�1�

u�m�e����� vo ume of bas e ) 

9 To t a l  s av i n g s / r e l at i ve p l ant  cos t 
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The anae rob i c  f i l t e r  h a s  b e en s h own t o  b e  a s u i t ab l e 

p r o c e s s  for  t h e  p r e t r e a tment  o f  a h i gh s t r en g t h , ac i d i c  

w a s t e  w a t e r  s r i s i ng from the  p roduc t i o n  o f  b ak e r s ' y e as t . 

A l though t h e  r a t e s  o f  r emoval  o f  COD w e r e  n o t  as  h i gh as  

c an be  ach i eved b y  s ome  anaerob i c  p r o c e s s es , s uch as 

the u p f l ow anae rob i c  s ludge b l an k e t  and expanded f l u i d ­

i s ed b ed , t h e  l eve l o f  s oph i s t i c a t i on o f  t h e  anae r ob i c  

f i l t er  i s  l ow e r . Th i s  r e s u l t s  i n  reduced  c o s t s  f o r  i n i t i a l  

cons t r uc t i on and o p e r a t i on . F u r t h e r , a l though  t h e  p r e s ent  

a p p l i c a t i on has  b e en r e s t r i c t e d  t o  t h e  t r e a tment  o f  b ak e r s ' 

yeas t , t h e r e  i s  no  r e a s on t o  b e l i eve  t h e  f i l t er i s  n o t  

ap p l i c ab l e t o  o t h e r  h i gh s t rength  i ndus t r i a l  was t e s . 

The ranges  o f  i n f l ue n t  s ub s t r a t e  c o n c e n t r a t i o n  and hydrau ­

l i c  r e t ent i o n  t ime u s e d  were : 5 5 0 0  t o  4 7 2 0 0  mg COD/ � 

( l 0 0 0 t o  9 0 0 0 m g B 0 I\ I Q_ )  and 1 t o  5 days  r e s  p e c t i v e 1 y . 

Th e c o n s eque n t  o r g a n i c  l o ad i ng r a t e s  w e r e  1 . 1 5 t o  4 7 . 2  

kg COD/m3 d ( 0 . 2  t o  9 . 0  k g  Boo 5 ;m3 d) . A t  t he l ower  l o a d i n g  

r a t es COD remova l s  w e r e  o f  the  o r d e r  o f  6 5  p e r c e n t  a n d  t h e s e  

d e c r e a s ed s t ead i l y , as  the  l o ad i n g  r a t e  w a s  i n c r e as ed , t o  

3 4  p e r c en t  a t  t he h i gh e s t  l o a d i n g  r a t e  t e s t ed . Th e s e  

va l ues  a r e  i n  t e rms o f  t o t a l  COD o f  wh i c h  8 0  p e rc e n t  w a s  

found t o  b e  deg radab l e . The mas s r emova l r a t e s o f  COD p e r  

un i t  vo l ume o f  t h e  d i g e s t e r  w e r e  found t o  i n c r e as e w i th 

i nc r e as ed l o ad i ng r at e , w i th t h e  r a t e  o f  i n c r e as e fa l l i n g  

a t  t h e  h i ghe s t  l o ad i n g  r a t e s . The r e  w a s  a l s o  a l arge  r e duc t ­

i on i n  m e t h ane at  t h e  h i gh l o ad ing  r a t e s , e s pe c i a l ly a t  

sho r t e r  hydrau l i c  r e t e n t i o n  t imes . 

B e c au s e  o f  a l ac k  o f  f i t  found w i t h  t he mechan i s t i c mode l s  

us ed t o  de s c r i b e  t h e  anaerob i c  f i l t e r , a n  exp e r ime n t a l  app ­

roach  b as ed on  a s t a t i s t i c a l  des i gn w a s  us e d  wh i ch l en t  

i t s e l f  t o  t h e  g e n e ra t i on o f  r e g r es s i o n  mode l s . Two p r o c e s s  

r e s p o n s e s , n am e l y  C O D  r emova l r a t e  and m e t h an e  p roduc t i o n  

w e r e  found t o  b e  ab l e  t o  b e  d e s c r ib ed i n  t e rms  o f  t h e  i n fl u e n t  

s ub s t r a t e  c o n c en t ra t i on and hydrau l i c r e t en t i on t im e  i n  

l i ne a r  o r  quadr a t i c  f o rms . T o t a l  g a s  p r oduc t i o n  r e q u i r e d  t h e  

a dd i t i on o f  a t emp e r at u r e  t e rm and t h e  c onve r s i on o f  COD  t o  
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me t h ane a l s o  req u i red  a t e rm accoun t i n g  for  t h e  anae rob i c  

f i l t e r  u s e d . The equa t i o n s  de s c r ib ed b e tw e e n  9 2  and 9 7  

p e r c e n t  o f  t h e  ob s e rved  var i an c e  i n  t h e  exp e r i men t a l  t r i a l s  

over  t h e  r ange  o f  c ond i t i o n s  s tud i ed . 

Th e anae rob i c  f i l t e r  s y s t em w a s  found t o  b e  exp e r i men t a l ly 

s t ab l e  and the  r e s u l t s  s t a t i s t i c a l l y  c ons i s t e n t  over  t h e  

a p p l i ed chan � e s  i n  t h e  ope r a t i n g  c o nd i t i o n s , f o r  a p e r i od 

o f  a l mos t t h r e e  y e a rs . Th i s  re l i ab i l i ty g i ve s  a c o n f i denc e 

1 n  the  u s e  o f  the  r e g r e s s i on  mode l s  t o  p r e d i c t  t h e  o p e r a t i ng 

pe r fo rmance i n  t he r e a l  p l an t  s i t u a t i o n . 
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AP P E N D I X  1 :  Regres s i o n  D a t a  fo r E f f l ue n t  COD  and 

P e r c e n t  COD  � e � o v a l 

TABL E  A l  

L e a s t s qu ar e s  ana ly s i s  o f  e ff l ue n t  C O D  da t a . 

P re d i c t o r  
C o n s t an t  
I SC 
HRT 
( I SC )  2 

( I SC ) (HRT )  

t r a t i o  
2 4 . 2 0  
1 8 . 4 3 
- 2 . 5 2 

2 . 6 5 
1 .  6 0  

C o e f f i c i e nt  o f  de t e rm in a t i o n  r 2 
= . 9 8 1  

run 
5 

T i\ 13 L E  A 2  

s t d  res i dual  
1 .  8 8  

L e a s t  s qu a r e s  ana l y s i s  o f  % COD  remo v a l  d a t a  

Pred i c t o r  
C o n s t an t  
I SC 
HRT 
AF  
( I SC ) ( HRT ) 

t r a t i o 
1 9 . 3 8 
- 4 . 0 7 
0 . 9 8  
0 . 4 0 
0 . 8 6 

C o e f f i c i en t  o f  de t e rm i n a t i o n  2 r . 7 1 6  

run 
4 

s td r e s i du a l  
- 1 . 8 6 

2 1 8' 
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APPEND I X  2 :  Re s i dua l s  p l o t s  
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