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a b s t r a c t

The l i t e r a t u r e  d e s c r ib in g  th e  so u rces  and c h a r a c t e r i s t i c s  o f  
w a ste -w a te rs  has been rev iew ed  w ith  p a r t ic u la r  r e fe r e n c e  to  th e  meat 
and d a iry  in d u s t r ie s .  A v a ila b le  m ethods o f  trea tm en t are exam ined  
w ith  em phasis on a n a ero b ic  p r o c e s s e s .  The b io c h e m is tr y  and m icro
b io lo g y  o f  a n a ero b ic  d eg ra d a tio n  i s  exam ined in  d e t a i l .

L ab oratory  s c a le  f lu id iz e d  bed r e a c to r s  were c o n s tr u c te d  and 
th e  perform ance o f  th e r e a c to r s  was exam ined a t s te a d y  s t a t e  w h i l s t  
t r e a t in g  a s y n t h e t ic  m ilk  w a ste -w a te r  a t  e le v a te d  tem p eratu re and a 
meat e x tr a c t  w a ste -w a ter  a t  am bient tem p eratu re . The r e a c to r s  
a c h ie v e d  good COD rem ovals a t  COD lo a d in g s  o f  up to  6 kg m"3 d~l a t  
3 7 ° C and 3 kg m” 3 d” l a t  am bient tem p era tu re .

The perform ance o f  th e  r e a c to r s  when su b je c te d  to  tr a n s ie n t  
changes in  tem p era tu re , in f lu e n t  f lo w r a te ,  in f lu e n t  COD and pH were 
a ls o  exam ined. E f f lu e n t  q u a l i t y  g e n e r a l ly  d e te r io r a te d  during a 
t r a n s ie n t  change but f u l l  trea tm en t e f f i c i e n c y  was r e g a in e d  w ith in  24 
h o u r s . Long term o p e r a tio n  a t  a low in f lu e n t  pH was c o n s id e r e d  to  be 
in a d v is a b le .

In a stu d y  concerned  w ith  o p t im is in g  th e  p r o c e ss  and eva
lu a t io n  o f  ra p id  s t a r t - u p  te c h n iq u e s  th e a d d it io n  o f  m ethanol and 
m a n ip u la tio n  o f  th e  lo a d in g  regim e over th e f i r s t  weeks o f  o p e r a tio n  
was found to  a c c e le r a te  th e developm ent o f an a c t iv e  m ethanogen ic  
b a c t e r ia l  p o p u la t io n . The u se  o f  io n  exchange r e s in s  as a supp ort 
m a te r ia l  was found to  be u n s u ita b le  due to  th e  la c k  o f  b io lo g ic a l  
attach m en t to  th e  p a r t i c l e s .

Two phase an a ero b ic  d ig e s t io n  w ith  an i n i t i a l  a c i d i f i c a t i o n  
r e a c to r  fo llo w e d  by a m ethanogenic f lu id iz e d  bed r e a c to r  has been  
compared w ith  a s in g le  phase a n a ero b ic  f lu id iz e d  bed r e a c to r .  Two 
phase a n a ero b ic  d ig e s t io n  was found to  produce a su p e r io r  q u a l i t y  
f i n a l  e f f lu e n t  w ith  low er suspended s o l i d s  c o n c e n tr a t io n s  and g r e a te r  
m ethane y i e l d s .  In a stu d y  o f  th e  d eg ra d a tio n  o f  p r o p io n a te  and a ce
t a t e  in  th e  two sy s te m s , d eg ra d a tio n  r a t e s  were found to  be an order  
o f  m agnitude g r e a te r  than in  a c o n v e n t io n a l sy stem . S p e c i f i c  degra
d a tio n  r a te s  in d ic a te d  th a t  th e b iom ass in  a se p a r a te d  phase system  
was b e t t e r  adapted  to  v o l a t i l e  a c id s  d eg ra d a tio n  than in  a s in g le  
phase r e a c to r .

B a c te r ia l  a c t i v i t y  and s u b s tr a te  co m p o sitio n  throughou t a f l u 
id iz e d  bed r e a c to r  were exam ined. B a c te r ia l  a c t i v i t y  was found to  be 
g r e a t e s t  in  th e  c e n tr a l  p o r t io n  o f  th e  r e a c to r  w ith  e v id e n c e  o f  par
t i a l  phase se p a r a t io n  a t  one o rg a n ic  lo a d in g . A tta ch ed  biom ass was 
found to  have a g r e a te r  b io lo g ic a l  a c t i v i t y  than f r e e  f l o a t i n g  f l o e s .
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1. INTRODUCTION

Agriculture and the subsequent processing of its products for 
foodstuffs, represents one of the United Kingdom's largest industries, 
almost every agricultural product is refined or treated by the food 
processing industries before it reaches the consumer (Een, 1975). The 
consumption of water in these industries is very high and consequently 
they have a waste-water disposal problem. Although statistics show 
that waste from food industries is a small part of all the waste pro
duced in industrialised countries, problems of disposal may be very 
acute locally, where food industries are concentrated.

With the increasing costs of water and waste-water treatment 
these industries have attempted to reduce their water consumption by 
introducing dry instead of wet methods and by recirculation of used 
water. Pollution problems may be alleviated by the reclamation of b y 
products (Jorgensen, 1979, Jones, 1975), however, many food manufac
turing plants find it necessary to make a considerable investment in 
waste-water treatment facilities in order to comply with legal stan
dards for effluent quality (Een, 1975).

Food manufacturing encompasses a wide variety of processes, 
however, meat and milk production produce waste-waters which typify 
the problems encountered in these industries.

In 1980, 15.2 x 10^ 1 of milk were produced in the U.K. and 
virtually all of this was processed in some manner to produce a wide 
variety of dairy products (Milk Marketing Board, 1980). However, the 
processing of such large volumes of material inevitably produces a 
large quantity of waste-water, merely the transport and subsequent 
storage of the milk produces a waste with a Biochemical Oxygen Demand 
(BOD5) of 0.7 kgm“3 of milk processed (Royal, 1977).

The effluents from milk processing originate from four sources 
(Royal, 1977). Washing of process and storage equipment, leaks and 
spillage, processing losses and deliberate wastage of low value pro
ducts. Thus the waste-water is largely organic in nature and composed 
of a solution of milk, milk products and cleaning materials. Shabi 
and Cannon (1975) reviewed the effluent characteristics from a variety 
of processes, their results are summarised in Table 1.1 The waste-



Table 1.1. Characteristics of dairy effluent

Type of Plant Volumetric Load 
m^ effluent 
tonne milk 
processed”!

BOD Load 
kg BOD 
tonne milk 
processed”!

bod5

mg 1”!

COD

mg I”1

SS

mg I”1

PH

Milk Bottling 3.3 4.2 1300
Cheese 6.0 34.0 5700 - - -

Casein 1.8 27.0 15000 - 9000-14000 4.0-6.0
Butter 1.9 0.6 300 460 - -
Mixed production 2.2 2.0 910 1400-3400 500-1000 6.5-9.0
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water is extremely strong in comparison to domestic sewage (a typical 
sewage BOD5 being 200 mg 1”  ̂ (Metcalf and Eddy, 1972)). Wide ranges of 
effluent characteristics are reported even from processes of a similar 
size and nature due to the differences in water management practised 
within the dairy.

In 1973, the meat industry in England and Wales handled 2.4 x 
10^ beasts with an estimated live weight of 2.2 x 10® tonnes. The 
annual volume of effluent produced has been estimated at 7 x 10® M® in 
addition 3 x 10® broiler chickens are processed anually with an esti
mated annual effluent discharge of 4.5 x 10® M® (Shabi and Cannon, 
1975).

The industry may be divided into three main categories:
(i) Slaughterhouses or abattoirs - killing, cleaning, dressing.
(ii) Packing houses - killing, dressing, curing, cooling.
(iii) Processing plants - processing.

The above activities may be combined together in one complex, 
or exist as separate entities (Anon, 1978).

Effluents from meat and poulty processing industries are simi
lar to domestic sewage, but with a strength of between two and ten 
times that of normal sewage (Jorgensen, 1979). The chief sources of 
polluting matter from the industry are: faeces and urine; blood;
washings from carcases; floors and utensils; undigested foods; conden
sate from offal rendering; wastes from cooking; curing and pickling of 
meat (Dart, 1974). Thus the effluents are characteristically high in 
BOD, suspended solids (S.S) and grease, and may contain blood, flesh, 
feathers, manure, dirt and viscera, and be discharged at elevated tem
peratures. As with effluents from dairies, volumes and strengths of 
waste-waters may vary greatly due to differing manufacturing processes 
and local management techniques, the characteristics of a wide variety 
of metal industry effluents have been reviewed (Shabi and Cannon, 
1975) and the data presented in Table 1.2.

Direct discharge of industrial waste-water to rivers, streams 
or lakes may lead to serious pollution problems with adverse con
sequences for public health and safety, the effect on aquatic life, 
the damage to property and other economic, recreational and aesthetic 
losses. A natural waterway has only a limited capacity for self puri-



Table 1.2. Characteristics of meat processing effluent

Type of Plant Volumetric Load 
m^ effluent 
tonne live 
weight” *

BOD Load 
kg BOD 
tonne live 
weight” !

BOD5

mg I” 1

COD

mg I” 1

SS pH

mg I" 1

Poultry 7.0 7.7 470 - -
Beef 11.4 23.2 3600 5400 2240 6.4
General Meat 
Packing

7.5-20.3 8.1-23.0 2000-3000 200-3000 —
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fication and may become polluted if this capacity is exceeded or 
destroyed. A particular problem associated with meat industry waste- 
waters is the transmission of disease. A number of diseases found in 
livestock are common to both animals and man, of which anthrax, bovine 
tuberculosis, salmonella infection and helminthic and fungal infec
tions are of the greatest significance (Anderson, 1977, Hopwood, 
1980). In the U.K., about one third of water abstracted for public 
supply comes directly from rivers. It is therefore clear that proper 
water management through the treatment of sewage and industrial waste- 
water, and the control of discharges to sewers and rivers is of the 
upmost importance (Government of Great Britain, 1978).

Legislation has been developed over the last half century to 
control the discharges into watercourses. The Public Health Act in 
1936 (Government of Great Britain, 1936) empowered the water authority 
to construct sewers and sewage treatment works and laid controls on 
the nature of discharges into these sewers. The Rivers (Prevention of 
Pollution) Acts of 1951 and 1961 (Government of Great Britain, 1951, 
1961) prohibited industrial or sewage effluents to pass into water
courses without consent. The 1951 Act applied to new or altered 
outlets, and the 1961 Act extended the controls to cover all 
discharges. The 1974, Control of Pollution Act (Government of Great 
Britain, 1974) contained a number of provisions that considerably 
strengthened the existing legislation on the control of water pollu
tion to include nearly all discharge to inland and coastal waters. 
The Act also places powers and duties on the water authorities to 
forestall and remedy pollution of water, returning the stream and its 
fauna to its previous condition. If the polluting discharge was 
within the authorities consent limits then the water authority must 
bear the costs of the remedial work.

Some countries such as the USA and the USSR have set standards 
for a wide variety of water pollutants, but most set standards only 
for BOD5 , SS and in some cases pH, chloride, sulphate and ammoniacal 
nitrogen (McKnight jjt jal., 1974). In the UK the standards recommended 
by the Royal Commission on sewage disposal (1898-1915) (20 mg 1“  ̂
BOD5 , 30 mg 1“1 SS with a minimum of 1:8 dilution) have been the nor
mal minimum requirement for effluent discharged to inland waters. In 
the future, greater emphasis will be placed on the use of the 
receiving water, in accordance with the European Economic Community 
(EEC) objectives (Department of the Environment, 1978).
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Whenever circumstances permit, the discharge of industrial 
wastes into municipal sewers is generally considered the best practice 
(Itnhoff et. al., 1971, Klein, 1966). A large municipal sewage treat
ment plant can generally treat mixed domestic sewage more economically 
than any individual establishment treating and discharging its own 
waste into the nearest watercourse (Imhoff jbJ: al., 1971). However, 
standards are often applied to discharges into sewers, limits of 400 
mg 1"1 BOD5 , 400 mg 1"^ SS and 100 mg 1“1 grease are common (Shabi and 
Cannon, 1975).

Charges are usually imposed by the water authority to cover the 
treatment costs. The recommended guidelines for the control of and 
charging for industrial effluent discharged to the sewer produced 
jointly by the Confederation of British Industries and the Regional 
Water Authorities includes a charging formula as follows (Dart, 1977)

C = R + V + 0. B + S .  S c c t c t c

0s Ss

(1)

where C 
Rc
vc
Ot

Os

BC

St

Ss
Sc

= Total charge per m3 of industrial effluent 
= Reception and conveyance charge per m3 
= Volumetric and Primary treatment cost per m3 
= The Chemical Oxygen Demand (COD) (in mg 1"1) of the 

industrial effluent after one hours quiescent 
settlement at pH 7.

= The COD (in mg l”*) of settled sewage 
= Biological oxidation cost per m3 of settled sewage 
= The total SS (in mg 1” )̂ of the industrial effluent 

at pH 7
= The total SS (in mg 1” )̂ of crude sewage 
= Treatment and disposal costs of primary sludges 

per m^ of sewage

The advantages of combined treatment include (Byrd, 1961):
(i) industrial wastes are generally more amenable to biological 

degradation when mixed with sewage, since domestic wastes pro
vide dilution for the industrial wastes and supply deficient 
nutrients;

(ii) expert attention is available on a large centrally located 
sewage treatment plant;

(iii) less space at the industrial site is required.



21

However the industrial waste-water may overload the works and 
cause operational problems, in addition, by passing the waste 
effluents over to an outside agency to treat, the costs move outside 
the dischargers control (Dart, 1977).

The specific characteristics of the waste-water generated by 
the meat and milk industry have led to the evaluation of a variety of 
different treatment methods. Generally, the options available to the 
industry for the disposal of waste-water are:
(i) Disposal with no pretreatment;
(ii) Physicochemical treatment;
(iii) Biological treatment, either Aerobic or Anaerobic.

The disposal of liquid wastes from meat and milk processing to 
land by spray irrigation or by overland flow has become a common prac
tice in the USA especially rural areas, however, this method is rarely 
reported in the UK. Disposal is achieved by percolation into the soil 
and to a lesser extent by evaporation (Gurnham, 1955), since the 
method relies on large land areas and suitable climatic conditions 
throughout the year, it is not generally used in this country. The 
advantages of the system are those of simplicity, low capital cost and 
the use of grasses grown for animal food. Natural soils have only a 
limited capacity for absorption and decomposition of organic material, 
thus there is a limit to the amount of polluting material that may be 
applied (Imhoff et^ a l ., 1971). There is also a danger that ground-
water may become contaminated due to excessive application rates.

The 1974, Control of Pollution Act includes legislation to pre
vent contamination of groundwater and surface waters. Land treatment, 
however, may be more suitable as a tertiary treatment process (Dart, 
1974) or after anaerobic pretreatment which would reduce fats and oils 
which may clog the soil (Wheatland et_ al_., 1976).

Dennis (1953), has reported a spray irrigation method to 
dispose of a milk waste in Tennessee. The effluent flowrate was 
47.8 m^ d“l and carried a BOD5 load equivalent to 31.8 kg d- .̂ A 0.8 
hectare pasture was irrigated for a 24 hour period, followed by 9 days 
rest. Average application rates for dairy wastes are typically 25 mm 
over a 24 hr period followed by a 14 day rest (equivalent to an appli
cation rate of 17.8 m^ ha-* d"l) (Borne, 1974).
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According to Hopwood (1975) and others (Porges and Struzeski, 
1962), one of the simplest methods of disposing of effluents from meat 
and poultry processing is by spray irrigation. Hopwood (1975) 
described the use of this system for a turkey processing effluent, at 
an irrigation rate of 7.78 m“*3 ha*"* d~l of a waste with a BOD5 of 
1100 mg 1“1. Porges and Struzeski (1962) reported that approximately 
22 hectares are needed to deal with the waste waters produced as a 
result of processing 50 000 birds per week.

The land disposal of an effluent on a large scale for an 
anaerobic lagoon treatment process has been reported for a meat 
packing plant in the USA. Although the BOD5 of the waste-water was 
low (25 mg 1“1) the effluent contained a high total dissolved solids 
(950 mg I"**). The design flowrate was between 3250 and 5410 m^ d“l 
onto four irrigation sites with a total area of 163 hectares. This 
provided a nutrient addition to the soil of 28 kg ha-* yr”l of nitro 
gen and 45 kg ha”  ̂ yr”l of phosphorus. It was envisaged that the 
irrigated area would be sown with the mixture of grasses and soybeans 
(Dencker et_ al., 1977).

Effluents from meat and milk processing industries containing 
pollutants may be classified into three types; suspended, colloidal 
and dissolved, whereas dissolved matter is difficult and expensive to 
remove, suspended and colloidal matter may be removed relatively 
easily using mechanical (or physical) treatment processes. Some form 
of pretreatment is usually necessary whatever the disposal method 
used, to prevent process difficulties such as pump and pipeline 
blockages, in addition appreciable amounts of organic matter may be 
removed by such processes (Bruce, 1957, Imhoff et. a K , 1971).

The processes most commonly applied for pretreatment are:
(i) Screening, for removal of coarse suspended solids;
(ii) Grit Chambers, for removal of heavy, settleable solids;
(iii) Skimming (using grease traps or skimming tanks;
(iv) Flotation, chemical precipitation and fine screening, for 

removal of suspended solids
(Imhoff et al., 1971).

The proportion of settleable solids in waste-waters from dif
ferent types of milk processing may vary considerably depending on
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the products being made. Wastes from distribution centres generally 
contain little settleable matter and primary sedimentation is not 
usually necessary before any biological treatment. Wastes from butter 
and cheese manufacturing, and dried and condensed milk products 
usually contain sufficient solids to make settlement necessary before 
secondary treatment, however this does not generally bring large 
reductions in BOD5 . At a typical factory producing a variety of milk 
products settlement of waste-waters reduced the BOD5 from 1420 to 1200 
mg 1“1 (Isaac, 1959).

Waste-waters from the meat industry generally contain higher 
concentrations of suspended material and an appreciable reduction in 
BOD5 may be achieved by such physicochemical processes (Bruce, 1957, 
Imhoff et al., 1971).

Dissolved air flotation is generally a more efficient method of 
reducing solids and its use has been widely reported (Grant, 1977).  

The process involves dissolving between 4 and 6% (v/v) of air in 
water, beyond its normal solubility at atmospheric pressure; 
industrially it is common to use pressures between 275 and 345 K Nm"2# 

Once the water is released to atmospheric pressure the air comes out 
of solution as small micro-bubbles with a diameter between 80-120 ym. 
These bubbles attach themselves to hydrophobic surfaces (e.g. fats and 
greases) as well as suspended solids to provide a buoyant two phase 
composite which rises to the surface where it may be skimmed off 
(Ramirez _e_t _al_., 1976) .  Dissolved air flotation units usually operate 
at half the retention time of an equivalent settlement process 
(Wheatly and Denham, 1980).

In Omaha, eighteen meat packing establishments have arranged to 
have their effluents treated on a central site using sedimentation 
tanks followed by air flotation units. The wastewater flow rate 
averaged 68,190 m^ d”l with at least 63 tonnes of SS and 36 tonnes of 
animal fats per day. The sedimentation tanks provided 50% SS and 40% 
grease removal whilst the air flotation tanks were expected to remove 
50% of the influent SS and 60% of the grease (Meier and Korbitz, 
1968). A dissolved air flotation process was able to remove 91% of 
the BOD5 and 94% of the SS and fats, oils and greases at an American 
slaughterhouse, where the influent contained 978 mg 1“1 BOD5 , 
573 mg 1 SS and 278 mg 1~1 fats, oils and greases (Ramirez et. al., 

1976).
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Electroflotation is a similar process to dissolved air flota
tion. Microbubbles are formed electrolytically at the base of a mid
section of the tank. These then act in the same manner as the air 
bubbles in the dissolved air flotation process. The passage of an 
electric current may also have a destabilizing effect on a particle 
suspension. This is due to the fact that a suspension is often stabi
lized by particles possessing electrical charges and electrolysis 
tends to neutralize these charges aiding coagulation (Bockris and 
Nagy, 1974). Often electrocoagulation is practised in conjunction 
with electroflotation. In this process coagulent chemicals are formed 
electrolytically, usually by the dissolution of a metal electrode into 
an alkaline solution to form hydroxides. This is obviously an expen
sive method of adding chemicals but it can often be a useful side 
effect of electroflotation and other electrolytic effluent treatment 
processes (Bockris and Nagy, 1974).

A direct comparison has been carried out between dissolved air 
flotation and electroflotation (with and without prior electro
coagulation) treating a beef slaughterhouse waste and a dehairing 
liquor. There was little difference in performance between the two 
flotation systems treating the slaughterhouse waste. Both systems 
being able to remove 90% of the BOD5 and 94% of the SS. However, once 
the dehairing liquor was added to the waste, the dissolved air flota
tion systems' BOD removal was reduced to 48% whilst the electrolytic 
system maintained a 90% removal. The poor results of the dissolved 
air system were attributed to the lower surface tension of the 
dehairing liquor and high turbulence in the flotation tank (Ramirez e_t 
al., 1976).

A laboratory experiment has been reported using electrocoagula
tion followed by electroflotation for the treatment of a dairy waste. 
Electrocogulation required a current density of 3mAcm”2 whilst 
electroflotation required 24 mAcra"̂  using Duralumin electrodes. 
Reduction in fats, suspended solids and COD were >95%, 86% and 62% 
respectively and the effluent polishing was by electrochemical oxida
tion (Feofanov and Kalinia-Shuvalova, 1977). In a similar experiment 
electrocoagulation was used for the removal of fats from a dairy 
waste-water and high fat removal efficiency was achieved (96-97%) with 
a BOD reduction from 3240 to 180mg 1“  ̂ (Prsyazhnyuk, 1977). A full 
scale system has been installed at a Russian dairy for treatment of
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its waste-water, primarily for removal of lipids. The waste is first 
adjusted to pH 6 -8 and then aluminium sulphate or calcium hydroxide is 
added and the waste electro-coagulated. The resulting sludge is dewa
tered by heat treatment to 4-11% solids and disposed of in municipal 
sludge digesters (Solymos, 1976).

The addition of varous chemicals to precipitate colloidal and 
dissolved material from meat processing wastes has been studied. The 
use of aluminium sulphate to precipitate protein from slaughterhouse 
effluents has been reported, the waste-water is first adjusted to pH 
5.0-5.5 and aluminium sulphate is added at a concentration of 
40 mg 1”1, typical COD and SS reductions were 62% and 25% respectively 
(Russell and Cooper, 1981). Lignin sulphonic acid has been used to 
remove proteins from waste-waters. The effluent is adjusted to pH 3 
with the acid and then passed to flotation tanks, 60 to 90% recovery 
of the protein as a 5 to 15% dry solids sludge was achieved, however, 
the pH must be readjusted to 7 before being passed to any subsequent 
biological removal process (Hopwood, 1975).

Chemical coagulation systems have been reported for the treat
ment of dairy wastes especially for the reduction of fats prior to 
treatment in a percolating filter, however in the UK the use of such 
processes is not recommended (Wheatland, 1960).

Waste-waters from both the meat and milk processing industries 
have the potential for by-product recovery. The flotation methods 
reported previously do produce a solid containing high concentrations 
of proteins and these may be used for animal foodstuffs (Grant, 1977). 
Other processes exist that are specifically tailored to produce high 
value by-products, these processes include membrane separation tech
niques and ion exchange systems.

One of the more severe treatment problems encountered with the 
dairy industry that may be treated using these methods is the disposal 
of whey. This by-product from cheese manufacture contains 5% lactose, 
0.8% protein and 0.8% minerals (Forbes, 1974). In the past it was 
common to feed whey to pigs; however, with the advent of plants pro
ducing up to 9 x 105 1 of whey per day, it is now impossible to 
dispose of it fully using this method due to difficulties with 
transportion. Some companies have recovered the lactose or have
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concentrated the whey and dried it to produce a solid with approxima
tely 12% protein but with a similar concentration of minerals which 
affects the palatability and drying properties of the solids. 
Ultrafiltration is a process which may be used to concentrate the pro
tein whilst selectively allowing the passage of lactose and minerals. 
A 20 fold concentration of whey with respect to protein would produce 
a solids (after spray drying) of 65% protein, 30-32% lactose and 3% 
minerals (Forbes, 1974). Moreover, using these methods it is possible 
to reduce the BOD5 of the whey stream from 20 g 1”1 to 50 mg 1“1 
(Ericksson, 1974).

Whey may also be demineralised by a process which utilizes both 
cationic and anionic ion exchange resins. After passing through a bed 
of each type of resin the treated whey is dried to a solid containing 
13% protein, 86% lactose and 1% minerals which may be used in a 
variety of food products (Herv£, 1974).

An ion exchange resin treatment process has been developed for 
the removal of proteins from waste-waters. Whereas conventional 
resins have a negligible capacity for proteins, new resins have been 
developed that have capacities of up to 0 .5 g of protein per gram of 
resin. Absorbed protein is easily desorbed by washing with alkaline 
sodium chloride. The method has been reported for the treatment of 
both milk and meat processing waste-waters (Palmer, 1977, Grant, 
1977). The process is not an economic method of organic matter remo
val, however as the resin can be made selective for individual pro
teins it is potentially useful for the preparation of high value 
products such as bovine serum albumin and various enzymes (Grant, 
1977).

Physico-chemical pretreatment cannot ensure an adequate degree 
of purification and as a consequence additional treatment processes 
have to be used. Secondary treatment is generally necessary for 
wastes containing appreciable concentrations of dissolved or colloidal 
organic matter, since soluble substances are generally not removed by 
primary treatment and may be a major source of pollution. The most 
commonly used secondary treatment method is biological treatment. This 
is defined as the removal of biodegradable material due to the action 
of micro-organisms (Curtis, 1970, Imhoff, 1971).
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Biological treatment may be divided into two distinct types; 
aerobic and anaerobic. Aerobic biological methods of treatment are 
those where the micro-organisms responsible for purification require 
the presence of free or molecular oxygen (Klein, 1966). Anaerobic
treatment does not require the presence of oxygen and will be 
described in detail later.

The organisms responsible for aerobic treatment processes 
possess the ability to decompose complex organic material and to use 
the energy so liberated for their cellular functions; reproduction, 
growth and maintenance. The part of the organic material used to pro
duce energy is converted to stable end products such as carbon 
dioxide, water and nitrate, whilst the remainder is used to maintain 
existing cells or converted to new cells. Oxygen must be supplied 
continuously during the aerobic process since it acts as the terminal 
hydrogen acceptor for the oxidation of organic material and it is 
during this hydrogen transfer that there is a liberation of the energy 
which is used for synthesis and maintenance of cellular material 
(Imhoff, 1971, Isaac, 1959).

The micro-organisms responsible for aerobic decomposition of 
organic wastes include a complex and interlocked community of many 
different species. Bacteria comprise the dominant group and are of 
most importance in the decomposition process. Fungi, yeasts, algae 
and protozoa are the most common other groups of micro-organisms 
(Winkler, 1981). For successful growth of micro-organisms the pre
sence of certain inorganic elements is necessary, particularly nitro
gen and phosphorus. The cleaning agents used in dairies elevate the 
phosphate concentrations (Brown and Pico, 1979), whilst meat pro
cessing effluents are rarely deficient in nutrients (Gurnham, 1955).

Aerobic biological filters have been widely used in waste-water 
treatment since early this century and have acquired a reputation for 
stability of operation, simplicity of design and requiring a relati
vely unskilled level of operating staff (Winkler, 1981). Distinction 
may be made between low and high rate filtration, the low rate process 
passes the waste-water through the filter bed with little or no 
recycle, the rate of application is low enough to ensure almost 
complete decomposition of the organic material. Therefore the level 
of solids discharge is low and little sludge is produced. Hydraulic



28

lo a d in g s  a re  t y p i c a l l y  in  th e  range 0 .0 7 - 0 .1 5  m̂  m~2 h“ l  and BOD5 

lo a d in g s  in  th e range 0 .0 8 - 0 .4  kg m~3 d” l (C lark  and V iessm an, 1 9 6 5 ) .  
In a h ig h  r a te  p ro cess  o n ly  a l im it e d  amount o f  biom ass i s  b u i l t  up on 
th e  s u r fa c e  o f  m edia, t h e r e f o r e ,  l i t t l e  o x id a t io n  and s t a b i l i z a t i o n  i s  
a c h ie v e d  and la r g e  r e c y c le  f lo w s must be u sed . H yd rau lic  lo a d in g s  are  
t y p i c a l l y  in  th e  range 0 .3 9  to  1 .1 7  m̂  m“ 2 h” l and BOD5 lo a d in g s  b e t 
ween 0 .4  to  1 .1 2  kg m” 3 d” l  (C la rk  and V iessm an, 1 9 6 5 ).

Low r a te  b io lo g ic a l  f i l t e r s  were th e  f i r s t  system s to  be used  
fo r  t r e a t in g  s la u g h te r h o u se  w a ste -w a te r s  (A nderson, 1 9 7 7 ), in  con ju n c
t io n  w ith  g r e a se  and SS rem oval p r o c e s s e s  t h i s  has been found to  be a 
dependable trea tm en t method fo r  meat p ack in g  w a s te s ,  e s p e c i a l l y  fo r  
la r g e  i n s t a l l a t i o n s .  E xperim ents have shown th a t  b io lo g ic a l  low r a te  
f i l t e r s  t r e a t in g  m ilk  w a stes  soon become b lock ed  a t th e  s u r fa c e  by 
heavy a ccu m u la tio n s o f  b i o l o g i c a l  f i lm  and fa t  (W heatland, 1974) 
ca u s in g  a c o n d it io n  known as p on d in g . I t  i s  now g e n e r a l ly  a c c e p te d  
th a t  low r a te  f i l t r a t i o n  cannot be used  s u c c e s s f u l ly  fo r  th e  trea tm en t  
o f  m ilk  w a stes  w ith o u t p r io r  trea tm en t to  remove fa t  and p r o t e in .  The 
o n ly  e x c e p t io n  i s  when th e  w a ste -w a te r s  are d isch a rg ed  in t e r m it t a n t ly  
and th e e f f lu e n t  i s  c o n t in u o u s ly  r e c y c le d .  T h is type o f  p la n t ,  
however o p e r a te s  in  a s im i la r  manner to  th e  a l t e r n a t in g  double f i l t r a 
t io n  (ADF) p r o c e ss  ( I s a a c ,  1957; W heatland, 1 9 7 4 ) .

Low and h ig h  r a te  f i l t e r s  have been r e p o r te d  fo r  trea tm en t o f  
meat p r o c e s s in g  and p o u ltr y  w a s te s .  A p o u ltr y  p ack in g  w a ste -w a te r  has  
been t r e a te d  by low r a te  f i l t r a t i o n ,  th e  system  op era ted  w ith  a 2 : 1  

r e c y c le ,  a t  a BOD5 lo a d in g  o f  0 .2 1  kg m"3 d“ l and was a b le  to  produce  
an e f f lu e n t  w ith  a BOD5 o f  15 mg 1” 1 and SS o f  23 mg 1” 1 (Hopwood, 
1 9 7 5 ) . However, h ig h  r a te  f i l t r a t i o n  u s in g  p l a s t i c  type m edia i s  more 
econom ic and r e q u ir e s  l e s s  lan d  a rea  and has proved more p op u la r  fo r  
r e c e n t ly  c o n s tr u c te d  p la n t s .  High r a te  f i l t r a t i o n  can g iv e  e x c e l l e n t  
r e s u l t s  p r o v id in g  l e s s  than 90% rem oval i s  r e q u ired  (Hopwood, 1 9 7 5 ).

High r a te  f i l t e r s  are m ost e f f e c t i v e l y  used  as th e  f i r s t  s ta g e  
o f  a two s ta g e  b i o lo g ic a l  p r o c e s s ,  s in c e  by th em se lv es  th ey  can n ot be 
e c o n o m ic a lly  used to  produce th e e f f lu e n t  q u a l i t y  r e q u ir e d  for  
d isc h a r g e  to  a w a terco u rse  (W heatland, 1 9 7 4 ). The u se  o f  p l a s t i c  
m edia in  h ig h  r a te  f i l t e r s  can c o n s id e r a b ly  in c r e a s e  t h e ir  c a p a c it y .  
Im p eria l C hem ical I n d u s tr ie s  have d e sc r ib e d  a number o f  p la n ts  u s in g  
tow ers o f  'F lo c o r '  p l a s t i c  m edia fo r  p a r t ia l  trea tm en t o f  d a ir y  w a stes
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w hich a c h ie v e  60% rem oval o f  BOD5 a t  BOD5 lo a d in g s  in  th e  range 2 .4  to  
3 .0  kg m~3 (B orne, 1 9 7 4 ) . P a r t ia l  trea tm en t o f  s la u g h te r h o u s e  and 
meat p r o c e s s in g  w a stes  w ith  C lo is o n y le  h ig h  r a te  p l a s t i c  f i l t e r s  has  
been r e p o r te d  (Shab i and Cannon, 1975) w ith  rem oval e f f i c i e n c i e s  
a v e r a g in g  75% a t mean f i l t e r  BOD5 lo a d in g s  o f  8 .6  kg m~3 d“ l .  The 
h ig h  e f f i c i e n c i e s  were a t t r ib u t e d  to  th e  h ig h  s p e c i f i c  su r fa c e  o f  th e  
m edia (220  m2 m"3), optimum o p e r a t in g  tem p eratu res (2 5 -3 0 °C ) and th e  
p re trea tm en t (prim ary s e t t le m e n t ,  g r e a se  tra p  and b a la n c in g  ta n k ) .

A lte r n a t in g  double f i l t r a t i o n  i s  a developm ent o f  th e  conven
t io n a l  f i l t r a t i o n  p r o c e ss  and has been used w id e ly  fo r  th e  trea tm en t  
o f  both  meat and m ilk  p r o c e s s in g  e f f lu e n t  (A nderson, 1977, W heatland, 
1 9 7 4 ) . Two f i l t e r s  are o p era ted  in  s e r i e s ,  th e  f i r s t  b e in g  load ed  a t  
a h ig h  r a te  and i t s  e f f lu e n t  a f t e r  s e t t le m e n t  i s  a p p lie d  to  th e  secon d  
f i l t e r .  The f i lm  growth on th e  f i r s t  f i l t e r  i s  ra p id  and ev ery  1 to  7 
days b e fo r e  b lock age  o ccu rs th e  order o f  th e f i l t e r s  i s  r e v e r se d  and 
th e  f i lm  on the form er prim ary f i l t e r  d i s in t e g r a t e s  r a p id ly .  The pro
c e s s  can r a is e  the BOD5 lo a d in g  r a te  to  over 0 .2 5  kg m""3 d“ l (Mara, 
1 9 8 0 ) . ADF trea tm en t has been rep o r te d  fo r  th e  trea tm en t o f  s e t t l e d  
s la u g h te r h o u s e  w a ste -w a te rs  by W heatland (1 9 6 8 ) .  The p r o c e ss  proved  
e f f e c t i v e ,  w ith  a BOD5 r e d u c tio n  from 1260 mg 1” 1 to  10 mg l - *. Raw 
w a ste -w a te r  was d i lu te d  w ith  r e c ir c u la t e d  e f f lu e n t  such th a t  th e  
f i l t e r  r e c e iv e d  a w a ste  BOD5 o f  650 mg 1“ 1 a t  a lo a d in g  o f  
0 .2 8  kg m-3 d_1«

The ADF p ro c e ss  i s  one o f  th e most s u c c e s s f u l  b io lo g ic a l  
system s fo r  th e trea tm en t o f  d a ir y  w a stes  ( I s s a c ,  1 9 5 7 ) . The recom
mended BOD5 d e s ig n  lo a d in g  fo r  an ADF p r o c e ss  i s  0 .3  kg m“ 3 d“ l in  th e  
two f i l t e r s  to g e th e r  (B orne, 1974, W heatland, 1 9 7 4 ) . T his co rresp o n d s  
to  a h y d r a u lic  lo a d in g  o f  1 m̂  m” 3 d” l when th e  w a ste -w a te r  has a 
BOD5 o f  300 mg I” *. S e v e r a l p la n ts  in  th e  UK now u se ADF and th e  
perform ance o f  four o f  th e s e  i s  g iv e n  in  T ab le 1 .3 .

A nother f ix e d  f i lm  b io lo g ic a l  p r o c e ss  i s  th e R o ta tin g  
B io lo g ic a l  C on tactor  (RBC). T h is c o n s i s t s  o f  a s h a f t  su p p o rtin g  c i r 
c u la r  p l a s t i c  (or an oth er m a te r ia l)  p l a t e s ,  immersed a p p ro x im a te ly  40% 
in  a co n to u red  tank and w hich i s  s lo w ly  r o ta te d  by power d r iv en  eq u ip 
m ent. M icro-organ ism s grow on th e  d is c  s u r f a c e s ,  w hich a re  sp aced  
such th a t  du rin g  subm ergence w a ste -w a te r  can e n te r  betw een th e  su r
fa c e s  and when th ey  are r o ta te d  out o f  th e  tank a ir  e n te r s  th e  v o id s  
w h i l s t  th e  l iq u id  runs over th e  b i o l o g i c a l  grow th . E xcess m ic r o b ia l
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T able 1 .3 .  Mean o p e r a t io n a l c o n d it io n s  o f  fou r ADF p la n ts  t r e a t in g  
d a iry  w a stes

P la n t A B C D

Volume o f  w aste  
m̂  d~l 590 91 272 181
BOD o f  w aste  
mg l - 1 600 300 250 700
R e c ir c u la t io n  r a t io  
r a w -r e c ir c u la te d 1 : 1 2:3 1 : 1 1:3
BOD lo a d in g s  
g m“ 3 d“ 1 214 41 63 60
E f f lu e n t  BOD 
mg l " 1 8 3 4 4

s o l i d s  s lo u g h  from th e m edia and are c a r r ie d out in th e e f f l u e n t  fo r
g r a v ity  s e p a r a t io n  in a f in a l c l a r i f i e r (Barnes e t a l .  1 9 8 1 ) .
A lthough  RBCs were d ev e lo p ed  in  1900 and t e s t e d  in  th e  USA d u rin g  th e  
1920s u s in g  m eta l d i s c s  th e  r e s u l t s  were n ot en co u ra g in g . However, 
during th e  1960s fu r th e r  r e se a r c h  c o n tin u ed  u s in g  p l a s t i c  d is c s  
(A n ton ie  and W elsch , 1969 , B irks and Hynek, 1 9 7 1 ) . The power r e q u ir e 
m ents fo r  th e  p ro c e ss  are c o n s id e r a b ly  l e s s  than th o se  o f  o th e r  a ero 
b ic  p r o c e s s e s  and th e r e  i s  a s a v in g  on c a p i t a l  in v estm en t as no 
r e c y c le  l i n e s  or pumps are req u ir e d  (C h itten d en  and W e lls , 1 9 7 1 ) .

An RBC u n it  has been used to  t r e a t  an e f f lu e n t  from a 
s la u g h te r h o u se  which had been p r e tr e a te d  in  a n a ero b ic  la g o o n s , a th ree  
s ta g e  sy stem  was used  to  t r e a t  up to  38 m”3 d“ l  o f  a w a ste  w ith  an 
a v era g e  BOD5 o f  250 mg 1”1, t o t a l  BOD5 rem oval was a p p ro x im a te ly  47% 
a t  a flo w  r a te  o f  38 m3 d“ * (co r r e sp o n d in g  to  a d is c  area  lo a d in g  o f  
0.3 m̂  m“2 d“ l )  and 83% a t  19 m3 d- * (C h itten d en  and W e lls , 1971). In  
an o th er  system  an RBC was e v a lu a te d  fo r  secon d ary  trea tm en t o f  an 
a b a t t o ir  and meat p r o c e s s in g  e f f l u e n t .  Prim ary trea tm en t was by 
d is s o lv e d  a ir  f l o t a t i o n  and produced an e f f lu e n t  w ith  an a v era g e  BOD5 
o f  650 mg l ' l  and SS o f  450 mg 1“1. The system  was t e s t e d  a t th ree  
d i f f e r e n t  h y d r a u lic  lo a d in g s  o f  0 . 1 1 2 , 0 . 5 3  and 1.06 1 m”3 d” l and 
a c h ie v e d  a verage BOD5 rem ovals o f  95%, 83% and 64% r e s p e c t iv e ly .  The 
e f f e c t  o f  shock  lo a d in g  was s tu d ie d  by red u c in g  th e  flo w  by 75% fo r
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two days and then  r e tu r n in g  th e  flo w  to  i t s  normal v a lu e ,  no d etrim en 
t a l  e f f e c t  on e f f lu e n t  BOD5 was ob served  (Johnson and K r i l l ,  1 9 7 6 ) .

P r io r  to  1974 i t  had been r e p o r ted  th a t  no RBC u n it  was in  
o p e r a tio n  a t  a UK d a iry  (W heatland, 1 9 7 4 ) , how ever, some u n it s  have  
r e c e n t ly  been i n s t a l l e d  (Anon, 1 9 8 1 ) , th e  method h a s , how ever, been  
used in  th e  USA fo r  trea tm en t o f  d a ir y  w a stes  fo r  some tim e (B irk s  and 
Hynek, 1 9 7 1 ) . In one such u n it  th e  w a ste -w a te r  was f i r s t  h e ld  in  an 
a n ero b ic  s ta g e  w hich h e lp ed  degrade th e  f a t s  and o i l s  and th en  p assed  
on to  a fou r s ta g e  RBC u n i t .  The t y p ic a l  w a ste  s tr e n g th  was 1540 mg 
1~1 COD, (1000 mg 1” 1 BOD5 ) a t  an average f lo w r a te  o f  1 1 .3  m̂  d” l .  
The u n it  was a b le  to  p ro v id e  85% COD r e d u c tio n  (75% under shock  
lo a d in g  c o n d it io n s )  (B irk s  and Hynek, 1 9 7 1 ) . A two s ta g e  RBC u n it  
w ith  in te r m e d ia te  s e t t l i n g  tanks was used  to  t r e a t  w a ste s  from a d a ir y  
p r o c e s s ;  th e  u n it  was a b le  to  remove up to  80% o f  th e  COD a t a lo a d in g  
o f  6 .5  kg m“ 3 d ~ l. The a d d it io n  o f  ammonium hydrogen orth op h osp h ate  
was r e q u ir e d  as a n u tr ie n t  a t  h ig h  lo a d in g s  (A n ton ie  and W elch, 1 9 6 9 ).

The r a te  o f  o rg a n ic  s t a b i l i z a t i o n  in  an RBC system  i s  g e n e r a l ly  
l im it e d  by oxygen f lu x  r a th e r  than s u b s tr a te  d i f f u s io n  in t o  th e  f i lm  
(Huang and B a te s , 1 9 7 1 ) . The oxygen f lu x  may be in c r e a se d  by 
in c r e a s in g  th e  r o t a t io n  sp eed  but a t  th e  exp en se o f  a h ig h e r  power 
consum ption and th e h ig h  h y d r a u lic  sh e a r in g  fo r c e s  ten d  to  in t e r f e r e  
w ith  th e  developm ent o f  a s a t i s f a c t o r y  b iom ass; fo r  t h i s  rea so n  a 
recommended maximum p e r ip h e r a l d is c  sp eed  o f  18 m min"* i s  s u g g e s te d .  
A nother method o f  in c r e a s in g  th e  oxygen f lu x  i s  to  r a i s e  th e  oxygen  
p a r t ia l  p r e s s u r e , e i t h e r  by p r e s s u r is in g  th e  u n it  w ith  a ir  or by u s in g  
a pure oxygen a tm osp h ere. An exp erim en t has been r e p o r te d  th a t  com
pared th e  e f f e c t  o f  th e s e  m o d if ic a t io n s  on an RBC system  t r e a t in g  a 
s y n t h e t ic  m ilk  w a s te . As w e ll  as in c r e a s in g  th e  trea tm en t c a p a c ity  o f  
th e  system  p r e s s u r is a t io n  a l s o  improved th e  s e t t l i n g  p r o p e r t ie s  o f  the  
s lu d g e . The u se o f  pure oxygen produced a s lu d g e  th a t  was d en se and 
f r e e  o f  f ila m e n to u s  g ro w th s, how ever, th e  h ig h  oxygen c o n c e n tr a t io n  
ten d ed  to  in h ib i t  n i t r i f i c a t i o n  (Huang and B a te s , 1 9 7 1 ) .

The a c t iv a t e d  s lu d g e  p r o c e ss  i s  th e  c o n v e n tio n a l a l t e r n a t iv e  to  
b i o lo g ic a l  f i l t r a t i o n  and has been s u c c e s s f u l ly  a p p lie d  to  th e  t r e a t 
ment o f  both  meat and m ilk  p r o c e s s in g  w a ste -w a te rs  ( S t e f f e n ,  1968; 
Borne, 1 9 7 4 ) . A c t iv a te d  s lu d g e  p la n ts  g e n e r a l ly  have a low er c a p i t a l  
c o s t  than p e r c o la t in g  f i l t e r s  and u se  l e s s  la n d , but may have a h ig h er
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runnin g c o s t  and r e q u ir e  more s k i l l e d  o p e r a to r s  (D a rt, 1 9 7 4 ) . A 
number o f  v a r ia t io n s  o f  th e b a s ic  p r o c e ss  have been d ev e lo p ed  w hich  
g iv e  th e  p r o c e ss  a v e r s a t i l i t y  w hich e n a b le s  th e system  to  be adapted  
to  a w ide range o f  o p e r a t io n a l c irc u m sta n c e s  (W inkler, 1 9 8 1 ) . In t h i s  
p r o c e ss  s e t t l e d  w a ste -w a te r  i s  le d  to  an a e r a t io n  tank where oxygen i s  
su p p lie d  e i t h e r  by m ech an ica l a g i t a t io n  or by d i f fu s e d  a e r a t io n .  The 
w a ste -w a te r  i s  brought in to  c o n ta c t  w ith  a m ixed m ic r o b ia l p o p u la tio n  
in  th e  form o f  a f l o c c u le n t  su sp e n s io n  ( th e  ’ a c t iv a t e d  s l u d g e ' ) .  
A c t iv a te d  s lu d g e  a c ts  on th e  w a ste -w a te r  by two d i s t i n c t  m echanism s, 
a d so r p tio n  and o x id a t io n .  The g e l  s t r u c tu r e  o f  th e  z o o g lo e a l  bac
t e r i a l  f l o e  i s  ca p a b le  o f  a d so rb in g  d is s o lv e d ,  c o l l o i d a l  and co a r se  
suspended s o l id s  which are then  su b se q u e n tly  o x id is e d .  For s u c c e s s f u l  
o p e r a t io n  o f  an a c t iv a t e d  s lu d g e  p r o c e ss  th e a d so r p tio n  and o x id a t io n  
r e a c t io n s  must be m a in ta in ed  in  proper b a la n ce  ( I s s a c ,  1 9 5 7 ) . The 
biom ass w hich grows as p a rt o f  th e  suspend ed  s o l i d s  i s  removed in  a 
h ig h  r a te  secon d ary  se d im e n ta tio n  ta n k . In order to  m a in ta in  a h ig h  
biom ass c o n c e n tr a t io n  in  th e  a e r a t io n  tan k s (2 0 0 0-8000  mg 1~ 1 ) most o f  
th e  s lu d g e  i s  r e c y c le d  from th e se d im e n ta tio n  tank to  th e  a e r a t io n  
tank  i n l e t .  The su p ern a ta n t i s  d isch a rg ed  as th e f i n a l  e f f lu e n t  
(D a rt, 1974; Mara, 1 9 8 0 ) .

K le in  (1 9 5 7 ) r e p o r te d  th e u se o f  th e  a c t iv a t e d  s lu d g e  p r o c e ss  
fo r  th e  trea tm en t o f  meat in d u s tr y  w a ste -w a te r s  in  C hicago as e a r ly  as 
1916 and quoted  a t y p ic a l  exam ple o f  an American p la n t  o p e r a t in g  in  
1938 w hich gave a BOD r e d u c t io n  from 758 mg 1~* to  9 mg 1” * (99.8% ) 
and SS r e d u c tio n  from 1000 mg 1“  ̂ to  20 mg 1"^ (98% ). A more modern 
p la n t  has been d e sc r ib e d  by S ta c e y  (1 9 7 5 ) ,  p r io r  to  a c t iv a t e d  s lu d g e ,  
trea tm en t i s  c a r r ie d  out in  th e  form o f  s c r e e n in g , b a la n c in g  and 
g r e a se  rem oval by o n - s i t e  g r e a se  tra p s  fo llo w e d  by prim ary sedim en
t a t i o n .  R ed u ction s in  BOD5 from 690 mg 1"^ to  21 mg 1"1 and SS from 
400 mg I - * to  19 mg l - * were r e p o r te d .

A c t iv a te d  s lu d g e  e f f lu e n t s  from th e  meat in d u s tr y  w ith  a BOD5 

o f  l e s s  than 10 mg 1~1 and an SS o f  over  40 mg 1” 1 a re  fr e q u e n t ly  
e n co u n tered , t h i s  i s  due to  th e h ig h  g r e a se  c o n c e n tr a t io n s  o f  th e  
w a ste  w hich tend to  in t e r f e r e  w ith  s e t t le m e n t  (US E nvironm ental 
P r o te c t io n  A gency, 1 9 7 1 ) . T h is suspend ed s o l i d s  f ig u r e  i s  r a th e r  h igh  
fo r  d isc h a r g e  to  an in la n d  waterway th u s some form o f  t e r t i a r y  t r e a t 
ment i s  r e q u ir e d .
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S aal (1 977) d e sc r ib e d  an a c t iv a t e d  s lu d g e  trea tm en t system  
d e sig n ed  fo r  a d a ir y  p la n t  e f f lu e n t  c o n ta in in g  c o t ta g e  c h e e se  a c id  
whey. T h is u t i l i s e d  h ig h  c o n c e n tr a t io n s  o f  la c t o s e  d egrad in g  b a c te r ia  
o b ta in e d  from th e p la n ts  m ilk  c e n t r i f u g e s  which were added to  th e  o x i 
d a tio n  tank to  in c r e a s e  th e  e f f i c i e n c y  o f  th e  trea tm en t sy ste m . The 
BOD r e d u c t io n  was from 1 5 ,0 0 0  mg l ” * to  l e s s  than 300 mg 1“ 1 (98% ).

In  th e UK th e u se  o f  c o n v e n t io n a l a c t iv a t e d  s lu d g e  p r o c e s s e s  
fo r  th e  trea tm en t o f  d a ir y  w a stes  i s  n o t fav o u red , e x p er im en ta l s t u 
d ie s  c a r r ie d  out in  th e  1930s on m ilk  and whey w ash in gs showed th a t  
th e  perform ance o f  th e  p r o c e ss  was in f lu e n c e d  by th e  w eath er con
d i t i o n s ,  during c o ld  w eath er th e  p e r io d  o f  a e r a t io n  had to  be 
in c r e a s e d  (W heatland, 1 9 7 4 ) . A lthough th e  p ro c e ss  can g iv e  fa v o u ra b le  
r e s u l t s  i f  ca re  i s  tak en  w ith  p r o c e ss  c o n t r o l ,  d a iry  w a stew a ters  are  
more o f t e n  t r e a te d  by m o d if ic a t io n s  o f  th e  b a s ic  a c t iv a t e d  s lu d g e  pro
c e s s  (B orne, 1 9 7 4 ).

E xtended a e r a t io n  i s  a common trea tm en t method fo r  food  pro
c e s s in g  w a stes  as i t  o f f e r s  c e r t a in  ad van tages over c o n v e n tio n a l a c t i 
v a ted  s lu d g e  (K le in , 1 9 6 6 ) . The ex ten d ed  a e r a t io n  p r o c e ss  o p e r a te s  on 
th e  p r in c ip le  o f  p r o v id in g  s u f f i c i e n t  a e r a t io n  tim e fo r  o x id i s in g  th e  
b io d eg ra d a b le  p o r t io n  o f  th e  s lu d g e  produced from th e o r g a n ic s  removed 
in  th e  p r o c e s s .  By th e  u se  o f  a e r a t io n  p e r io d s  o f  th e  order o f  24 
hours and a h ig h  s lu d g e  re tu r n  r a te  (up to  th r e e  tim es th e  volume o f  
incom ing w a s te -w a te r )  i t  i s  p o s s ib le  to  a c h ie v e  e x te n s iv e  o x id a t io n  o f  
th e  a c t iv a t e d  s lu d g e  s o l i d s ,  such  th a t  th e  su r p lu s  s lu d g e  problem  i s  
v i r t u a l l y  e lim in a te d  (J o r g e n se n , 1 9 7 9 ) .

A r e c e n t ly  d ev e lo p ed  a c t iv a t e d  s lu d g e  system  o p e r a t in g  on th e  
p r in c ip le s  o f  ex ten d ed  a e r a t io n  i s  th e  o x id a t io n  d i t c h .  The w a ste -  
w ater  i s  fed  to  m ixed liq u o r  in  th e  d i t c h ,  where i t  i s  m e c h a n ic a lly  
a e r a te d  u s in g  a caged  r o t o r .  The e f f lu e n t  i s  c l a r i f i e d  and the  
s e t t l e d  s lu d g e  re tu rn ed  to  m a in ta in  th e  d e s ir e d  Mixed L iquor Suspended  
S o lid s  (MLSS) c o n c e n tr a t io n . D airy w a ste -w a te rs  have been s u c c e s s 
f u l l y  t r e a te d  in  o x id a t io n  d i t c h e s .  The o p e r a tio n  was on a f i l l  and 
draw sy stem  and a f t e r  s u f f i c i e n t  tim e was p rov id ed  fo r  o x id a t io n  and 
s e t t l i n g  th e  e f f lu e n t  was drawn o f f  (B arnard, 1 9 7 8 ) . Borne (1 9 7 4 ) ,  
has g iv e n  data  on th e  perform ance o f  o x id a t io n  d itc h e s  a t  Dutch 
d a i r i e s .  At BOD5 to  s lu d g e  lo a d in g s  o f  0 .0 5  kg kg'"* d” l  and 4000 mg 
1“ 1 MLSS th e COD and BOD5 o f  th e w a ste s  were reduced from 1700 mg 1“  ̂
to  50 mg 1~1 and from 1000 to  10 mg r e s p e c t iv e ly .
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The o x id a t io n  d itc h  system  has been r e p o r te d  fo r  th e  trea tm en t  
o f  meat p r o c e s s in g  w a s te -w a te r s . The system  c o n s is t e d  o f  s c r e e n in g ,  
g r i t  s e p a r a t io n , s e t t l i n g  and f l o t a t i o n  fo r  g r e a se  and s o l i d s  reduc
t io n  fo llo w e d  by two in d ep en d en t o x id a t io n  d i t c h e s .  The f i r s t  d itc h  
r e c e iv e d  35% o f  th e  t o t a l  flo w  and o p era ted  a t a s lu d g e  lo a d in g  o f  
0 .2 6  kg kg” l MLSS and a d e te n t io n  tim e o f  36 d a y s . The COD rem oval 
a v eraged  87.3%, BOD5 94.8% and g r e a se  93.9%. The secon d  d itc h  
r e c e iv e d  th e  rem ain in g  65% o f th e  w a ste -w a te r  and o p era ted  a t a 
lo a d in g  o f  0 .5 6  kg kg” l MLSS and a d e te n t io n  tim e o f  1 .9  d ays. COD 
rem oval was 53.2% , BOD5 , 67.1% and g r e a se  6 . 6% (P au lson  et_ a l_ ., 1 9 7 2 ) .

The c o n ta c t  s t a b i l i z a t i o n  p r o c e ss  i s  an oth er m o d if ic a t io n  o f  
th e  c o n v e n tio n a l a c t iv a t e d  s lu d g e  p r o c e ss  w hich was d ev e lo p ed  to  tak e  
ad van tage o f  th e  a d s o r p t iv e  p r o p e r t ie s  o f  th e  a c t iv a t e d  s lu d g e .  The 
two s ta g e s  o f  BOD rem oval are s e p a r a te d , th e  f i r s t  a b s o r p t iv e  phase  
ta k in g  p la c e  in  a c o n ta c t  tan k . The s lu d g e  i s  then  sep a r a te d  from th e  
t r e a te d  e f f lu e n t  by se d im e n ta tio n  and then  a e r a te d  in  a s t a b i l i z a t i o n  
tan k  where o x id a t io n  and m e ta b o lic  growth occu r (M e tc a lf  and Eddy, 
1 9 7 2 ) . I t s  v a lu e  in  in d u s t r ia l  w a ste -w a te r  trea tm en t i s  l im ite d  
l a r g e ly  to  w a ste s  in  w hich th e  o rg a n ic  m a te r ia l  i s  n o t p red om in an tly  
s o lu b le .  A era tio n  volume req u irem en ts are ap p ro x im a te ly  50% o f  th o se  
fo r  a c o n v e n tio n a l a c t iv a t e d  s lu d g e  p r o c e ss  (Mara, 1980, M e tc a lf  and 
Eddy, 1 9 7 2 ) . The p r o c e ss  has been u sed  fo r  meat p r o c e s s in g  w a ste -  
w a te r s ,  but o f te n  an e q u a l iz in g  tan k  i s  r e q u ired  to  m oderate th e  
e f f e c t s  o f  in te r m it t e n t  flo w  c o n d it io n s  (W illoughby and P a tto n , 1 9 6 8 ).  
A trea tm en t system  has been d e sc r ib e d  by L i t c h f i e l d  (1 9 7 5 ) c o n s i s t in g  
o f  a r o ta r y  s c r e e n , d is s o lv e d  a ir  f l o t a t i o n ,  c o n ta c t  s t a b i l i z a t i o n  and 
f i n a l  c l a r i f i c a t i o n .  Removals o f  99% BOD, 98% SS and 98% o i l  and 
g r e a se  were rep o r ted  a t an u n s p e c if ie d  p la n t  lo a d in g .

M ilk  w aste  w ith  an average BOD5 o f  1500-2200 mg 1 ~ ^  has been  
t r e a te d  w ith  th e  c o n ta c t  s t a b i l i z a t i o n  method on a p i l o t  p la n t  s c a l e .  
The a v era g e  h y d r a u lic  r e t e n t io n  tim e (H .R .T ) o f  th e  m ixed l iq u o r  was 
0 . 8  hours and o f th e  r e c y c le d  s lu d g e  in  th e  a e r a t io n  zone 3 . 3  h o u rs. 
The p la n t  o p erated  a t  a BOD5 s lu d g e  lo a d in g  o f  0 .5 6 - 1 .1 2  kg kg“  ̂ d“ l 
and was d esig n ed  fo r  a BOD5 rem oval o f  60%. S ludge p ro d u ctio n  was 
0 .4 9  kg kg"* BOD5 rem oved.

W heatland (1 9 6 7 ) exam ined th e perform ance o f  th e  p r o c e ss  to  
t r e a t  e f f lu e n t s  from a f a c to r y  p rod u cin g  condensed m ilk  and m ilk



35

powder. The w a ste -w a ter  had a BOD5 o f  1500 mg l ” * . The p la n t  
o p e r a te d  a t  a BOD5 lo a d in g  o f  0 .9 3  kg kg“  ̂ d” l  w ith  a HRT o f  1 .6  hours 
in  th e  c o n ta c t  ta n k . The p la n t  a c h ie v e d  a BOD r e d u c t io n  o f  67% w ith  
u lt im a te  d is p o s a l  to  a m u n ic ip a l sew er .

Other m o d if ic a t io n s  o f  th e  a c t iv a t e d  s lu d g e  p r o c e ss  w hich have  
been rep o r te d  for  th e  trea tm en t o f  food  p r o c e ss in g  w a stes  in c lu d e  the  
h ig h  r a te  a c t iv a t e d  s lu d g e  p r o c e ss  (B u tts  ejt . ,  1977; Tenney e t  a l . ,  
1 9 6 3 ) , pure oxygen a c t iv a te d  s lu d g e  (B eb in , 1976; T o la n ey , 1975) and 
th e  deep s h a f t  p r o c e ss  (B o lto n  et_ a l . , 1 9 7 6 ) . These a re  a l l ,  how ever, 
f a i r l y  r e c e n t  developm ents and l i t t l e  in fo rm a tio n  i s  a v a i la b le  
re g a r d in g  t h e ir  a p p l ic a t io n  to  meat and m ilk  p r o c e s s in g  w a s te -w a te r s .

A naerob ic trea tm en t o f  food in d u s tr y  w a ste -w a te rs  i s  n ot a 
w id esp rea d  p r a c t ic e ,  i t  i s  g e n e r a l ly  n o t co n s id e r e d  s u i t a b le  due to  
i t s  low  r a te  o f  o rg a n ic  rem oval and i t s  extrem e s e n s i t i v i t y  t o  p r o c e ss  
f lu c t u a t io n s  (J e w e ll ^ t  a l . ,  1 9 8 1 ) . In a ero b ic  system s oxygen  
t r a n s f e r  to  th e  l iq u id  phase i s  g e n e r a l ly  th e  r a te  l im i t in g  s ta g e  
( F o r s te r ,  1 9 8 0 ) , h ig h  r a te  a e r o b ic  system s r e q u ir e  th e  u se  o f  pure 
oxygen w hich n ot o n ly  adds to  th e  trea tm en t c o s t s  but p la c e s  a heavy  
r e l ia n c e  on an e x te r n a l so u rce  o f  su p p ly  fo r  a key elem en t o f  th e  pro
c e s s  (F o r s t e r ,  1 9 8 0 ) . High s tr e n g th  w a ste -w a te rs  r e q u ir e  such lo n g  
r e s id e n c e  tim es or h ig h  r a te s  o f  a e r a t io n  so  th a t  fo r  in c r e a s in g  w aste  
s tr e n g th  an a ero b ic  p r o c e s s e s  become more econ om ica l than a e r o b ic  
sy s te m s . C i l l i e  et_ _al. (1 969) exam ined th e  o p e r a tin g  c o s t s  o f  w a ste -  
w ater  trea tm en t system s and con clu d ed  th a t  fo r  w a ste -w a te r s  w ith  a COD 
o f  4000 mg 1~* or more a n a ero b ic  p r o c e s s e s  are th e c h e a p e st  o p tio n  
w h i l s t  a t a COD o f 2 0 ,0 0 0  mg 1~1 a n a ero b ic  system s c o s t  a q u a r ter  o f  
e q u iv a le n t  a e r o b ic  p r o c e s s e s .  C i l l i e  et_ al_. (1 9 6 9 ) o n ly  c o n s id e r e d  
c o n v e n t io n a l low r a te  r e a c to r s  in  t h i s  a n a ly s i s ,  w ith  th e  developm ent 
o f  new h ig h  r a te  r e a c to r  ty p es  even  d i l u t e  w a stes  may be t r e a te d  eco 
n o m ic a lly  (J e w e ll £ t  a l • ,  1981; W heeldon and B a y ley , 1981)

A naerob ic d ig e s t io n  i s  a com plex p r o c e ss  in v o lv in g  v a r io u s  groups 
o f  organism s in c lu d in g  b a c te r ia  (T o e r e in  and H a ttin g h , 1969) fu n g i  
(C ooke, 1965) and p ro to zo a  (L ackey, 1949) which have a l l  been ob served  
in  th e  d ig e s t io n  p r o c e s s ;  however o n ly  b a c te r ia  are c o n s id e r e d  to  be 
p r e s e n t  in  s u f f i c i e n t  numbers to  have a s i g n i f i c a n t  r o le  in  trea tm en t  
(T o e r e in  and H a ttin g h , 1 9 6 9 ) .
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The a n a ero b ic  p r o c e ss  may be a r b i t r a r i l y  d iv id e d  in to  two p h a ses;  
th e  non-m ethanogenic phase where com plex o rg a n ic  compounds a re  hydro
ly z e d  and ferm ented in t o  sim p le  compounds, u s u a l ly  sh o r t  ch a in  f a t t y  
a c id s ,  and the m ethanogenic phase where methane i s  produced from 
sim p le  o rg a n ic  compounds (T o ere in  and H a ttin g h , 1 9 6 9 ) . The biochem 
i c a l  tr a n sfo r m a tio n s  in  each o f  th e s e  phases are perform ed by two 
d i s t i n c t  groups o f  b a c t e r ia  g e n e r a l ly  term ed th e  a c id  form ers and 
m ethane fo rm ers. I t  has r e c e n t ly  been shown th a t  th e r e  i s  another  
im p ortan t group o f  o rg a n ism s, th e  o b l ig a t o r y  hydrogen p rod u cin g  a c e to -  
g e n ic  (OPHA) b a c t e r ia ,  w hich produce a c e ta te  from h ig h e r  m o lecu la r  
w eig h t f a t t y  a c id s  (V e r s tr a e te  €(t_ ja l. ,  1 9 8 1 ).

The non-m ethanogenic b a c te r ia  can u t i l i z e  many com plex o rg a n ic  
s u b s t r a t e s .  L ip id s  (McCarty e_t a l . , 1 9 6 2 ) , p r o te in s  (Lackey and 
H en d rick so n , 1958) and ca rb oh yd rates (K otzd et_ a l . ,  1968) a re  a l l  su c
c e s s f u l l y  degraded to  sh o r t  ch a in  o rg a n ic  a c id s .  T hese d iv e r s e  re a c 
t io n s  r e q u ir e  many d i f f e r e n t  ty p es  o f  b a c t e r ia ,  th e  p resen ce  o f  
d i f f e r e n t  b a c t e r ia l  groups have been dem onstrated  by many au th ors  
(T o ere in  and H a ttin g h , 1 9 6 9 ) . N on-m ethanogenic b a c te r ia  a re  m ain ly  
o b l ig a t e  anaerobes and a lth o u g h  f a c u l t a t i v e  b a c te r ia  a re  found th ey  
t y p i c a l l y  accou n t fo r  l e s s  than 10% o f  th e  p o p u la tio n  (T o ere in  e t  a l . ,  
1 9 6 7 ) .

I t  i s  p r e s e n t ly  thought th a t  m ethanogenic b a c te r ia  can u t i l i z e  
o n ly  fo rm a te , a c e t a t e ,  m eth an o l, hydrogen and carbon d io x id e  as 
s u b s tr a te s  (B a lch , 1979) and th u s th e  a c t io n  o f  th e  OHPA b a c te r ia  i s  
e s s e n t i a l  in  b reak in g  down lo n g er  c h a in  o rg a n ic  a c id s  to  a c e ta te  
(Kaspar and Wuhrmann, 1 9 7 8 a ) . I t  has been e s tim a te d  th a t  54% o f th e  
a c e t a t e  and hydrogen i s  formed through th e  a c t io n  o f  th e  OHPA b a c te r ia  
(Kaspar and Wuhrmann, 1 9 7 8 a ) . T hese two groups o f  b a c t e r ia  must grow  
in  c lo s e  a s s o c ia t io n  w ith  one an oth er  s in c e  th e OHPA b a c t e r ia  depend  
on th e  m ethanogens to  remove th e  hydrogen th ey  have produced to  main
t a in  id e a l  thermodynamic c o n d it io n s  ( th e  pH£ o f  an a n a ero b ic  system  
sh o u ld  id e a l l y  be m a in ta in ed  below  10 Nm“ 2 (V e r s tr a e te  e t  a l . ,  1 9 8 1 ) ) .  
A lthough  th e  m ethanogenic b a c te r ia  a re  g e n e r a l ly  c o n s id e r e d  to  be th e  
r a te  l im i t in g  s te p  o f  th e  s o lu b le  phase o f  an a ero b ic  d ig e s t io n  the  
OHPA b a c te r ia  g e n e r a l ly  have fa r  g r e a te r  d o u b lin g  tim es ( t y p i c a l l y  2 -6  
days (M clnerney et. ja l• ,  1979; Boone and B ryant, 1980) than th e  metha
n o g en ic  b a c te r ia  ( 0 .2 - 2 .0  days (Ghosh and K la ss , 1 9 7 8 ))  th u s main
t a in in g  fa v o u ra b le  c o n d it io n s  fo r  growth o f  th e  OHPA b a c t e r ia  i s  o f
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th e  utm ost im p ortan ce. A summary o f  th e  a n aerob ic  d ig e s t io n  p ro c e ss  
i s  shown in  F ig u re  1 .1 .

Both the OHPA and the m ethanogen ic b a c te r ia  a re  o b l ig a t e  
a n a ero b es , t h e ir  p r e c is e  p h y s io lo g ic a l  c h a r a c t e r i s t i c s  a re  d i f f i c u l t  
to  d e f in e  as i t  i s  hard to  o b ta in  pure c u l t u r e s .  However s e v e r a l  
m ethanogen ic b a c te r ia  have been i d e n t i f i e d  and th ey  are l i s t e d  in  
T able 1 .4 .  (M osey, 1 9 8 2 ) .

Methane i s  produced by two d i s t i n c t  m echanism s, ap p ro x im a te ly  
70% o r ig in a t e s  from a c e t a t e ;

CH3 COOH ______»  CH4 + C02

Stadtman and Barker (Stadtm an and B arker, 1949) con clu d ed  from 
tr a c e r  s tu d ie s  th a t  th e  methane was formed e n t i r e l y  from th e  m ethyl 
group and carbon d io x id e  from th e ca rb o x y l carbon o f  th e  a c e t a t e  m ole
c u le  .

The rem ain in g  30% o f  th e  m ethane i s  formed by th e  r e d u c tio n  o f  
carbon d io x id e ;

C02 + 4H2 ______ CH4 + 2H20

I t  i s  th e tr a c e  c o n c e n tr a t io n s  o f  hydrogen in  an a n a ero b ic  
d ig e s t e r  th a t  p la y  an im portant r o le  in  d eterm in in g  th e  b a la n ce  b e t
ween th e  v a r io u s  b io ch em ica l r e a c t io n s .  The form ation  o f  p y ru v ic  and 
a c e t i c  a c id  from com plex o r g a n ic s  and th e  d eg ra d a tio n  o f  b u ty r ic  and 
p r o p r io n ic  a c id s  to  a c e t i c  a c id  are both  r e ta r d e d  by in c r e a s in g  con
c e n tr a t io n s  o f  hydrogen (M osey, 1 9 8 2 ) . T his r e g u la t io n  o f  th e  in t e r 
n a l m etab olism  o f  th e  a c id  form ing b a c te r ia  may be i l l u s t r a t e d  by 
exam in ing th e  a n a ero b ic  d eg ra d a tio n  o f  g lu c o s e  d uring  an o rg a n ic  
o v e r lo a d . The a c id  form ing b a c te r ia  respond  r a p id ly  to  th e  sh ock  o f  
p rod u cin g  la r g e  q u a n t i t ie s  o f  a c e t i c  a c id ;

c6h12°6 + 2H2 °  ______ 2CH3 COOH + 4H2

T h is d e c r e a se s  th e  pH, in h ib i t in g  the a c t io n  o f  th e  b a c te r ia  
and l ib e r a t e s  la r g e  q u a n t i t ie s  o f  hyd rogen . The in c r e a se d  hydrogen  
p a r t ia l  p r e ssu r e  a c t s  on th e  system  in  two w ays, i t  s lo w s th e  r a te  o f  
a c e t i c  a c id  p ro d u ctio n  and d iv e r t s  p a r t o f  th e  a c e t i c  a c id  p ro d u ctio n
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Table 1.4. Taxonomy of the methanogens (Balch, 1979)

Genus Species Substrates for growth
and methane production

Methanobac ter ium formicicum h2 + co2 formate
Methanobacterium bryantii h2 + co2
Methanobacterium bryantii strain MoHG h2 + co2
Methanobacterium thermoautrophicum h 2 + co2
Methanobrevibacter ruminantium h2 + co2 formate
Methanobrevibacter arboriphilus h2 + co2
Methanobrevibacter arboriphilus strain AZ h 2 + co2
Methanobrevibacter arboriphilus strain DC h2 + co2
Methanobrevibacter smithii h2 + co2 formate
Methanococcus vannielii h2 + co2 formate
Methanococcus voltae h2 + co2 formate
Methanomicrobium mobile h2 + co2 formate
Methanogenium cariaci h 2 + co2 formate
Methanogenium marisnigri h2 + co2 formate
Methanospirillum hungatii h2 + co2 formate
Methanosarcina barkeri h2 + co2 methanol acetate
Methanosarcina barkeri strain 227 h2 + co2 methanol acetate
Methanosarcina barkeri strain H h2 + co2 methanol acetate
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to butyric acid. This reduces the acetic acid load on the system and 
provides time for the acetoclastic bacteria to metabolize the acetic 
acid. Under these conditions the digester is only in a mildly 
overloaded condition and will recover usually without pH control 
(Mosey, 1982).

However, under more severe conditions the increased con
centration of hydrogen changes the thermodynamic conditions of the 
system to make the production of propionic acid more favourable.

c6h 12°6 + 2H2 ______> 2CH3CH2COOH + 2H20

This reduces the hydrogen partial pressure and enables the acid 
forming bacteria to continue to produce acids thus further decreasing 
the pH of the system. The acetogenic bacteria are unable to utilize 
the accumulated propionic acid as the hydrogen partial pressure is too 
great, thus there is the possibility of a total failure of the 
digestion as the OPHA bacteria may be washed out of the system before 
the accumulated hydrogen is consumed by the lithotropic methane bac
teria. This situation is unusual since hydrogen removal is rapid, in 
a typically loaded digester the hydrogen removal rate is only 1% of 
the maximum possible (Mosey, 1982, Kaspar and Wuhrhmann,1978a).

Gas formation is inhibited by many substances in particular 
certain heavy metals such as cadmium, copper, chromium, zinc and iron 
and certain organic compounds such as chloroform (Mosey and Hughes, 
1975; Mosey et al., 1971). Low concentrations of iron (0.2-2 mM) have, 
however, been shown to stimulate methane production especially in con
junction with sulphate ions (Hoban and Van den Berg, 1979; Van den 
Berg et al., 1980).

The somewhat delicate nature of the anaerobic digestion process 
has restricted its use for the treatment of industrial waste waters. 
The only established process is the anaerobic lagoon which is simply 
an open pond loaded to such an extent that anaerobic conditions pre
vail throughout the liquid volume. Excess undigested grease floats on 
the surface forming a natural cover for retention of heat and strict 
anaerobic conditions. Typical BOD loadings are low, typically in the 
range 0.16-0.4 kg m”3 d“l with retention times of 4 days or more 
(Clark and Viessman, 1965). Anaerobic lagoons are generally used as a
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pretreatment stage before final treatment, although they operate at 
very low organic removal rates they are reported for treatment of a 
wide variety of waste waters including fruit processing (Balakrishnan 
and Lisanti, 1974; Parker, 1966) and meat packing (Saucier, 1969) 
where the system is often more economical than equivalent aerobic 
systems (Camin, 1970).

Various basic equations occur frequently in theoretical models 
of biological unit operations discussed later. The growth rate of the 
biomass is assumed to be related to the biomass concentration;

dX = y X - (2)

dt

where X = biomass concentration 
y = specific growth rate.

The specific growth rate is not a constant but is related to 
the substrate concentration S. Monod (1949) developed a semi- 
empirical equation which predicts that

w - s - <3 )
K + SS

where ym = maximum specific growth rate 
Ks = half rate coefficient.
Kg is the substrate concentration at which the specific growth 

rate is half the maximum rate, thus giving an indication of how easily 
the substrate is assimilated by the biomass.

A similar relationship is used to relate substrate utilization 
rate to initial substrate concentration;

V = K S - (4)m

Ks + s

where V = substrate utilization rate

V = maximum substrate utilization rate m
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Monod (1949) found that a constant relationship existed between 
the mass of bacteria produced and the mass of substrate utilised 
this led to the definition of the growth yield Y.

Y = mass of organisms formed - (5)

mass of substrate utilized

This relationship may also be expressed as a differential 

(Moser, 1958);

dX = - Y - (6)

dS

The growth yield has important implications for the economics 
of a particular process as it is an indication of the quantity of 
excess sludge that will be produced and which will need subsequent 
treatment and disposal.

The simplest reactor type reported for anaerobic degradation is 
the stirred tank reactor. This has been widely employed for the sta
bilization of sewage sludge and the treatment of industrial wastes 
containing high concentrations of solids such as palm oil wastes 
(Morris, 1979). In this type of reactor the solids retention time 
(S.R.T) is equal to the H.R.T and hence the use of such reactors for 
high rate treatment is not possible due to wash-out of the biomass 
(Atkinson and Davies, 1972). The anaerobic contact (or anaerobic 
activated sludge) process employs a setting tank after a contact reac
tor such that a portion of the settled sludge can be recycled 
(Schroepfer and Ziemke, 1959).

The anaerobic contact reactor has been used for the treatment 
of a wide variety of waste waters. Schroepfer and Zierake (1959) eva
luated the process for the treatment of packing house fatty acids, 
domestic sewage, a wood fibre, and synthetic milk waste waters. To aid 
settling in the second stage a vacuum degasification system was placed 
between the reactor and the settling tank. Typical BOD removals were 
between 69.9-97.9% for BOD loadings of between 0.44 and 2.5 kg m“3 
d~l. BOD removals when the reactors treated a domestic sewage were 
poorer, 74.5-69.9% for BOD loadings of 0.56-0.94 kg m”3 d”l. The 
reactor configuration is widely reported for the treatment of higher
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strength waste waters (Hemens and Shurban, 1959; Van den Berg and 
Lentz, 1977; Cillie et. jal_., 1969) the treatment of dilute wastes
generally being impractical due to the long retention times required 
(Simpson, 1971).

Anderson and Donnelly (1978a) derived a theoretical approach to 
predict the peformance of an anaerobic contact system by taking mass 
balances across the reactor, their reactor system is shown in Figure 
1 , 2 .

At steady state these balances reduce to

y = 1 + Kq for the biomass - (7)

*  s

and 1 . 1 + K = Q (S -S ) for the substrate - (8)__ _ _D _____o_____

Y Y X V

where s = sludge age
Kj) = endogenous respiration coefficient

a
s

nrh] 
E ~ h

a

R

Figure 1.2. Mass balance over the anaerobic contact process
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By operating laboratory scale digesters at steady state the kinetic 
coefficients p » Ks, %> and Y may be determined and used in the model 
to predict unsteady state operation.

Two digester systems were evaluated by this method, a semi- 
continuous system where sludge is wasted daily and a continuous system 
where a constant biomass volume was maintained in the settling tank. A 
simple substrate based on glucose was fed to the semi continuous 
digester whilst a more complex substrate with 40% of the COD obtained 
from a meat extract and peptone was fed to the continuous operation. 
The results obtained are summarised in Table 1.5. together with some 
comparative aerobic data.

The difference in Kq values for the two anaerobic systems is an 
indication of the relative biodegradability of the two substrates. It 
is also important to note the much lower yield coefficients for anae
robic systems as this indicates that smaller amounts of biomass will 
be produced and hence the sludge disposal problem will be diminished.

Table 1.5. Typical biological kinetic coefficients of aerobic and 
anaerobic systems

Reactor Substrate Ks Kj> Y
Type Type days mg l-1 

COD
days mg USS 

mg COD”

Continuous
Anaerobic
Contact

Complex 0.274 2953 0.0215 0.192

Semi-
Continuous
Anaerobic
Contact

Glucose 0.158 212 0.029 0.208

Activated
Sludge

Sewage 5.0 40 0.06 0.4

Anaerobic
Fluidized

Whey
Permeate

N.R. N.R. N.R. 0.24

BOD
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Above a sludge loading of 0.25 kg COD kg VSS~1 d“l settling 
properties of sludge began to deteriorate and above a MLVSS con
centration of 18000 mg 1”1 separation of the biomass was impaired. 
These two difficulties are the basic limitation on the ultimate rate 
of the process (Anderson and Donnelly, 1977).

A novel anaerobic contact digestion system has been described 
which uses a gas mixed reactor followed by an upflow sludge blanket 
clarifier (Oleszkiewicz and Koziarski, 1982). The system was used to 
treat a piggery waste and was operated at COD loadings of up to 38 kg 
COD m~3 d~l whilst still maintaining methanogenic conditions. 
Satisfactory treatment was obtained at COD loadings of 4 kg m"3 d~l 
and a H.R.T. of 3-5 days. It was found that the effluent quality 
deteriorated linearily with the increasing organic loading and a close 
fit to the systems performance was obtained by the following equations

se = 1.5 + 0.151 0 - (9)
N = 89-1.01 0 - (10)

where 0 = organic loading (COD)
^e = effluent COD 
N = % COD removal

Kinetic coefficients were also derived in a similar manner to 
Anderson and Donnelly (1978a); the growth yield was 0.213 and the 
endogenous decay coefficient -0.016. It should be noted that the 
system was operated without sludge recycle which tends to result in 
higher yield coefficients than systems with recycle (Oleszkiewicz and 
Koziarski, 1982).

The separation of the biomass from the treated liquor is one of 
the main problems with the anaerobic contact reactor. To improve 
separation various modifications have been suggested. One system 
employs a cold thermal shock, reducing the temperature of the effluent 
from 35°C to 15°C. This arrests gasification in the settling tank and 
also encourages flocculation of the solids (Anderson and Duarte, 
1980).

Some authors have reported the use of coagulent chemicals 
(Dague, 1970). A 90% reduction in effluent solids was possible by
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treating the effluent with sodium hydroxide to pH 8.3 and then ferrous 
chloride at concentrations between 60 and 230 mg l-*. An increase in 
gas production was found due to the increased recycle of active 
biomass (Dague, 1970).

The Anaerobic Sludge Blanket Reactor (ASBR) eliminates the need 
for a separate settling chamber and consists of a single reactor 
vessel, the waste enters at the base of the reactor and passes upwards 
through the biomass which takes the form of a 'sludge blanket'. 
Mechanical mixing and sludge recirculation are kept to a minimum to 
aid settleability of the sludge floes. Since retention of the sludge 
depends on an effective separation of the gas produced, a gas-solids 
separation unit is included in the reactor. The reactor has been 
employed in laboratory, pilot plant and full scale systems generally 
treating high strength wastes (Lettinga et. al., 1981; Lok, 1978).

Using an 18 1 reactor the treatment of a skimmed milk type 
waste water with a COD of 1500 mg 1""1 has been reported. COD reduc
tions of 90% were obtained with COD loadings up to 7 kg m“3 <j-l and 
sludge loadings between 0.4 and 0.6 kg kg-  ̂VSS day“l, the reactor was 
operated at 30°C (Lettinga and van Velsen, 1974). A sugar beet waste 
with a COD of between 5000 and 9000 mg 1“  ̂ has also been treated by 
the ASBR, with COD loadings of between 4 and 14 kg m"^ d“l, 65-95% COD 
reductions were achieved (Lettinga j2t al_., 1981; Lettinga, 1978).

Upflow sludge blanket reactors have been used typically for the 
treatment of high strength wastes at elevated temperatures. Pretorius 
(1971) reported the application of the process for the treatment of a 
raw sewage using a laboratory scale reactor followed by an anaerobic 
filter, both stages had a reactor volume of 8 litres. The digesters 
were maintained at a constant 20°C and the waste strength was adjusted 
to a constant COD of 500 mg l-*. COD removals were typically 90-78% 
at total loadings of 0.25-0.47 kg m~3 d”"l, typical reactor VSS were 
25000 mg 1“1. Following the laboratory experiments a small pilot 
plant was constructed with a reactor volume of 2000 litres, the unit 
gave almost identical results to the laboratory study. Apart from 
periodically breaking up the sludge layer in the conical section best 
results were obtained without mixing.
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Somewhat lower removals have been found in a system treating an 
acetate rich waste water, COD removal was up to 70% without a primary 
settling tank, the optimum BOD loading for gas production was only 1.6 
kg m"3 d”l, however since the system was self scrubbing the gas con
tained up to 99% methane (Godwin et_ aK , 1982).

To overcome the problems of settling and recycling of the 
biomass inherent in anaerobic free floating systems the anaerobic 
filter has been developed. This consists of a reactor filled with a 
coarse packing media such as rock or gravel; as with its aerobic 
equivalent the reactor name is a misnomer since treatment occurs 
mainly due to biological action rather than any filtration effect. 
The waste water enters at the base of the reactor and flows upwards 
through the filter bed. Anaerobic organisms appear to accumulate in 
the void spaces between the media as well as becoming attached to the 
media surface, thus the waste comes into intimate contact with a large 
active biomass as it passes through the reactor (Young and McCarty, 
1969).

The anaerobic filter was initially tested in laboratory scale 
experiments where it was evaluated for the treatment of two synthetic 
substrates, a mixed volatile acids waste and a protein carbohydrate 
waste. The filter was packed with smooth quartzite stones 2.5-3.8 cm 
in diameter and dispersion rings were placed at 0.3 metre intervals up 
the column to prevent channelling of the flow. The filter was tested 
by applying COD loadings between 0.425 and 3.40 kg m“3 d"l at an 
operating temperature of 25°C. The influent was diluted to give 
various waste strengths from 1500 to 6000 mg 1"^ COD. BOD removals 
increased with increasing waste strengths at the same organic loading, 
highest removals were up to 80% over the range tested (Young and 
McCarty, 1969). The performance of the reactor could be predicted by 
the empirical equation;

E = 100 (1-1.8) - (11)

HRT

where E BOD removal efficiency
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Pluirmer et al. (1968) extended this work by using a filter to 
treat a carbohydrate waste which contained significant concentrations 
of suspended solids. The filter operated at 35°C and treated a waste 
with influent characteristics of 1508 mg 1"1 SS and 8475 mg 1“1 COD.

The anaerobic filter has also been reported for a wide variety 
of industrial waste waters including pharmaceutical wastes (Sachs et_ 
al., 1982), abattoir wastes (Arora and Routh, 1981), dairy wastes 
(Patterson, 1975) and vegetable processing wastes (Perkins et. al., 
1975).

The kinetics of substrate removal in an anaerobic filter 
employing a large recycle rate have been studied (DeWalle and Chian, 
1975) due to the recycle the system was interpreted as a completely 
mixed reactor. By equating Fick's law of diffusion with the substrate 
utilization rate equation the following equation was obtained;

d2S = 1 UX - (12)

dz2 D K + Ss

This equation does not have a simple solution and was solved by 
assuming S is either much smaller or larger than Ks. When S is larger 
and the expression for the thickness of the biofilm layer developed by 
other workers (Pirt, 1973; Saunders and Bazin, 1973) is substituted 
the mass transfer rate is given by,

dF = k A Sb - (13)

dt y V

where dF = mass transfer rate

dt

Sb = bulk substrate concentration

k = coefficient based on zero order kinetics
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when S is much smaller than Ks the mass transfer rate is given by;

dF = K£A Sb - (14)

Vdt V

where k£ = coefficient based on first order kinetics.

By examining experimental data the authors found that equation 14 was 
more applicable, however insufficient data was available to make a 
final conclusion (DeWalle and Chain, 1975).

Using an anaerobic filter with a substantial amount of recycle 
enables the process to treat waste waters of a toxic nature which 
would be difficult to treat anaerobically in a single pass reactor. 
Chian and DeWalle (1977) used this reactor configuration to treat an 
acidic waste water with a pH of 5.4 and a COD of 54000 mg 1”1. The 
filter was 55 1 in volume and packed with a commercial plastic packing 
with a porosity of 0.94. Reactor start up was initially attempted 
without any biological seeding material, however no significant 
biodegradation was noted. Following this experiment the filter was 
seeded with active digester sludge and the reactor successfully 
treated the waste water providing a sufficiently high recycle ratio 
was maintained. The reactor was evaluated over a range of retention 
times and it was found that COD removal rapidly decreased from over 
95% to 52% when the retention time was less than 7.5 days (Chain and 
DeWalle, 1977).

Various packing materials have been evaluated for use in the 
anaerobic filter. These materials include gravel (Sachs et al., 1982), 
crushed stone (Anderson and Ibrahim, 1978), rashig rings (Plummer et_ 
al., 1968), and various commerical packings (Chian and DeWalle, 1977; 
Anderson and Ibrahim, 1978). Khan et. al. (1982) compared two packing 
materials, a non porous anthracite coal and surface active granular 
carbon particles. The filters were used to treat a stripping bath 
waste water and a synthetic substrate, a typical influent COD was 1350 
mg 1”1. It was found that the activated carbon packed filter gave 
removals superior to the anthracite packed filter (71-74% vs 58-69%), 
methane yields were up to 100% greater. The ability of the activated 
carbon surface to protect dense populations of bacteria was considered 
one of the main reasons for superior performance.
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A s im ila r  r e a c to r  to  th e  a n a ero b ic  f i l t e r  has been d e s c r ib e d ,  
known as 'th e  s ta t io n a r y  f ix e d  f i lm  r e a c t o r ' .  In i t s  s im p le s t  form  
the r e a c to r  i s  m erely  a v e r t i c a l  g la s s  tube through w hich th e w a ste  
w ater i s  pumped (Van den Berg and L e n tz , 1979b). In a downflow r e a c to r  
biom ass i s  r e ta in e d  a lm ost e n t i r e l y  as a f i lm  on th e  r e a c to r  w a l ls  
w h i l s t  in  th e up flow  r e a c to r  biom ass accum ulates in  th e  r e a c to r  as 
b io lo g ic a l  f l o e s .  I n i t i a l  exp er im en ts c o n s is t e d  o f  t e s t i n g  r e a c to r s  
w ith  v a ry in g  s u r f a c e : volume r a t i o s .  COD rem oval e f f i c i e n c y  in c r e a se d  
w ith  d e c r e a s in g  r e a c to r  d iam eter a t  th e  same v o lu m e tr ic  lo a d in g . The 
r e a c to r  c o n f ig u r a t io n  was r e f in e d  to  c o n s i s t  o f  s e v e r a l  sm a ll tu b es  
c o n ta in e d  in  a la r g e r  v e s s e l .  S e v e r a l m a te r ia ls  were t e s t e d  fo r  u se  
in  th e  r e a c to r  in c lu d in g  c la y ,  p o ly v in y l  c h lo r id e  and n e e d le  punched  
p o ly e s t e r  (Van den Berg and Kennedy, 1 9 8 1 ). Red c la y  and n e e d le  
punched p o ly e s te r  were found to  be th e  m ost e f f e c t i v e  su p p o rts  due to  
th e  a b i l i t y  o f  th e  b a c te r ia  to  become entrapped on th e  s u r fa c e .

U sing  f ir e d  c la y  su p p ort tu b es ( 2 .8  cm I . D . , 3 .8  cm O .D .) con
ta in e d  in  a la r g e r  g la s s  tube th e  r e a c to r  was a b le  to  e f f e c t i v e l y  
t r e a t  a w aste  w ater w ith  a COD o f  14000 mg 1“ 1 a t  lo a d in g s  o f  up to  
1 7 .9  kg COD m“ 3 d” * a t  35°C w ith  COD r e d u c tio n s  betw een 78-84%. The 
r e a c to r s  were shown to  be a b le  to  t o le r a t e  s e v e r e  h y d r a u lic  over
lo a d in g  for 24 hours w ith o u t s e r io u s  problem s (Kennedy and Van den 
Berg, 1 9 8 2 ) . O p eration  o f  th e  r e a c to r s  was found to  be more e f f i c i e n t  
when a p p ly in g  in te r m it t e n t  r a th e r  than co n tin u o u s lo a d in g  (Van den 
Berg and Kennedy, 1 9 8 2 ) .

The a n a ero b ic  r o t a t in g  b io lo g ic a l  c o n ta c to r  (ARBC) i s  a s im ila r  
r e a c to r  to  th e  a e r o b ic  RBC however in  i t s  an aerob ic  mode th e  d isk  sub
m ergence i s  g r e a te r  (>70%) and th e  r e a c to r  is  in  a c lo s e d  v e s s e l .  The 
r e a c to r  was e v a lu a te d  in  a la b o r a to r y  s c a le  exp erim en t t r e a t in g  a 
s y n t h e t ic  w aste  w ater w ith  g lu c o s e  as th e  s o le  carbon so u rce  (T a it  and 
Friedm an, 1 9 8 0 ) . The r e a c to r  c o n s is t e d  o f  four s t a g e s ,  each  w ith  ten  
1 2 .7  cm d iam eter d is k s  c o n s tr u c te d  from p o ly m e th y lm e th a c r y la te , th e  
t o t a l  r e a c to r  volum e was 5 .2 5  1 . During the s t a r t  up p roced u re p a rt  
o f  th e g lu c o se  was r e p la c e d  by m ethanol in  order to  encourage th e  
growth o f m ethanogenic b a c t e r ia .  The r e a c to r  was o p e r a te d  over a range  
o f  TOC lo a d in g s  from 1 .4 4  to  1 2 .0 6  kg m~3 d” l .  TOC rem ovals v a r ie d  
from 96%-46%, e f f l u e n t  suspended s o l i d s  were r e l a t i v e l y  h ig h , betw een  
296-361 mg l ” 1 .
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Two approaches were used  to  d e s c r ib e  th e  perform ance o f  th e  
r e a c t o r .  The f i r s t  was an e m p ir ic a l s o lu t io n  w here;

In Se = In Si -  Kt T -  (1 5 )

where = pseudo f i r s t  order r a te  c o n s ta n t .
T = h y d r a u lic  r e s id e n c e  t im e .

From th e  ex p er im en ta l d a ta  Kt  was found to  be Kt  = 0 .3 7 4 4  -  7 .9 6  x 
10” 5 s i .  A lthough t h i s  approach gave good agreem ent w ith  th e e x p e r i
m ental r e s u l t s  i t  was o n ly  c o n s id e r e d  a p p lic a b le  to  t h i s  p a r t ic u la r  
r e a c t o r .

A d i f f e r e n t  approach was u sed  to  d ev e lo p  a more g en era l s o lu 
t io n .  The rem oval in  each  s ta g e  i s  d e sc r ib e d  by;

MN = k S i2 ~ ( 1 6 >
K1 + Si

= mass o f  o r g a n ic s  removed per s ta g e  per u n it  tim e  
k = r a te  c o n s ta n t
^ i = s u b s tr a te  c o n c e n tr a t io n  e n te r in g  th e  s ta g e  
£ i  = a c o n s ta n t .

T h is was d evelop ed  from p r e v io u s  work on a e r o b ic  RBCs (S ch ro ed er , 
1 9 7 7 ) .

In the f i r s t  s ta g e  i t  can o f t e n  be assumed th a t  S i  »  K1 then  
th e  e q u a tio n  may be approxim ated by

Mn = KSi -  (1 7 )

th u s K may be c a lc u la t e d  from ex p er im en ta l d ata  and an approxim ation  
fo r  K1 may be fou n d . The model was found to  agree  c l o s e l y  w ith  th e  
ex p er im en ta l r e s u l t s  however no ind ep en d en t data  was a v a i la b le  to  
v e r i f y  th e  m odel.

I t  has been rep o r te d  th a t r o t a t io n  o f  th e  d is c s  in  an ARBC has 
v i r t u a l l y  no e f f e c t  on th e  e f f i c i e n c y  o f  th e p r o c e ss ;  thus an anaero
b ic  b a f f le d  r e a c to r  has been d ev e lo p ed  through w hich th e  l iq u id  flow s
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h o r iz o n t a l ly  and around s e v e r a l  b a f f l e s  which se r v e  to  r e t a in  th e  
b iom ass. L i t t l e  rep o r te d  in fo rm a tio n  i s  a v a i la b le  fo r  t h i s  r e a c to r  
c o n f ig u r a t io n ,  however COD r e d u c t io n s  o f  60-80% fo r  COD lo a d in g s  o f  
1 0 - 20 kg m"*3 have been n o ted  (J o sep h so n , 1 9 8 2 ) .

The a n a ero b ic  trea tm en t o f  w a ste -w a te rs  in  f lu id iz e d  and 
expanded bed r e a c to r s  (AFBR and AEBR) i s  a r e l a t i v e l y  new tech n iq u e  in  
th e  w a ste -w a ter  trea tm en t f i e l d .  F lu id iz e d  beds can be c o n s id e r e d  to  
be a h y b rid  betw een f ix e d  f i lm  and fr e e  f lo a t in g  r e a c to r  sy s te m s . A 
f l u id iz e d  bed r e a c to r  c o n s i s t s  o f  a bed o f  p a r t i c l e s  c o n ta in e d  in  a 
v e r t i c a l  colum n, through w hich w a ste  w ater flow s upwards (th rou gh  th e  
colum n) a t  a s u f f i c i e n t  v e l o c i t y  to  m a in ta in  th e p a r t i c l e s  in  c o n s ta n t  
m o tio n , but w ith  th e  f lo w r a te  a d ju s te d  to  a vo id  p a r t i c l e  c a r r y -o v e r  in  
th e  e f f l u e n t .  T his arrangem ent p r o v id e s  a la r g e  s p e c i f i c  s u r fa c e  (m  ̂
m*"3) a v a i la b le  fo r  m ic r o b ia l growth as a th in  f i lm , t y p i c a l l y  3000 m̂  
m~3 fo r  sand p a r t i c l e s  (C ooper, 1 9 8 1 ) . Thus h igh  biom ass con
c e n tr a t io n s  may be d ev e lo p ed  w hich a re  not su b je c t  to  d i f f u s io n a l  
l i m i t a t i o n s .  An expanded bed r e a c to r  i s  a s im ila r  typ e o f  r e a c to r  
e x c e p t  th a t  th e  bed exp an sion  i s  l im it e d  to  a p p ro x im a te ly  5% and th e  
p a r t i c l e s  rem ain in  c o n s ta n t  c o n ta c t  w ith  one a n o th e r .

I n i t i a l  e x p e r ie n c e  w ith  th e  f lu id iz e d  bed r e a c to r  fo r  w aste  
w ater trea tm en t a p p l ic a t io n s  has been for th e  d e n i t r i f i c a t i o n  o f  
t r e a te d  sewage ( J e r is  e t  a l . ,  1974; J e r i s  e t  a l . ,  1977) and th e  u se  o f  
a e r o b ic  r e a c to r s  fo r  COD rem oval (Cooper and W heeldon, 1 9 8 0 ) . The u se  
o f  th e r e a c to r  fo r  d e n i t r i f i c a t i o n  has been v ery  s u c c e s s f u l  however  
th e  u se  o f  a e r o b ic  f lu id iz e d  beds fo r  COD rem oval has e x p e r ie n c e d  
s i g n i f i c a n t  problem s due to  th e d i f f i c u l t y  in  su p p ly in g  s u f f i c i e n t  
oxygen  to  th e  biom ass (F o r s te r ,  1 9 8 0 ) . The a n a ero b ic  f lu id iz e d  bed 
h as no such l im i t a t io n  and has been rep o r ted  fo r  th e  trea tm en t o f  a 
d i lu t e  w aste  w ater (Switzenbaum  and J e w e l l ,  1980) and a d om estic  w aste  
w ater  (J e w e ll  et  ̂ al_ . , 1 9 8 1 ) . T hese la b o r a to r y  s c a le  s t u d ie s  used  1 1 
volume r e a c to r s  and were f i l l e d  w ith  e i t h e r  alum inium  o x id e  p e l l e t s  or 
p o ly v in y l  c h lo r id e  and expended io n  exchange r e s i n s .  In th e  dom estic  
w a ste  w ater trea tm en t stu d y  ( J e w e l l ,  1981) th e  r e a c to r s  were o p era ted  
a t  20°C and tr e a te d  a w aste  w ater w ith  an average COD o f  186 mg 1” 1 
and a suspended s o l i d s  (SS) o f  86 mg 1“ 1. The perform ance o f  th e  AEBR 
was s tu d ie d  a t  COD lo a d in g s  o f  betw een  0 .6 5  and 35 kg m” 3 d“ l ,  e f f e c 
t i v e  trea tm en t was o b ta in e d  up to  COD lo a d in g s  o f  4 kg m” 3 d“ l .  Above 
t h i s  lo a d in g  trea tm en t e f f i c i e n c y  r a p id ly  d e c lin e d  to  l e s s  than 50% a t
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19 kg m"“3 d“ l .  E f f lu e n t  suspended s o l i d s  were g e n e r a l ly  v e r y  low , 
below  5 mg 1” 1 but r o s e  r a p id ly  a t  r e te n t io n  tim es o f  l e s s  than than  
30 m in u te s .

The r e s u l t s  from th e s y n t h e t ic  s u b s tr a te  exp er im en ts were sub
j e c t e d  to  a k in e t ic  a n a ly s i s ,  th e  e f f lu e n t  c o n c e n tr a t io n  was g iv e n  by

Se = KjSiB -  (1 8 )

Se = K2SiA -  (1 9 )

where B = n e t s p e c i f i c  f i lm  grow th r a te
A = s p e c i f i c  f i lm  u t i l i z a t i o n  r a te  

Kj K2 = pseudo f i r s t  order r a te  c o e f f i c i e n t s .

T hese e q u a tio n s  are s im p l i f i e d  forms o f  e q u a tio n s  2 and 3 and 
t h e ir  pseudo f i r s t  ord er n a tu re  r e l i e s  on assum ing Ks i s  h ig h  compared 
to  th e  s u b s tr a te  c o n c e n tr a t io n . A p p ly in g  the ex p er im en ta l r e s u l t s  to  
th e s e  e q u a tio n s  gave a r e a so n a b ly  good f i t  w ith  c o r r e la t io n  c o e f 
f i c i e n t s  betw een 0 .7 6  and 0 .9 6 .

M atsu i et_ a l .  (1 979) r e p o r te d  on the trea tm en t o f  a d i lu t e  
w a ste  w ater in  a f lu id iz e d  bed r e a c t o r .  COD rem ovals were g e n e r a l ly  
v e r y  low ( t y p i c a l l y  23.8%) but a v e r y  h ig h  range o f  COD lo a d in g s  were  
t e s t e d ,  betw een 1 8 .6  and 13 1 .6  kg m“ 3 d” l .  The u se  o f  p a r t i c l e s  w ith  
a d iam eter l e s s  than 0 .4 2  mm was found to  be l e s s  e f f i c i e n t  due to  th e  
i n a b i l i t y  o f  biom ass to  adhere to  th e  su r fa c e  o f  th e  m edia .

The perform ance o f  th e a n a ero b ic  expanded bed r e a c to r  w h i l s t  
t r e a t in g  a d om estic  sewage has been s tu d ie d .  The TOC o f  th e  in f lu e n t  
v a r ie d  betw een 40 and 260 mg 1” 1 . I t  was found th a t  o p e r a tin g  under 
th e s e  c o n d it io n s  TOC rem oval was poor (17-52% ) e x c e p t  when the TOC 
lo a d in g  was low (< 0 .5  kg TOC mg” 3 d” *) and i t  was c o n s id e r e d  th a t  
under r e a l  o p e r a tin g  c o n d it io n s  th e  r e a c to r  would be u n s u ita b le  fo r  
trea tm en t o f  w a ste  w a ters  o f  t h i s  n a tu re  (Rockey and F o r s t e r ,  1 9 8 2 ).

J e w e ll  and M orris (1 9 8 2 ) s u b je c te d  an a n a ero b ic  f lu id iz e d  bed 
r e a c to r  to  v a r ia t io n s  in  tem p era tu re , f lo w r a te  and in f lu e n t  con
c e n t r a t io n .  The s u b s tr a te  was based  on g lu c o se  w ith  added in o rg a n ic  
n u t r ie n t s ,  th e r e a c to r  was found to  have e x c e l l e n t  s t a b i l i t y  w ith  COD
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rem oval e f f i c i e n c y  r a r e ly  d e c r e a s in g  below  90% even under c o n d it io n s  
o f  combined 25°C tem p eratu re sh ock s w ith  100% in f lu e n t  COD in c r e a s e s .

The trea tm en t o f  h ig h  s tr e n g th  whey perm eate (2 0 0 0 -7 0 0 0  mg l ” * 
s o lu b le  COD) in  an a n a ero b ic  f l u i d i z e d  bed has been r e p o r te d .  
O rganic (SCOD) rem oval r a te s  o f  up to  1 9 .5  kg m"3 d” l  were o b ta in e d  
w ith  a s o lu b le  COD rem oval o f  70% a t  35°C. At 15°C th e  r e a c to r  p er
form ance was c o n s id e r a b ly  im paired  w ith  an o rg a n ic  (SCOD) rem oval r a te  
o f  3 kg m~3 a t  50% rem oval e f f i c i e n c y .  The n u tr ie n t  req u irem en t
fo r  th e  system  was much low er than  fo r  an e q u iv a le n t  CSTR system  th u s  
no e x tr a  n itr o g e n  or phosphorus was r e q u ir e d . A f i r s t  ord er s u b s tr a te  
u t i l i z a t i o n  model d evelop ed  p r e v io u s ly  (Chen and H ashim oto, 1978) was 
found to  g iv e  th e  most s a t i s f a c t o r y  p r e d ic t io n  o f  r e a c to r  perform ance  
(B oening and L a rsen , 1 9 8 2 ) .

Se/so = K'/Cr's pm -1 + K 1 ) -  (20)

where K* = a c o n s ta n t
T s = s o l i d s  r e te n t io n  tim e  
ym = maximum s p e c i f i c  growth r a te

S u tto n  and L i (1 9 8 1 ) used  th e  approach d ev e lo p ed  by Anderson  
(1 9 7 8 a ) to  e v a lu a te  th e  k in e t ic  p aram eters in  a f lu id iz e d  bed p r o c e s s ,  
th e  ob served  v a lu e s  fo r  th e  r e p o r te d  k in e t ic  v a lu e s  a re  shown in  T able  
1 .5 .

Two sand p a r t i c l e  s i z e s  (0 .5  and 0 .7  mm) were e v a lu a te d  fo r  u se  in  th e  
r e a c t o r .  I t  was found th a t th e  sm a lle r  p a r t i c l e s  gave m a r g in a lly  
su p e r io r  COD r e d u c t io n s  (68% compared to  63%).

The trea tm en t o f  a b e e t m o la sse s  w a ste -w a ter  in  a f lu id iz e d  bed 
r e a c to r  has been d e sc r ib e d  by F r o s t e l l  (1 9 8 2 ) . The r e a c to r  tr e a te d  a 
w astew ater  w ith  an in f lu e n t  COD o f  9100 mg 1” 1. The a v erage COD 
lo a d in g  was 2 2 .2  kg m” 3 a c h ie v in g  a 43% COD to  methane c o n v e r s io n .  
A s o l i d s  r e c y c le  system  was n e c e s s a r y  to  r e t a in  th e  biom ass in  th e  
r e a c to r  (o n ly  59% o f  th e  biom ass was a tta c h e d  to  th e  su p p ort m a te r ia l .

R ittm an and McCarty (1980a; 1980b) has exam ined b io f i lm  k in e 
t i c s  in  d e t a i l  and has used t h i s  a n a ly s is  to  compare fou r d i f f e r e n t  
r e a c to r  c o n f ig u r a t io n s  (R ittm an , 1 9 8 2 a ) . The a n a ly s is  eq u a tes  mass 
tr a n sp o r t  and th e  f i lm  s u b s tr a te  u t i l i z a t i o n
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Df d2Sf  = KXf Sf  -  (2 1 )

dz2 K + S .s £

and in c lu d e s  a term fo r  mass t r a n s f e r  r e s i s t a n c e  from th e bu lk  l iq u id  
in t o  th e  b io f i lm  s u r f a c e .

J = (D/L) (S -S s ) = Km (S -S s ) -  (2 2 )

where L = r e a c to r  le n g th .

T hese e q u a tio n s  may be s im u lta n e o u s ly  s o lv e d  fo r  J when th e o th er  
k in e t ic  param eters are known (R ittm an and M cCarty, 1980a; 1 9 8 0 b ).
S tead y  s t a t e  b io f i lm  th ic k n e s s  was found by assum ing th a t  t o t a l  amount 
o f  b io f i lm  mass i s  equal to  th a t  which can be su p p orted  by th e  
s u b s tr a te  f lu x  th u s;

JY = 6XfLf -  (2 3 )

or Lf = JY/6Xc f .

G eneral r e a c to r  perform ance i s  g iv e n  by a mass b a la n ce  over a 
c o n tr o l volum e;

dS = -vdS  + D d2S -  aJ -  e kXS -  (2 4 )

d t dx dx2 K + Ss

T hese eq u a tio n s  were so lv e d  n u m e r ic a lly  by a f i n i t e  d i f f e r e n c e  m ethod. 
F iv e  r e a c to r  ty p es  were com pared, a c o m p le te ly  m ixed r e a c to r  and 
packed and f lu id iz e d  beds w ith  and w ith o u t r e c y c le .

The model p r e d ic te d  th a t  a once through f l u i d i z e d  bed r e a c to r  
w ould a c h ie v e  su p e r io r  perform ance as th e  b io f i lm  i s  e v e n ly  d i s t r i 
buted throughou t th e  r e a c to r  w h i l s t  the l iq u id  regim e i s  'p lu g  f lo w ' .  
A dding r e c y c le  to  f ix e d  and f lu id iz e d  bed r e a c to r s  makes perform ance  
approach th a t  o f  c o m p le te ly  m ixed u n it s  which had th e  lo w e st  rem oval 
e f f i c i e n c y .
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S ep arated  phase a n a ero b ic  d ig e s t io n  in v o lv e s  th e  u se  o f  two 
r e a c to r s  to  se p a r a te  p h y s ic a l ly  th e  non-m ethanogenic and m ethanogen ic  
p h a se s . The u se  o f  two se p a r a te  r e a c to r s  a llo w s  th e two p h ases to  
o p e r a te  a t  t h e ir  id e a l  en v iron m en ta l c o n d it io n s  ( e . g .  pH, tem p eratu re  
and o rg a n ic  lo a d in g ) ,  and a llo w s  th e  d e l i c a t e  m ethanogen ic and OPHA 
b a c te r ia  to  be p r o te c te d  from p r o c e ss  f lu c t u a t io n s .  T h is r e a c to r  con
f ig u r a t io n  a l s o  en a b le s  th e com ponents o f  th e e f f lu e n t  from th e f i r s t  
s ta g e  to  be adapted  to  o b ta in  th e  b e s t  p o s s ib le  s u b s tr a te s  fo r  th e  
OPHA b a c te r ia  (V e r s tr a e te  e t  a l . ,  1 9 8 1 ) . S in ce  th e s e  b a c te r ia  have th e  
lo n g e s t  d o u b lin g  tim es o f  th e  organ ism s found in  a n a ero b ic  d ig e s t io n  
u se o f  s u i t a b le  s u b s tr a te s  can enhance the p o s s ib le  r e a c t io n  r a t e s .  
I t  has been shown fo r  exam ple th a t  th e  OPHA b a c te r ia  o p e r a te  more 
e f f i c i e n t l y  when t r e a t in g  a s in g le  a c id  s u b s tr a te  r a th e r  than a m ixed  
a c id  s u b s tr a te  (L escu re  and B o u r le t , 1 9 7 9 ) .

Phase se p a r a t io n  has been a c h ie v e d  by th r e e  m ethods; a d i a l y s i s  
tec h n iq u e  (Hammer and B orch ard t, 1969; Schaumberg and K irsch , 1 9 6 6 ) ,  
in h ib i t io n  o f  th e  m ethanogenic phase by th e  a d d it io n  o f  c e r t a in  chem i
c a ls  (Pohland and Mancy, 1969) or by k in e t ic  c o n tr o ls  in  each r e a c to r  
(M assey and P oh lan d , 1 9 7 8 ).

Hammer and Borchardt (1 9 6 9 ) u t i l i z e d  two c o m p le te ly  mixed r e a c 
to r s  sep a ra ted  by a v in y l  d i a l y s i s  membrane. T h is apparatus was used  
to  d eterm in e th e  o x id a t io n /r e d u c t io n  p o t e n t ia l  (Ec ) and pH fo r  a c i d i 
f i c a t i o n  and m ethane fe r m e n ta tio n  o f  d ig e s t e r  s lu d g e .  Optimum pH 
c o n d it io n s  were 6 .9 - 7 .0  and 7 .0 5 - 7 .2  and Ec -5 0 8  to  -5 1 6  mV and -5 2 0  
to  -5 2 7  mV fo r  th e  a c i d i f i c a t i o n  and methane fo rm a tio n  s te p s  r e s p e c 
t i v e l y .  I t  was con clu d ed  th a t  when an a n aerob ic  d ig e s t e r  o p era ted  
under id e a l  c o n d it io n s  fo r  th e  m ethanogenic phase th e  a c i d i f i c a t i o n  
s te p  was r a te  l im i t in g  s in c e  i t  o n ly  op erated  a t  75% o f  i t s  optimum 
r a t e .

pH optim a o f  5 .8  and 7 .8  were found fo r  a m ix tu re  o f  d om estic  
r e fu s e  and sewage s lu d g e .  Near com p lete  l iq u e f a c t io n  was o b ta in e d  in  
th e  range 20 -2 4 0  kg VS m~3 d~l a t  v o l a t i l e  s o l i d s  c o n c e n tr a t io n s  o f  
11-13%. Some a lk a l in e  p retrea tm en t had taken p la c e  p r e v io u s ly  ( I s h id a  
e t  a l . ,  1 9 7 9 ).

By a d ju s t in g  th e  r e s id e n c e  tim es and en v iron m en ta l c o n d it io n s  
in  a r e a c to r , optimum c o n d it io n s  fo r  a c id  and gas form ation  may be

y O  r ' h  ’ tT
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a c h ie v e d  (P ohland and Ghosh, 1971a; P ohland and M assey, 1 9 7 5 ) .

T his co n cep t has been a p p lie d  to  the trea tm en t o f  a g lu c o s e  
based w aste  and an e f f lu e n t  from a c o n fe c t io n e r y  in d u s tr y . With an 
in f lu e n t  COD o f  3581 mg l ” * betw een 54 and 73% a c i d i f i c a t i o n  was 
a c h ie v e d  a t  h y d r a u lic  r e t e n t io n  tim es o f  betw een 10 and 23 hours in  
th e  f i r s t  r e a c t o r .  The m ethanogenic phase r e a c to r  o p era ted  a t lo n g e r  
r e t e n t io n  tim es o f  betw een 4 7 .6  and 1 1 6 .8  hours where c o n v e r s io n  o f  
th e  v o l a t i l e  a c id s  v a r ie d  betw een 61 and 19%. By c o n n e c tin g  th e  gas  
phase o f  each r e a c to r  to g e th e r  im proved COD rem ovals were o b ta in e d .  
The biom ass from th e second s ta g e  r e a c to r  had poor s e t t l i n g  p r o p e r t ie s  
and g r a v ity  se d im e n ta tio n  was n ot f e a s ib le  (M assey, and P ohland, 
1 9 7 8 ) .

Cohen jet a l .  (1979; 1980) s tu d ie d  th e  a n a ero b ic  d ig e s t io n  o f  a 
1% g lu c o se  s u b s tr a te  w ith  se p a r a te d  a c id  and methane p r o d u c tio n . At a 
r e t e n t io n  tim e o f  10 hours in  th e  a c id ic  r e a c to r  over 96% o f  the g lu 
c o se  was degraded to  hydrogen , carbon d io x id e , b u ty r a te  and a c e ta te  a t  
30°C and pH 6 .0  in  th e  m ethanogen ic r e a c to r  98% o f  th e  o rg a n ic  
s u b s tr a te s  were co n v er ted  to  carbon d io x id e ,  m ethane and biom ass a t a 
r e t e n t io n  tim e o f  100 h o u rs. A p p roxim ately  11% o f  th e  g lu c o s e  fe d  to  
th e  system  was co n v e r te d  to  b io m a ss. The m ethanogenic r e a c to r  co u ld  
be o r g a n ic a l ly  load ed  270% g r e a te r  than an e q u iv a le n t  s in g le  phase  
sy stem .

Zoetem eyer et_ ail. (1982a; 1982b) s tu d ie d  th e  a c i d i f i c a t i o n  o f  a 
1% g lu c o s e  s o lu t io n  to  e v a lu a te  th e  e f f e c t  o f  pH and tem p eratu re on 
th e  p r o c e s s .  At pH 4 .5 - 6 .0  th e predom inant a c id  produced was b u ty r ic  
a c id ,  however a t  pH v a lu e s  h ig h e r  than 6 .0  a m ix tu re  o f  a c e t i c  a c id ,  
e th a n o l and form ic a c id  was produced . Maximum gas p ro d u ctio n  and bac
t e r i a l  s p e c i f i c  grow th r a te  were found a t pH 5 .8  and 6 .0  r e s p e c t iv e ly .  
Two tem perature optim a were found fo r  a c id  p r o d u c tio n , a m e so p h ilic  
form a t  37°C and a th e r m o p h ilic  peak a t  52°C.

S t a b i l i t y  o f  one and two phase system s t r e a t in g  g lu c o s e  s o lu 
t io n s  has a ls o  been in v e s t ig a t e d  under c o n d it io n s  o f  o rg a n ic  
o v e r lo a d in g  (Cohen ej: a l . ,  1 9 8 1 ) . In a s in g le  phase sy stem  accum ula
t io n  o f  th e  v o l a t i l e  a c id s  o c c u rred , e s p e c ia l ly  p r o p io n ic  a c id ,  and 
d eg ra d a tio n  o f  th e s e  a c id s  to o k  up to  120 h o u rs . O ver load in g  th e  
m ethanogen ic phase o f  a two phase system  w ith  h ig h  c o n c e n tr a t io n s  o f
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v o l a t i l e  a c id s  le d  to  an im m ediate breakdown o f  th e  a c id s  w ith in  60  
h o u r s , in d ic a t in g  th a t  th e  two phase system  was more s t a b l e .

Two phase d ig e s t io n  o f  a c t iv a t e d  s lu d g e  in  c o m p le te ly  m ixed  
r e a c to r s  has been d e s c r ib e d . A c id i f i c a t io n  o f  th e  a c t iv a t e d  s lu d g e  
to o k  p la c e  a t  a pH o f  5 .7  and an Ec o f  -2 4 0  mV. A cid  phase d ig e s t io n  
c o u ld  be op era ted  s a t i s f a c t o r i l y  a t  s lu d g e  lo a d in g s  betw een 0 .0 5 5  and
0 .1 3 9  kg m“3 d” l VS w ith  r e t e n t io n  tim es betw een 10 and 24 h o u rs . The 
a c i d i f i e d  a c t iv a t e d  s lu d g e  c o u ld  be g a s i f i e d  e f f i c i e n t l y  in  th e  
m ethane d ig e s t e r  a t  a r e t e n t io n  tim e o f  6 .4 6  d a y s . The perform ance o f  
th e  system  was fa v o u ra b ly  compared w ith  a s in g le  phase system  w hich  
o p era ted  a t a r e t e n t io n  tim e o f  14 days (Ghosh e t  ad . ,  1 9 7 5 ).

I t  i s  apparent th a t  th e r e  i s  s i g n i f i c a n t  p o t e n t ia l  fo r  th e  
developm ent o f  h ig h  r a te  a n a ero b ic  p r o c e sse s  fo r  th e  trea tm en t o f  
w a ste -w a te r s  w hich have c o n s id e r a b le  advantages over t h e ir  a e r o b ic  
e q u iv a le n t s .  T hese p r o c e s s e s  w ould seem p a r t ic u la r ly  s u i t a b le  fo r  th e  
trea tm en t o f  h ig h e r  s tr e n g th  w a ste -w a te r s  due to  th e  h ig h  h a l f  r a t e  
c o e f f i c i e n t s  (Ks ) en cou n tered  in  a n aerob ic  d eg ra d a tio n  and th e  
fa v o u ra b le  econom ics o f  trea tm en t a t  th e s e  c o n c e n tr a t io n s .  However 
many problem s s t i l l  e x i s t  w ith  th e s e  r e a c to r  ty p es  such as t h e ir  p er
form ance under f lu c t u a t in g  lo a d in g s ,  th e r e t e n t io n  o f  s u f f i c i e n t  
biom ass to  m a in ta in  h ig h  r a te s  o f  o rg a n ic  rem oval and overcom ing th e  
slo w  s t a r t  up tim es en co u n tered . At p r e se n t th e  f lu id iz e d  and 
expanded bed ty p e  r e a c to r s  o f f e r  th e  g r e a t e s t  p o t e n t ia l  fo r  a n a ero b ic  
w a ste -w a te r  trea tm en t and an u n d ersta n d in g  o f th e  p r o c e ss  and i t s  p er
form ance over a w ide range o f  o p e r a t in g  c o n d it io n s  i s  r e q u ired  to  
f u l l y  o p tim iz e  th e  sy stem .

Futher e lu c id a t io n  o f  th e  perform ance o f  s e p a r a te  phase system s  
p a r t ic u la r ly  in  com b in ation  w ith  f lu id iz e d  bed r e a c to r s  may le a d  to  
fu r th e r  im provem ents. B e tte r  q u a l i t y  e f f lu e n t s  may be ex p ected  due to  
th e  low er y i e l d  c o e f f i c i e n t s  o f  th e  m ethanogenic b a c te r ia  found in  th e  
secon d  r e a c to r  and th e r e a c to r  c o n f ig u r a t io n  w i l l  a l s o  g iv e  w ider  
o p p o r tu n it ie s  fo r  p r o c e ss  c o n tr o l  w hich may enhance r e a c to r  s t a b i l i t y  
and o p e r a t io n .



59

2 . OBJECTIVES

Food in d u s tr ie s  d isc h a r g e  s i g n i f i c a n t  q u a n t i t ie s  o f  w a ste -w a te r s  
th a t  are r e a d i ly  t r e a te d  by both a e r o b ic  and a n a ero b ic  b io lo g ic a l  
m ethods. A naerobic p r o c e sse s  have been shown to  have econom ic advan
ta g e s  over a e r o b ic  system s when t r e a t in g  h igh  s tr e n g th  w a s te s ,  but 
c o n v e n tio n a l a n a ero b ic  p r o c e s s e s  a re  l im ite d  by t h e ir  low o r g a n ic  
lo a d in g s  and lo n g  r e t e n t io n  t im e s .  In a d d it io n ,  th e y  fr e q u e n t ly  
r e q u ir e  an en ergy  in p u t in  th e  form o f  h ea t to  m a in ta in  fa v o u ra b le  
c o n d it io n s  fo r  th e  a n aerob ic  b io m a ss. Recent developm ents in  an aero
b ic  p r o c e se s  have s t im u la te d  an i n t e r e s t  in  d e v e lo p in g  e c o n o m ic a lly  
v ia b le  h ig h  r a te  trea tm en t o f  in d u s t r ia l  w a s te s .  An im portant d eve
lopm ent in  t h i s  c o n te x t  i s  the a n a e r o b ic  f lu id iz e d  bed r e a c to r .  Hence 
th e  prim ary o b j e c t iv e s  o f  t h is  work were to :

1 . Determ ine th e  org a n ic  lo a d in g s  which c o u ld  be t o le r a t e d  by 
a n a ero b ic  f lu id iz e d  bed r e a c to r s  through an exam in ation  o f  th e  
s te a d y  s t a t e  trea tm en t e f f i c i e n c i e s  a t t a in a b le  when t r e a t in g  
s y n t h e t ic  h ig h  s tr e n g th  w a s te s .

2 . E s t a b l is h  w hether e f f e c t i v e  trea tm en t can be o b ta in e d  from a 
r e a c to r  o p e r a t in g  w ith o u t h ea t input w hich would red u ce th e  
en ergy  req u irem en ts o f  th e  sy stem .

3 . Examine th e  g e n e r a l s u i t a b i l i t y  o f  t h i s  r e a c to r  typ e fo r  th e  
trea tm en t o f  d i f f e r e n t  ty p e s  o f  w a s te -w a te r .

I n d u s tr ia l  w a ste  d isc h a r g e s  a re  o f t e n  c h a r a c te r is e d  by in te r m it 
t e n t  v a r ia t io n s  in  flo w  r a t e ,  tem p eratu re  and pH. T h e r e fo r e , in  order  
to  a s s e s s  th e l im i t a t io n s  on th e  p r a c t ic a l  a p p l ic a t io n  o f  a n a ero b ic  
f lu id iz e d  bed r e a c to r s  in  th e  trea tm en t o f  such d isc h a r g e s  i t  was con
s id e r e d  im portant to  exam ine:

1 . The r e sp o n se  and lo n g  term  s t a b i l i t y  o f  f lu id iz e d  bed r e a c to r s  
when su b je c te d  to  t r a n s ie n t  changes in  in f lu e n t  COD and 
f lo w r a te ,  in f lu e n t  pH and tem p eratu re  o f  o p e r a t io n .

2 . The a b i l i t y  o f  r e a c to r s  to  rec o v e r  from lo n g  p e r io d s  during  
w hich th e  o rg a n ic  lo a d in g  i s  reduced  to  v ery  low l e v e l s .
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I t  i s  apparent th a t  an a ero b ic  d e g ra d a tio n  p roceed s v ia  a t  l e a s t  two 
d i s t i n c t  b io ch em ica l p h a se s , o f  w hich m eth an ogen esis  g e n e r a l ly  o ccu rs  
q u it e  s lo w ly .  As a r e s u l t  o f  t h i s ,  many a n a ero b ic  p r o c e s s e s  do n ot 
p roceed  a t maximum t h e o r e t ic a l  e f f i c i e n c y  and th e  p e r io d s  o f  tim e  
r e q u ir e d  fo r  th e  f u l l  developm ent o f  a s t a b le  p r o c e ss  are o f t e n  q u it e  
lo n g .  In order to  overcome th e s e  d isa d v a n ta g e s , th e  fo l lo w in g  a s p e c ts  
w ere c o n s id e r e d  w orthy o f e v a lu a t io n :

1 . The s p e c i f i c  a c t i v i t i e s  o f  th e  a c id o g e n ic  and m ethanogen ic popu
la t io n s  w ith in  a f lu id iz e d  bed .

2 . M ethodology whereby th e  e s ta b lis h m e n t  o f  an e f f e c t i v e  a n a ero b ic  
biom ass c o u ld  be a c c e le r a te d ,  such as the a p p l ic a t io n  o f  s tep p ed  
o r g a n ic  lo a d in g  or th e  p r o v is io n  o f  a r e a d i ly  m e ta b o lis a b le  
s u b s tr a te  fo r  th e  m ethanogen ic p o p u la tio n .

3 . The ad van tages o f  p h y s ic a l  s e p a r a t io n  o f  th e  a c i d i f i c a t i o n  and 
m ethanogen ic phases in  two d i f f e r e n t  r e a c to r s  and an ex am in ation  
o f  th e  k in e t i c s  o f  trea tm en t in  such a system  to  f a c i l i t a t e  
e m p ir ic a l com parison w ith  s in g le  phase sy s te m s .
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3. MATERIALS AND METHODS

3.1. Analytical Methods
Analysis of samples for their constituents or physical charac

teristics was generally undertaken in accordance with the standard 
methods of the Government of Great Britain (1972). Except where 
stated 'Analar' reagents were used throughout.

3.1.1. Chemical Oxygen Demand
The method adopted incorporated minor modifications of the 

Government of Great Britain (1972) standard method. The size of the 
sample was taken in accordance with Tables 3.1 and if necessary made 
up to 5 ml with distilled water.

Table 3.1. Sample size for COD Analysis

COD range mg 1“1 <200 200-600 600
Samples size ml 5 2.5 <1

The sample was boiled under reflux for two hours in a 250 ml 
round botton flask with 9.5 ml of oxidising reagent. This reagent was 
prepared by mixing 1500 ml of silver sulphate solution (10 g 1“1 in 
concentrated sulphuric acid) with 400 ml potassium dichromate solution 
(7.6618 g 1”1 in distilled water), 1 ml mercuric sulphate solution 
(200 g 1~1 in 10% (v/v) sulphuric acid) was also added to the sample.

After cooling, 20 ml of distilled water was added through the 
condenser and the contents of the flask titrated against 0.0625 M 
ferrous ammonium sulphate in 2% (v/v) sulphuric acid using 2 drops of 
ferrous phenanthroline as an indicator.

The COD of the sample was determined from the relationship:
COD = (B-S) x 500 

V
where B = blank titration, ml.

S = sample titration, ml.
V = samples volume, ml.
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3.1.2. Biochemical Oxygen Demand
The determination was undertaken over five days according to 

the method recommended by the Government of Great Britain (1972). The 
dissolved oxygen concentration was determined by the Winkler method 
(Government of Great Britain, 1972).

3.1.3. pH
The pH of the sample was determined electrometrically with a 

Pye Unicam Model 292 Mk2 pH meter, with compensation for temperature. 
Standardisation of the meter was carried out prior to each measurement 
using a pH 7 buffer solution (Gallenkamp Ltd., London), renewed 
weekly.

3.1.4. Alkalinity
The method adopted was based on the standard method using an 

electrometric titration. Total alkalinity was measured by titrating 
40 ml sample against 0.05 M sulphuric acid to pH 4.5. The sample was 
continuously stirred throughout the titration using a magnetic 
stirrer.

The alkalinity of the sample was determined according to the 
relationship:

Alkalinity = T x 5000 mg 1”1 
V

where T = volume of 0.05 M titration reagent, ml.
V = volume of sample, ml.

3.1.5. Suspended and Volatile Suspended Solids
Suspended and Volatile Suspended Solids were determined 

according to the Standard Method. Samples (50 ml) were filtered using 
Whatman Glass Fibre 7.0 cm GF/C filters and the filter paper heated at 
121°C and 550°C respectively.

3.1.6. Total Volatile Acids
A colorimetric method recommended by the Government of Great 

Britain (1972) was adopted. Absorbance was measured at 500 nm with a 
1 nm slit width using 2 cm glass cells (Frost Instruments, Wokingham) 
on a Pye Unicam Model SP8-100 UV-visible spectrophotometer. Cali
bration was carried out using a distilled water blank and working 
standards prepared from a stock solution of 10 ,000 mg 1“ 1 acetic acid.
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3.1.7. Individual Volatile Acids
Individual volatile acid concentrations were determined on a 

Model 5700 A Gas Chromatograph (Hewlett Packard, Winersh, Berks) 
fitted with a flame ionization detector (F.I.D.). A 1.8 m, 5 mm I.D. 
glass column packed with Chromosorb 101 (J.J. Chromatography, Kings
Lynn, U.K.) was used. Nitrogen, at a flowrate of 40 ml min-  ̂was used 
as a carrier gas, the flowrates of hydrogen and air were adjusted to 
optimize the detector's response to propionic and buyric acids. The 
chromatograph was operated with an injection port temperature of 
200°C, oven temperature 170°C, and detector temperature 250°C.

A 2.5 y1 sample was injected into the chromatograph using a 10 
y 1 syringe. An injection of 5 yl of 10% (v/v). Formic acid was made 
between each samples injection to eliminate hysteresis effects. A 
standard solution of 200 mg 1“* each of acetic, propionic, butyric and 
valeric acids was prepared from Analar grade reagents and used for 
calibration. Acid concentrations were determined by comparison of 
peak heights recorded on a Servogor 120 Chart recorder (Servoscript 
Ltd., Croydon, Surrey).

3.1.8 Hexose Sugars,
Hexose sugar concentrations were measured by the method of 

Dubois e_t al. (1956). Aliquots of 1 ml of 5% (w/v) phenol were added 
to a 2 ml sample and 5 ml of concentrated sulphuric acid were added 
rapidly. The mixture was thoroughly shaken after 10 min, then left to 
stand for 2 hours before measuring the absorbance at 490 nm.

3.1.9 Protein
Protein concentrations were measured by the method of Lowry et_ 

al. (1951); bovine serum albumen was employed as a standard. Aliquots 
of 5 ml of reaction mixture (50 ml, 2% NaC03 in 0.1 M NaOH added to 
2 ml, 0.25% Cu SO4 .5H2O in potassium sodium tartrate) prepared on the 
day of analysis were added to 1 ml of sample. Folin reagent (0.5 ml) 
(Folin and Ciocalteus phenol reagent, (BDH Chemicals, Poole)) was 
diluted to 1 M with distilled water, and added and the mixture shaken 
thoroughly. Samples were allowed to stand at room temperature for 2 
hours before absorbance at 750 nm was measured.
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3.1.10. Turbidity
Turbidity was determined using a Hach 2100 A turbimeter 

(Camlab, Cambridge). Formazin Turbidity Unit (FTU) 10 and 100 stan
dards prepared from latex solution and supplied with the instrument 
were used for calibration.

3.1.11. Gas Composition
A modified Gas Chromatograph (Gallenkamp Ltd.) adapted to con

tain two parallel packed columns (Chromosorb 102 and Molecular Sieve 
5A) (Phasesep Ltd., Queensferry, Clwyd) each passing through opposing 
cells of a thermal conductivity detector, was used to determine 
methane, carbon dioxide, nitrogen and oxygen concentrations in the gas 
produced as described by Kirk £t al. (1981). The chromatograph was 
calibrated using pure methane and a mixture of 40% nitrogen, 60% car
bon dioxide (BOC Ltd., Special Gases).

3.1.12 Alkaline Phosphatase Activity
Alkaline phosphatase activity was determined at pH 9.5 as 

recommended by Ashley and Hurst (1981). Approximately 5 ml samples 
were taken from the reactors, the solids allowed to settle and the 
liquor was decanted off. The remaining solids were sonicated for 
30 mins at 80W (± 5 W) in a Kerry 125 Ultrasonic Bath (Kerry
Ultrasonic, Hitchin, Herts). The samples were shaken with 3 ml of 
distilled water and filtered through glass fibre filters (GF/C grade, 
Whatman, U.K.). The filtrate was then made up to 10 ml with distilled 
water.

Substrate (0.5 ml), a 1% (w/v) p-nitrophenol phosphate disodium 
(Sigma, Poole, U.K.) was added to 1.5 ml of pH 9.5 AMP buffer, (a 
0.2 M 2-amino, 2-methy1-propanol solution) and 1 ml of filtrate added. 
All determinations were run in duplicate. The controls consisted of 
the substrate and the buffer to which 1 ml of heat deactivated 
filtrate was added. The tubes were incubated at 37°C for 90 minutes 
in a heated water bath. After incubation 1 ml was removed from each 
tube and added to 2 ml of 0.2 M NaOH. After 30 minutes assays were 
examined spectrophotometrically at 420 nm.

The solids remaining on the filter were retained and analyzed 
for SS and VSS as previously described.
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3.1.13. Relative Methane Forming Activity
Methane production was determined using a modified method 

described by van den Berg and Lentz (1979b). A solids sample ( 3 ml) 
was incubated at 37°C in 1000 mg 1~1 acetic acid solution ( 40 ml) 
adjusted to pH 7.4*0.2 with ammonium hydroxide solution. Gas produc
tion was measured over two days by the displacement of acidified water 
and the methane concentration determined by gas chromatograph as pre
viously described.

3.1.14. Determination of Propionate and Acetate degradation parameters
Propionate and Acetate degradation parameters were measured,

using the method of Kaspar and Wuhmann (1978a). Steady state acetate 
and propionate turnover rates were assumed to be 0.7 and 0.08 times 
the methane production rate respectively. Catabolic kinetic parame
ters during the saturated and concentration dependent phase were 
determined by increasing the concentration of acetate and propionate 
and measuring its degradation over a period of time. Lineweaver-Burke 
(1934) plots were used to determine the parameters Ks and Vm. An 
appropriate allowance was made for dilution by the influent due to the 
reactor configuration.

3.1.15.Settleability of Effluent Suspended Solids
A 250 ml sample of effluent was collected and a 50 ml aliquot 

immediately analysed for suspended solids as previously described. 
The remaining sample was allowed to stand for three hours. Each hour 
a 40 ml sample was carefully pipetted from the liquid surface and the 
suspended solids determined.

3.2. Laboratory Scale Fluidized Bed Reactors 

3.2.1. Construction of Reactors
Each reactor system consisted of a fluidized bed reactor column 

with recycle and overflow chambers, together with recycle, feed and 
nitrogen purging systems. A schematic representation of the assembly 
is shown in Fig. 3.1.

The reactor assembly was constructed of extruded acrylic tube 
(Visijar Laboratories Ltd., Croydon) of height 2 m, 50 mm I.D. and 
wall thickness of 5 mm. This material was chosen since it is 
transparent and easy to machine. Two versions of base construction
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Figure 3.1. Schematic diagram of the fluidized bed reactor
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were used during the experiments. Each was constructed from a block 
of acrylic plastic. In the first version the flow entered the base of 
the reactor through a 15 mm I.D. acrylic inlet tube and was distri
buted by a 15 cm layer of gravel with an approximate diameter of 10 
mm* a plastic mesh prevented the gravel passing into the inlet pipe.

The second version utilized a conical base distribution system, 
a stainless steel inlet pipe with a 5 mm I.D. directed the flow to the 
apex of the cone to facilitate even distribution of the liquid. (see 
Fig. 3.2.) each version the column and the base unit were connected by 
a screw thread (12 TPI) with a plastic 0-ring seal.

The top of the reactor incorporated an overflow system 
constructed of 5 mm acrylic sheet and was connected to the column in a 
similar manner to the base section (see Fig. 3.3).

Sampling inlets were set into the reactor at regular intervals 
and the assembly of these inlets is shown in Fig. 3.4.

The effluent left the overflow system by 25 mm I.D. flexible 
PVC tubing to a valve and water seal system constructed of rigid 12.7 
mm I.D. PVC tubing. The flow left this system either by a valve to 
waste or returned to the recycle chamber by way of 5 mm I.D. PVC 
tubing.

The overflow and recycle chambers were constructed from acrylic 
tubing of height 300 mm, 60 ram I.D. and a wall thickness of 5 mm. In 
some experiments where the valve effluent system described above was 
used a 10 1 aspirator replaced both chambers. The chambers were con
nected 50 mm from the base by a length of 5 mm I.D. silicone rubber 
tubing. The overflow chamber also included a L-shaped glass tubing 
overflow 200 mm from the base.

Synthetic waste-water was pumped to the recycle chamber using a 
LKB Multi-perpex pump (LKB Ltd., Croydon, Surrey). Two chambers (the 
'overflow' and the 'recycle') were used to ensure the influent passed 
through the reactor rather than flowing directly out with the 
effluent. The tops of both chambers were sealed with rubber bungs, 
pressure was equalised between each chamber by an interconnecting PUC 
tube and the bung in the recycle chamber was also bored to allow the 
escape of the gases produced.



Figure 3.2. Conical base assembly of fluidized bed reactor
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Figure 3.3. Overflow assembly of the fluidized bed reactor



Figure 3.4. Sample tap assembly

o
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Prior to entering the recycle chamber, the synthetic waste 
passed into a mixing chamber which also had an inlet for oxygen free 
nitrogen (BOC Special Gases) which was sterilized by passing through a 
steam sterilizable filter (Formaflow Ltd., Windlesham, Surrey). The 
nitrogen was maintained at a pressure of 200 Nnf^ to help maintain an 
anaerobic environment and also to prevent contamination of the synthe
tic waste by bacterial growth back along the feed line.

The mixed recycled effluent and synthetic waste-water was 
pumped up through the fluidized bed via a Watson Marlow HRSV 214 Flow 
inducer (Watson Marlow, Falmounth, Cornwall) fitted with either 4.8 mm 
or 6.3 mm I.D. silicone rubber tubing at a sufficient rate to maintain 
the required expansion. The silicone rubber tubing in the pump head 
was inspected regularly for wear and changed if necessary. The tubing 
and the pump head rollers were lubricated with glycerol to increase 
the tube life.

If required the influent was passed through a glass coil of 
approximately 2.5 M length placed in a heated water bath (Hearson 
Ltd., England) stirred with a Circotherm unit (Tecam, Cambridge,
U.K.). The temperature of the water bath was adjusted to maintain the 
required temperature within the fluidized bed.

Gas production was measured by the displacement of acidified 
water from an inverted 1 litre measuring cyliner, samples for gas ana
lysis were collected in a perspex cylinder fitted with a silicone 
rubber septum

Tube connections were polypropylene push-fit connectors 
(Gallenkamp Ltd.) and polypropylone non-return valves (Gallenkamp 
Ltd.) were fitted at the reactor column inlet and recycle pump outlet 
to prevent loss of column contents in the event of failure, or rupture 
of the recycle line. All other interconnecting pipework was 5 mm I.D. 
flexible PVC tubing.

3.2.2 Operation of Fluidized Bed Reactors
3.2.2.1 Synthetic waste-waters. Three synthetic waste-water 

types were used during the study, a milk waste based on that used by 
Schroepfer and Ziemke (1959), a meat waste-water based on meat extract
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and g ly c e r o l  to g e th e r  w ith  e s s e n t i a l  in o r g a n ic  n u tr ie n ts  and a g lu c o s e  
based w a ste -w a te r  r ep o r ted  by Anderson and D o n n elly  (1978a). The com
p o s i t io n  o f  each w a ste -w a ter  i s  g iv e n  in  T able 3 .2 .

T able 3 .2 .  C om position  o f  s y n t h e t ic  w a s te -w a te r s .

C o n s t itu e n ts Grade C o n cen tra tio n  
mg l **1

M ilk w a ste -w a te r
M ilk  Powder - 2200

Sodium hydrogen carb on ate A nalar 750

Meat e x tr a c t  w a ste -w a ter
Oxoid 'Lab Lemco' powder (L34) 1950
G ly c e r o l GPR 200

Ammonium c h lo r id e A nalar 360
Sodium c h lo r id e A nalar 50
P otassiu m  dihydrogen  ph osp h ate A nalar 30
C alcium  c h lo r id e  (h y d ra ted ) A nalar 24
Magnesium su lp h a te  (h y d r a te d ) A nalar 7 .5

G lu cose  based  w a ste -w a ter
G lu cose Analar 8000
P eptone (O xo id , L29) - 2400
O xoid 'Lab Lemco' Powder (L 31) - 800
P otassiu m  dihydrogen  phosp hate A nalar 240
Sodium hydrogen carb on ate Analar 320
Calcium  c h lo r id e  (h y d ra ted ) A nalar 22

Magnesium c h lo r id e  (h y d ra ted ) A nalar 48

Each w a ste -w a ter  was prepared  in  201 q u a n t i t ie s  w ith  d i s t i l l e d  
w a te r , th e  meat e x tr a c t  and th e  g lu c o s e  b ased  w a ste -w a ter  were s t e r i 
l i z e d  a t  121°C fo r  one hour to  m a in ta in  a c o n s is t e n t  in f lu e n t  q u a l i t y  
w h ile  th e  m ilk  based w a ste -w a te r  w hich c o u ld  n ot be a u to c la v e d  a t  t h i s  
tem p eratu re  due to  c o a g u la t io n  o f  th e  p r o te in s  was p a r t i a l l y  s t e r i 
l i z e d  by stea m in g  a t 100°C fo r  1 hour on two c o n s e c u t iv e  d a y s.
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3 . 2 . 2 . 2 .  Biomass su p p ort m a te r ia l .  Two m a te r ia ls  were eva
lu a te d  as biom ass su p p ort m a te r ia ls  du rin g  t h i s  s tu d y , a s i l i c a  sand  
( B r i t i s h  I n d u s tr ia l  Sands, R e d h i l l ,  S u rrey ) and an ion  exchange r e s in ,  
Ambersep 359; th e ir  p h y s ic a l  p r o p e r t ie s  a re  g iv e n  in  T able 3 .3 .

T able 3 .3  P h y s ic a l p r o p e r t ie s  o f  biom ass su p p ort m a te r ia ls

Ambersep 359 B15 R e d h ill 65

Mean p a r t i c l e  s i z e 5 mm 2 .2  mm
P a r t ic le  d e n s ity 1 .1 8 2 .6 5
Bulk d e n s ity 0 .5 3 1 .4 3

3 . 2 . 2 . 3 .  O p era tio n a l P a ram eters. The main o p e r a t io n a l para
m eter u sed  in  t h i s  stu d y  was COD lo a d in g  c a lc u la t e d  from:

COD L oading = F x C = kg m~3 d~^
V

where F = in f lu e n t  f lo w r a te ,  1 d” l  
C = in f lu e n t  COD, g 1“ 1 
V = bed volume m^.

3 .3 .  L ab oratory  S c a le  A c id i f i c a t io n  R eactor

3 . 3 .1 .  C o n str u c tio n  o f  R eactor
A ll  p a r ts  o f  th e  r e a c to r  were c o n s tr u c te d  from b o r o s i l i c a t e  

g la s s  and s i l i c o n e  ru b b er. In th e fo l lo w in g  d e s c r ip t io n  Q u ic k f it  
(C orn in g , U .K .) r e fe r e n c e  numbers fo r  each  component are appended in  
b r a c k e t s .

A f l a t  bottom  fe r m e n ta tio n  v e s s e l  (FV500) adapted  by a s id e  arm 
to  m a in ta in  a c o n s ta n t  volum e o f  300 ml was f i t t e d  w ith  a f i v e  so c k e t  
f la n g e  l i d  (M AF1/75), s i l i c o n e  g r e a se  b e in g  a p p lie d  to  th e  ground 
g la s s  j o i n t ,  p r io r  to  clam ping th e  two s e c u r e ly  to g e th e r  (JC 75F ). 
I n f lu e n t  was pumped in t o  th e  v e s s e l  v ia  a s t e r i l e  m ixin g  chamber con
n e c te d  v ia  a cone to  s t r a ig h t  tu b in g  co n n ecto r  (M F 10/2). E f f lu e n t  
g a ses  l e f t  th e r e a c to r  v ia  a cone to  rubber tu b in g , r ig h t  a n g le  con
n e c to r  (MF10/2B) co n n ected  by PVC tu b in g  to  a w ater s e a l .  A th e r 
mometer p o ck et (SH4A) f a c i l i t a t e d  tem perature m easurem ent.
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The rem ain ing s o c k e ts  were s e a le d  w ith  c lo s e d  end s to p p e r s  
(S B 19). E f f lu e n t  l e f t  th e  r e a c to r  v e s s e l  v ia  a U -tube ( t o  m a in ta in  a 
p o s i t iv e  p r e s s u r e )  to  th e  r e c y c le  chamber o f  th e  f lu id iz e d  bed r e a c 
t o r .  Each v e s s e l  was su p p orted  above a m a gn etic  s t i r r e r  (S tu a r t  L t d . ,
U .K .) and equipped w ith  a PTFE c o a ted  m agn etic  fo llo w e r  to  m a in ta in  
th e  v e s s e l  in  a c o m p le te ly  m ixed s t a t e .  A wrap around e l e c t r i c  
h e a t in g  b e l t  type SD/2 (T herm elec M anufacturing  C o n g leto n , C h esh ire )  
was used  to  m ain ta in  th e  r e a c to r s  a t  35°C (± 2 °C ).

3 .4 .  G lassw are
P r io r  to  u se  a l l  g la ssw a r e  was r in s e d  tw ic e  w ith  tap w ater and 

then  tw ic e  w ith  d i s t i l l e d  w a te r . I f  h e a v i ly  s o i l e d  th e  g la ssw a r e  was 
soaked o v e r n ig h t in  chrom ic a c id .  P r io r  to  enzyme a n a ly s is  and 
methane a c t i v i t y  d e te r m in a tio n  a l l  g la ssw a r e  was c le a n e d  w ith  a 10% 
( v /v )  s o lu t io n  o f  Decon 90 d e te r g e n t  (BDH L td .,  P o o le , D o r s e t ) .

Round bottom  f la s k s  fo r  th e  COD d e te r m in a tio n  were f i l l e d  w ith  
d i lu t e  chrom ic a c id  when n ot in  u se , to  a v o id  co n ta m in a tio n . P ip e t t e s  
w ere s to r e d  in  a d i lu t e  s o lu t io n  o f  Decon 90 d e te r g e n t .
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4 .  RESULTS

4 .1 .  I n i t i a l  R eactor S ta r t  Up
The r e a c to r  c o n s tr u c t io n  d e sc r ib e d  in  S e c t io n  3 .2 .1  and th e  

m ilk -b a se d  w a ste -w a ter  were u sed  fo r  th e  i n i t i a l  ex p e r im e n ts . Four 
r e a c to r s  were u sed , each c o n ta in in g  a p p ro x im a te ly  2 .2  l i t r e s  o f  s i l i c a  
sand (B IS , R e d h il l ,  6 5 ) ,  th e  r e a c to r s  were i n i t i a l l y  f i l l e d  w ith  tap  
w ater  to  t h e ir  in ten d ed  o p e r a tin g  volum e. Three grams o f  d r ie d  m ilk  
powder were added to  two r e a c to r s  and 500 ml o f  d ig e s t e r  s lu d g e  p re
v io u s ly  a c c lim a te d  fo r  60 days to  a m ilk  based  s u b s tr a te  was added. 
The rem ain in g  two r e a c to r s  were n ot seed ed  w ith  an a ero b ic  s lu d g e  but 
20 ml o f  sour m ilk  was added to  each as an i n i t i a l  b a c t e r ia l  seed  and 
carbon so u rce  in  order to  d eterm in e w hether an a c t iv e  b a c t e r ia l  popu
l a t i o n  co u ld  d evelop  w ith o u t i n i t i a l  in n o c u la t io n  from an a n a ero b ic  
d ig e s t e r .  The r e c y c le  pumps were a d ju ste d  to  g iv e  a bed ex p a n sio n  o f  
20%, a l l  r e a c to r s  were o p era ted  a t  room tem p era tu re .

The r e a c to r s  were i n i t i a l l y  o p era ted  in  b atch  mode, a d d it io n s  
o f  m ilk  powder ( l g )  were made d i r e c t l y  to  th e  r e c y c le  chamber ev ery  
th r e e  days to  m a in ta in  an adequate s u b s tr a te  c o n c e n tr a t io n . A fter  
f i f t e e n  days o f  o p e r a t io n , a fe e d  w ith  a COD o f  2500 mg 1~1 ( s e e  T able  
3 .2 )  was su p p lie d  to  each  r e a c to r  a t  a f lo w r a te  o f  1 1 d” l .  A fter  
f o r t y  days o f  o p e r a tio n  th e  f lo w r a te  was in c r e a se d  to  4 1 d”  ̂ u s in g  a 
h ig h e r  c o n c e n tr a t io n  o f  m ilk  powder (50 g 1” 1) d i lu t e d  to  the  
n e c e s s a r y  s tr e n g th  w ith  tap  w ater in  th e  m ix in g  chamber. COD and pH 
were m easured d a i ly  over t h i s  p e r io d , v o l a t i l e  a c id s  were d eterm ined  
w e e k ly . The COD du rin g  t h i s  p er io d  i s  shown in  F ig  4 .1 .

R eactor o p e r a tio n  over th e  e n t ir e  a ttem p ted  s t a r t  up p e r io d  was 
u n s ta b le ,  pH ad ju stm en t was fr e q u e n t ly  r e q u ir e d . T h is was a c h ie v e d  by 
ad d in g  1 -2  g o f  ca lc iu m  o x id e  to  th e  r e c y c le  chamber. Over th e  f i r s t  
f o r t y  days COD r e d u c t io n  was m oderate, t y p i c a l l y  betw een 40 and 50%, 
how ever no methane c o u ld  be d e te c te d  in  th e head sp ace above th e  
r e c y c le  chamber. I t  w ould appear u n l ik e ly  th a t  an a ero b ic  d eg ra d a tio n  
was r e s p o n s ib le  fo r  th e  r e d u c tio n  in  COD. A erobic d eg ra d a tio n  (due to  
a i r  le a k a g e )  or c o a g u la t io n  (due to  th e  low pH) and s e t t le m e n t  o f  th e  
m ilk  p r o te in s  are p o s s ib le  mechanisms o f  rem oval. A fter  th e  in f lu e n t  
f lo w r a te  was in c r e a se d  to  4 1 d” l  e f f lu e n t  COD in c r e a se d  r a p id ly  to  
approach th e  in f lu e n t  v a lu e s .



Figure 4 .1 .  E fflu en t COD during i n i t i a l  start-u p  period (O • )  seeded, ( a a )  unseeded O '
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Some o p e r a t io n a l problem s were en cou n tered  w ith  th e  d e s ig n  o f  
the equipm ent. The g r a v e l bed d is t r ib u t o r  sy stem  proved to  be unsa
t i s f a c t o r y  s in c e  d i s t r ib u t io n  was p oor, ev id en ced  by v i s i b l e  chan
n e l l i n g  in  a l l  four r e a c to r s  and th e  v o id  sp ace  in  th e  g r a v e l q u ic k ly  
became b lo ck ed  w ith  b i o l o g i c a l  s o l i d s ,  on two o c c a s io n s  th e  r e a c to r s  
had to  be d ism an tled  and th e  g r a v e l removed and w ashed.

The system  o f  b a la n c in g  th e  in f lu e n t  and e f f lu e n t  f lo w r a te  by 
a d ju s t in g  th e  v a lv e  p o s i t io n s  was h ig h ly  u n s a t i s f a c t o r y .  I t  was d i f 
f i c u l t  to  a c c u r a te ly  a d ju s t  th e f lo w r a te s  as was apparent from th e  
la r g e  f lu c t u a t io n s  in  th e f lu id  l e v e l  in  th e r e c y c le  chamber. 
F req u en t ad ju stm en ts to  th e  l iq u id  volume had to  be made e i t h e r  by 
w a stin g  or adding f l u i d  to  th e  sy stem . Due to  th e s e  l e v e l  f lu c 
tu a t io n s  th e  gas volume o f  th e  system  was n ot c o n s ta n t  and i t  would  
have been im p o ss ib le  to  a c c u r a te ly  m easure any gas p r o d u c tio n , thus 
th e  r e a c to r s  were sh u t down and r e d e s ig n e d  to  g iv e  a c o n s ta n t  gas and 
l iq u id  volum e, and to  m in im ise  th e  volume o f  th e r e c y c le  cham bers. 
The g r a v e l bed d is t r ib u t io n  sy stem  was a ls o  r e p la c e d  w ith  th e  in v e r te d  
c o n ic a l ly  shaped system  d e sc r ib e d  in  S e c t io n  3 .2 .1 .

4 . 1 . 2 .  M o d ified  R eactor S ta r t-U p  P rocedure
The r e a c to r s  were r e f i l l e d  w ith  2 .2  l i t r e s  o f  f r e s h  sand and 

two r e a c to r s  were f i l l e d  w ith  th e  b u ffe r e d  m ilk  w a ste  a t  th e  req u ir e d  
s tr e n g th  and were o p era ted  a t  37°C . The two rem ain in g  r e a c to r s  were 
f i l l e d  w ith  th e meat e x tr a c t  w a ste -w a ter  and op era ted  a t room tem
p e r a tu r e . The r e a c to r  o p e r a t in g  c o n d it io n s  and m easured in f lu e n t  
c h a r a c t e r i s t i c s  are g iv e n  in  T able 4 .1

The r e c y c le  pumps were a d ju ste d  to  g iv e  a 20% bed ex p a n sio n  and 
a f t e r  th e  r e a c to r s  had e q u i l ib r a t e d  a t  t h e ir  a p p r o p r ia te  o p e r a tin g  
tem p eratu re  f r e s h ly  c o l l e c t e d  d ig e s t e r  s lu d g e  (20 m l) was in j e c t e d  
in t o  a low er sam ple tap o f  each  r e a c t o r .  The COD and pH were moni
to r e d  d a i ly .  Once th e  COD began to  d e c l in e  w a ste  was pumped to  th e  
r e c y le  chambers a t a low f lo w r a te  and th e  r e a c to r s  were a llo w ed  to  
s t a b i l i z e  p r io r  to  fu r th e r  step p ed  in c r e a s e s  in  lo a d in g .

The d i f f e r e n c e  in  e q u i l ib r a t io n  tim es betw een th e  am bient tem
p e r a tu r e  and h ea ted  r e a c to r s  in  term s o f  e f f lu e n t  COD i s  shown in  F ig  
4 . 2 . ,  th e  r e a c to r  o p e r a t in g  a t  am bient tem perature took  80 days to  
e q u i l ib r a t e ,  a t  a COD lo a d in g  o f  2 .6  kg m~3 d” l  w hich was 100% lo n g er  
than th e  h e a ted  r e a c to r .
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F ig u re  4 .2 .  E q u ilib r iu m  tim es o f  f lu id iz e d  bed r e a c to r s  ( • )  meat w a ste , ( O )  m ilk  w aste
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T able 4 . 1 .  F lu id iz e d  bed r e a c to r  o p e r a t in g  c o n d it io n s

R eactor 1 2 3 4

O p eratin g
Tem perature °C 37 37 20 20

W aste typ e m ilk m ilk meat meat

I n f lu e n t
powder powder e x tr a c t e x tr a c t

COD mg l " 1 

I n f lu e n t
1250 2500 1250 2500

BOD mg l ” 1 

I n f lu e n t
590 1180 620 1240

SS mg l ” 1 

I n f lu e n t
0 0 0 0

pH
Upflow

6.0 6.0 6 .1 6 .1

v e l o c i t y  
cm min” l

7 .6 2 - 1 2 .7 7 .6 2 - 1 2 .7 7 .6 2 - 1 2 .7 7 .6 2 - 1 2 .7

4 .2 .  R eactor perform ance a t  s te a d y  s t a t e
A fte r  a p er io d  o f  e ig h ty  days s in c e  i n i t i a l  r e a c to r  s t a r t -u p  

had e la p s e d  th e  perform ance o f  th e  r e a c to r s  was s tu d ie d  over a range  
o f  COD lo a d in g s .  The in f lu e n t  f lo w r a te s  were a d ju s te d  fo r  the  
r e q u ir e d  lo a d in g  and a p e r io d  e q u iv a le n t  to  th r e e  h y d r a u lic  r e s id e n c e  
tim es or fo u r te e n  days was a llo w ed  to  l e t  the r e a c to r s  s t a b i l i z e .  The 
e f f l u e n t  COD, v o l a t i l e  a c id s ,  SS, VSS and pH were m easured d a i ly  for  
th r e e  days a t  each o rg a n ic  lo a d in g . The COD lo a d in g  was in c r e a se d  
u n t i l  th e  r e a c to r s  showed s ig n s  o f  im pending f a i l u r e ,  in d ic a te d  by 
u n s ta b le  pH and h igh  v o l a t i l e  a c id s  c o n c e n tr a t io n s .  The o p e r a tin g  
param eters a t  each COD lo a d in g  are shown in  F ig s  4 .3  and 4 . 4 .

The COD rem oval in  th e  h ea ted  r e a c to r s  was g r e a te r  than 80% 
over m ost o f  th e lo a d in g s  t e s t e d ,  w h i l s t  in  th e  unheated r e a c to r s  COD 
rem oval e f f i c i e n c y  d e c l in e d  r a p id ly  over COD lo a d in g s  o f  3 kg ra” 3 d“ l 
how ever, th e  s t a b i l i t y  o f  th e s e  r e a c to r s  was good w ith  no in d ic a t io n  
o f  v o l a t i l e  a c id  accu m u la tion  over th e  range t e s t e d .  E f f lu e n t  v o la 
t i l e  a c id  c o n c e n tr a t io n s  were g e n e r a l ly  below  100 mg 1” 1 e x c e p t a t the  
h ig h e r  lo a d in g s  in  th e  h e a ted  r e a c to r ,  where th e r e  was some ten d en cy
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Figure 4 .3 .  Influence o f  COD loading on e ff lu e n t  COD, (A) m ilk waste, 
( A )  meat waste
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F ig u re  4 . 4 .  I n f lu e n c e  o f  COD lo a d in g  on e f f lu e n t  suspended s o l i d s  
(■ ) m ilk  w a ste , (□ ) meat w aste
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fo r  v o l a t i l e  a c id  a ccu m u la tio n , th e  r e a c to r  pH was c o r r e c te d  in  t h i s  
in s ta n c e  by th e  a d d it io n  o f  5 g o f  sodium hydrogen c a r b o n a te .

COD r e d u c tio n  a t th e  same o rg a n ic  lo a d in g  was la r g e ly  ind ep en 
dent o f  in f lu e n t  COD, how ever e f f l u e n t  suspended s o l i d s  were low er a t  
low er in f lu e n t  COD c o n c e n tr a t io n s .

E f f lu e n t  suspended s o l i d s  c o n c e n tr a t io n s  e x h ib ite d  a d e f i n i t e  
in c r e a s e  w ith  organ ic  lo a d in g  a lth ou gh  r e s u l t s  a t  th e low er COD 
lo a d in g s  were somewhat e r r a t i c .  The e f f lu e n t  suspended s o l i d s  appeared  
to  be o f  a v ery  f in e  n a tu re  and th u s the s e t t le m e n t  t e s t s  d e sc r ib e d  in  
s e c t io n  3 .1 .1 5  were u n dertaken  on th e  e f f lu e n t  from a h e a te d  r e a c to r  
fe d  w ith  th e  m ilk  based w a ste -w a te r  w ith  a COD o f  2500 mg 1"* .̂ The 
r e s u l t s  are shown in  T able 4 . 2 .  L i t t l e  change in  suspended s o l i d s  con
c e n tr a t io n s  over th e th r e e  hour p e r io d  o f  s e t t l i n g  were n o ted  ex cep t

T able 4 . 2 .  I n v e s t ig a t io n  o f  th e  s e t t l e a b i l i t y  o f  f lu id iz e d  bed r e a c to r  
e f f l u e n t  suspended s o l i d s

I n i t i a l  COD L oading 1 2 .5  4 .0
(kg d“ l )
Time (h o u r s)  E f f lu e n t  Suspended S o l id s  (mg 1“ 1)

0 58 68 105
1 60 66 95
2 60 78 95
3 62 66 98

a t a COD lo a d in g  o f  4 kg m“ 3 d“ ^, where th e r e  were some la r g e r  f l o e s  
v i s i b l e ,  a lth o u g h  th e  m easured r e d u c tio n  was sm a ll (<10% ). During th e  
fou r months o f  th e  stu d y  a t  no tim e was i t  n e c e s s a r y  to  w a ste  any 
biom ass from th e r e a c t o r s .  S e tt le m e n t in  th e  r e c y c le  chambers was 
m inim al due to  th e  f in e  n a tu re  o f  th e s o l i d s .

D e ta i le d  gas a n a ly s is  and m easurem ents were not w ith in  th e  
scop e o f  t h i s  s tu d y , however an e s t im a te  was made o f  th e  gas y i e l d  
from each  r e a c to r ,  th e s e  were 0 .3 8  m̂  CĤ  per kg COD removed fo r  th e  
m ilk  w a ste  and 0 .3 1  m̂  CH4 per kg COD removed fo r  th e  meat w a s te -
w ater  .
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On two o c c a s io n s  w ith  th e  h ea ted  r e a c to r s  th e r e c y c le  pumps 
were sto p p ed  and thus th e  r e a c to r  c o n te n ts  c o o le d  to  am bient tem
p er a tu r e  fo r  21 h . A fte r  r e s t a r t in g  th e  flo w  and r e s t o r in g  th e  tem
p er a tu r e  to  37°C th e r e a c to r s  a lm ost im m ed iate ly  s t a r t e d  to  produce  
methane and were o p e r a tin g  w ith  f u l l  e f f i c i e n c y  w ith in  two d a y s. The 
r e a c to r s  thus showed good s t a b i l i t y  under u n fa v o u ra b le  p r o c e ss  con
d i t i o n s ,  a c h a r a c t e r i s t i c  n o t g e n e r a l ly  e x p e c te d  o f  an aerob ic  r e a c to r s  
and an im portant fe a tu r e  o f  a p r o c e ss  to  be used  com m ercia lly  in  an 
in d u s t r ia l  s i t u a t i o n ,  th u s fu r th e r  exam in ation  o f  r e a c to r  perform ance  
under v a r ia b le  p ro cess  c o n d it io n s  was made.

4 .3 .  Perform ance o f  r e a c to r s  under v a r ia b le  p r o c e ss  c o n d it io n s
In  order to  s im u la te  th e  e f f e c t s  o f  t r a n s ie n t  or in t e r m it t e n t  

v a r ia t io n s  in  w aste  c h a r a c t e r i s t i c s  w hich may a r i s e  from in d u s tr ie s  
em ploying b atch  or se m i-b a tc h  ty p e  p r o d u c tio n , in te r m it t e n t  c le a n in g  
o p e r a t io n s  or com b in ation s o f  d i f f e r e n t  p ro d u ctio n  p r o c e s s e s
g e n e r a tin g  w a stes  o f  v a r io u s  s t r e n g t h s ,  th e  f lu id iz e d  bed r a c to r s  were  
s u b je c t  to  t r a n s ie n t  changes in  tem perature in f lu e n t  flo w  r a t e ,  
in f lu e n t  COD c o n c e n tr a t io n  and pH and t h e ir  s t a b i l i t y  o f  o p e r a tio n  
m o n ito red . T hese ex p erim en ts were c a r r ie d  out on a h ea ted  f lu id iz e d  
bed r e a c to r  t r e a t in g  th e  b u ffe r e d  m ilk  w a ste  a t  an in f lu e n t  COD o f  
2500 mg 1” 1 and on th e  u n h reated  r e a c to r  t r e a t in g  the meat e x tr a c t  
w a ste  a t  an in f lu e n t  COD o f  1250 mg 1” ^. A n a ly s is  o f  th e  sam ples to o k  
p la c e  im m ed ia te ly  w ith  th e e x c e p t io n  o f  th e  d e term in a tio n  o f  v o l a t i l e  
a c id s  c o n c e n tr a t io n s .

4 . 3 .1 .  E v a lu a tio n  o f  m ethods o f  p r e se r v in g  sam ples fo r  t o t a l  v o l a t i l e
a c id s  d e te r m in a tio n .
I t  was a n t ic ip a t e d  th a t  d uring  th e  s e r i e s  o f  t r a n s ie n t  changes  

in  o p e r a t in g  param eters th a t  w ith  sam pling  a t  h o u r ly  in t e r v a l s  i t  
w ould n ot be p o s s ib le  to  u n d ertak e im m ediate a n a ly s is  o f  th e  v o l a t i l e  
a c id s  c o n c e n tr a t io n . E f f lu e n t  su b -sam p les would have to  be s to r e d  fo r  
up to  48 h p r io r  to  a n a ly s i s .  T h erefo re  an in v e s t ig a t io n  was c a r r ie d  
ou t to  e v a lu a te  e f f e c t s  o f  p r e s e r v a t io n  and s to r a g e  on th e  v o l a t i l e  
a c id s  c o n c e n tr a t io n s .

In  a p r e lim in a r y  stu d y  w ith  a f i l t e r e d  e f f lu e n t  sam p le, i t  was 
found th a t  th e a d d it io n  o f  form aldehyde a t  a c o n c e n tr a t io n  o f  0.2% 
( v /v )  produced c o n s id e r a b le  in t e r f e r e n c e  w ith  th e  a n a ly t i c a l  m ethod, 
t h i s  form o f  s to r a g e  was th e r e fo r e  n ot pursued in  su b seq u en t work. 
T able 4 .3 .  sum m arises th e r e s u l t s  o f  th e s e  e x p er im en ts .
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T able 4 .3 .  The e f f e c t  o f  form aldehyde a d d it io n  on th e  d e te r m in a tio n
o f  v o l a t i l e  a c id s in  f i l t e r e d  e f f lu e n t sam ples

F i l t e r e d  Sample U n trea ted F i l t e r e d  Sample + Form aldehyde
Day 0 x Day 0 X

V o l. A cid s mg 1“ * n_ i V o l. A cid s mg 1” 1 n-1

8 172
12 8 .8 0 208 2 1 1 .2 0
4 288
8 3 .3 4 192 4 4 .8 4

12 196

In  a fu r th e r  com parison  an u n f i l t e r e d  e f f lu e n t  sam ple was 
o b ta in e d  from th e  r e a c to r  o p e r a t in g  under s te a d y  s t a t e  c o n d it io n s  a t  a 
COD lo a d in g  o f  2 .6  kg n f^  d” l .  T h is sam ple was d iv id e d  in to  a number 
o f  su b -sa m p le s , one o f  w hich was an a ly zed  im m ed ia te ly . Two o f  th e  
rem ain in g  subsam ples were s to r e d  a t  4°C in  a r e f r ig e r a t o r  and a t -10°C  
in  a f r e e z e r .  The rem ain in g  sub-sam ple was t r e a te d  w ith  a m ercu ric  
c h lo r id e  s o lu t io n  to  a c o n c e n tr a t io n  o f  20 mg 1“ *. P art o f  t h i s  
sam ple was a n a ly zed  im m ed iate ly  and th e  rem ain in g  p o r t io n  s to r e d  a t  
4°C . The su b -sam p les were a n a ly zed  a t 3 days and 6 days a f t e r  th e  
tim e o f  sa m p lin g , th e  v a r ia t io n s  to  th e  o r ig in a l  v o l a t i l e  a c id s  con
c e n tr a t io n  are g iv e n  in  T able 4 . 4 .

A s im ila r  experim ent was c a r r ie d  out fo r  a sam ple w hich was 
im m ed ia te ly  f i l t e r e d ,  th e  r e s u l t s  are g iv e n  in  T able 4 .5 .

The f i l t e r e d  sam ples s to r e d  a t - 1 0 ° C were found t o  have th e  
l e a s t  v a r ia t io n  in  v o l a t i l e  a c id s  m easurem ent. A T - t e s t  c a r r ie d  out 
on th e 0 day and 3 day s e t s  o f  sam ples showed th a t  th e m easurem ents 
were not s i g n i f i c a n t l y  d i f f e r e n t  a t  th e 95% c o n fid e n c e  l e v e l .  T his  
method o f  s to r a g e  was th e r e fo r e  u sed  d uring  su b seq u en t work.
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T able 4 . 4 .  The e f f e c t s  o f  s to r a g e  o f  u n f i l t e r e d  e f f lu e n t  sam ples 
on v o l a t i l e  a c id s  a n a ly s is

S to ra g e Day 0
V o l. A cids  

mg l -1

X

n-1
Day 3

V o l. A cids  
mg l " 1

X

n-1
Day 6 

V o l. A cids  
mg l -1

X

n-1

4°C 5 .6 0
0 7 .3 2 0 0

1 6 .9 0
8 .7 1 4 .5 5 .6 6 .1 7 0 0

1 7 .4 8 .5 0
1 4 .5

-10°C 1 4 .5 3 .5 5 1 4 .1 0
1 7 .4 2 .8 1 8 .6 0 3 .9 4

2 5 .4 9 .8
2 8 .2 1 0 .2 8 3 .3 4 .2 6
2 2 .5 6 .6

m ercu ric 5 2 .2 1 5 .2 0
c h lo r id e 5 2 .2 4 2 .3 1 2 .1 1 7 .5 8 8 .0 5 .3 4
4°C 3 1 .9 2 4 .2 1 8 .7

2 6 .1 1 2 .4 0 2 1 .2 4 .9 5 0 8 .2 3
4 9 .3 1 5 .2 0
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T able 4 . 5 .  The e f f e c t s  o f  s to r a g e  o f  f i l t e r e d  e f f lu e n t  sam ples  
on v o l a t i l e  a c id s  a n a ly s is

S torage Day
V o l. A cids  

mg 1_1

0 x 
n-1

Day 3
V o l. A cids  

mg l" 1

X

n-1
Day 6 

V o l. A cids  
mg l"”1

X

n-1

4°C 6 .3 2 1 .9
2 1 .9 1 4 .4 1 9 .2 2 3 .5 6

9 .4 1 6 .4
1 1 .3 1 6 .3 4 1 2 .5 7 .1 8 2 1 .9 8 .6 0
1 4 .0 2 1 .9 3 8 .4
1 9 .7

i t—■ o
0 O 2 8 .2 7.81 1 2 .5 1 6 .4

8 .5 1 8 .8 16 .2 6 1 9 .2 2 3 .0
1 2 .5 3 0 .1
2 1 .9 4 .0 9 1 9 .2 6 .5 8
1 5 .6 3 0 .1

m ercu ric 2 2 .5 6 .8 2 8 .2
c h lo r id e 3 3 .8 2 7 .0 4 1 0 .2 1 4 .2 4 3 6 .6 3 2 .1 2
4°C 2 5 .4 1 3 .6 3 6 .6

2 2 .5 5 .1 3 2 0 .3 6 .0 3 2 8 .2 4 .2 4
3 1 .0 2 0 .3 3 1 .0
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4 . 3 .2 .  In f lu e n c e  o f  t r a n s ie n t  tem p eratu re r e d u c t io n s  on th e  p e r fo r  
mance o f  th e  h e a ted  f lu id iz e d  bed r e a c to r

Tem perature r e d u c tio n s  were c a r r ie d  out on a f lu id iz e d  bed  
o p era ted  a t  a COD lo a d in g  o f  3 .2  or 5 kg m“ 3 d“ l ,  a t  each COD lo a d in g  
th e  tem p eratu re was d ecrea sed  by 10°C and 20°C. Each tem p eratu re  
r e d u c tio n  was m ain ta in ed  fo r  4 and 8 h o u rs . T ab le 4 .6  sum m arises th e  
changes in  perform ance o f  th e  r e a c to r  fo r  each tem p eratu re r e d u c t io n .

The e f f e c t  o f  a tem p eratu re  r e d u c tio n  was c h a r a c te r iz e d  by an 
im m ediate d e c r e a se  in  r e a c to r  pH, w hich s t a b i l i z e d  a t  a new v a lu e  b e t 
ween 0 .2  and 0 .3  pH u n it s  below  th e  normal o p e r a t in g  v a lu e .  The pH 
was g e n e r a l ly  s t a b le  a t t h i s  low er o p e r a tin g  v a lu e  during o p e r a t io n  a t  
th e  low er tem p era tu re . The d e c r e a se  in  pH was c o in c id e n t  w ith  an 
in c r e a s e  in  e f f lu e n t  v o l a t i l e  a c id s  which co n tin u e d  to  r i s e  du rin g  
o p e r a tio n  a t  th e  reduced tem p eratu re  to  v a lu e s  up to  200% g r e a te r  than  
th e  normal c o n c e n tr a t io n ;  th u s th e  r e a c to r  pH was o n ly  m a in ta in ed  by 
th e  b u ffe r in g  c a p a c ity  o f  th e  sy stem . T his was in d ic a te d  by a 
d ecrea se  in  th e  a l k a l i n i t y  d u rin g  th e  tem perature r e d u c t io n . Once th e  
r e a c to r  tem p eratu re was in c r e a se d  to  i t s  form er v a lu e  th e e f f lu e n t  
v o l a t i l e  a c id s  im m ed iate ly  began to  d e c r e a se  and a t ta in e d  t h e ir  o r i g i 
n a l v a lu e s  w ith in  14 h o u rs.

T y p ic a l ly ,  e f f lu e n t  suspended s o l id s  c o n c e n tr a tio n s  were 
u n sta b le  du rin g  a tem perature r e d u c tio n  but showed a g e n e r a l  
in c r e a s in g  tren d  w h i l s t  a f t e r  o p e r a tio n  a t th e  low er tem p eratu re th e y  
u s u a l ly  d e crea sed  and s t a b i l i z e d  a t  a new v a lu e .

E f f lu e n t  COD in c r e a se d  th rou gh ou t each tem p eratu re r e d u c tio n  to  
v a lu e s  up to  143% g r e a te r  than norm al. To e s t a b l i s h  w hether w a s te -  
w ater p a ssed  through th e r e a c to r  u n a ffe c te d  by th e  trea tm en t p r o c e s s ,  
th e  c o n c e n tr a t io n  o f  p r o te in  in  th e  e f f lu e n t  was determ in ed  ( th e  m ilk  
based w a ste -w a te r  was a n a ly zed  and found to  c o n ta in  850 mg 1” 1 o f  
p r o t e in ) .  In c r e a se s  o f  up to  30% were found in d ic a t in g  th a t  th e f i r s t  
s ta g e  o f  a n a ero b ic  d ig e s t io n  ( i . e .  th e a c id  form ation  s t e p )  was 
o v e r lo a d e d .

Gas p ro d u ctio n  was s e v e r e ly  re ta rd ed  by th e  tem perature red u c
t io n  to  minimum v a lu e s  o f  a p p ro x im a te ly  20% o f  th o se  a t  normal tem
p e r a tu r e s  (d u r in g  20°C d e c r e a s e s ) .  The methane c o n c e n tr a t io n  o f  th e  
gas produced a ls o  d ecrea sed  im m ed iate ly  a f t e r  th e  tem perature was



Table 4.6. Summary of the effects of temperature reduction on flu id ized  bed performance

Maximum % In c r e a se
I n i t i a l  
O rganic  
L oading  
COD n r 3 d_1

Tem perature
r e d u c tio n

°C

D u ration
Hours COD

V o la t i le
A cids

Suspended
S o lid s

Maximum
pH

d e p r e ss io n

Maximum %
D ecrease
A lk a l in i t y

Recovery
Time
Hours

3 .2 10 4 3 0 .1 1 1 0 .7 50 0 .3 7 6

3 .2 10 8 5 6 .2 13 3 .3 5 4 .8 0 .3 8 .5 6

3 .2 20 4 1 0 5 .0 1 0 0 .0 7 5 .0 0 .3 8 1 4 .3 7

3 .2 20 8 1 4 3 .0 2 7 1 .0 5 4 .6 0 .3 1 1 1 .5 10

5 .0 10 4 3 3 .0 1 1 8 .0 3 1 .6 0 .2 3 .6 6

5 .0 10 8 3 1 .0 1 7 2 .0 4 5 .0 0 .1 5 8 .1 6

5 .0 20 4 5 1 .7 1 3 5 .0 2 2 .0 0 .2 5 7 .1 7

5 .0 20 8 1 2 1 .8 1 8 4 .0 4 1 .9 0 .2 1 4 .9 20
00oo



F ig u re  4 . 5 .  E f f e c t  o f  4 h , 20°C tem p eratu re r e d u c tio n  on v a r io u s
p r o c e ss  param eters o f  a h ea ted  a n a ero b ic  f lu id iz e d  bed  
r e a c to r  (COD lo a d in g  3 .2  kg m"3 d ~ l)  ( A )  e f f lu e n t  COD 
( O )  pH, ( A )  v o l a t i l e  a c id s ,  (□ ) a l k a l i n i t y ,  (■ ) 
suspended s o l i d s ,  ( • )  r e a c to r  tem perature
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I________________________ 1----------------------------------------1----------------------------1
0  5 10 14

T IME  (h )

F ig u re  4 .6 .  E f f e c t  o f  4 h , 20°C tem p eratu re r e d u c tio n  on v a r io u s
p r o c e ss  param eters o f  a h ea ted  a n a ero b ic  f lu id iz e d  bed 
r e a c to r  (COD lo a d in g  5 .0  kg m~3 d“ l )  ( A )  e f f lu e n t  COD 
( O )  pH, ( a ) v o l a t i l e  a c id s ,  (□ ) a l k a l i n i t y ,  (■ ) 
suspend ed  s o l i d s ,  ( v )  p r o te in
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re tu rn ed  to  37°C, gas p ro d u ctio n  resum ed, and an i n i t i a l  h ig h  r a te  o f  
gas p ro d u ctio n  was ob served  due to  th e h igh  v o l a t i l e  a c id  con
c e n tr a t io n s  .

I t  was a l s o  n o ted  th a t  due to  th e  in c r e a se d  v i s c o s i t y  o f  th e  
f l u i d  a t  th e  low er te m p era tu res , th e  bed exp a n sio n  in c r e a se d  by up to  
10% during a tem perature r e d u c t io n .

F ig s  4 .5 .  and 4 .6 .  i l l u s t r a t e  th e changes in  p r o c e ss  param eters  
fo r  a s in g le  fou r hour 2 0 °C tem p eratu re r e d u c tio n  a t  COD lo a d in g s  o f  
3 .5  and 5 kg m” 3 d"l r e s p e c t i v e l y .  Tem perature r e d u c tio n s  c a r r ie d  out 
a t th e  h ig h er  lo a d in g  g e n e r a l ly  cau sed  a g r e a te r  d egree  o f  d e s t a b i l i 
z a t io n  how ever, th e r e  was no d i f f e r e n c e  in  g e n e r a l b ehaviour o f  th e  
r e a c to r  a t  th e  two lo a d in g s .  The r e a c to r s  dem onstrated  c o n s id e r a b le  
r e s i s t a n c e  to  a d v erse  p r o c e ss  c o n d it io n s  w ith  no lo n g  term d e tr im e n ta l  
a f f e c t s .

4 . 3 .3 .  In f lu e n c e  o f  t r a n s ie n t  in c r e a s e s  in  in f lu e n t  f lo w r a te  on th e
perform ance o f  th e  h e a te d  f lu id iz e d  bed r e a c to r
A f lu id iz e d  bed r e a c to r  o p e r a tin g  a t a COD lo a d in g  o f  5 kg m~3 

d” l  was su b je c te d  to  in c r e a s e s  in  in f lu e n t  f lo w r a te  o f  100% and 150% 
each m a in ta in ed  for  4 and 8 h o u r s . The r e s u l t s  from each shock  a re  
summarised in  T able 4 .7 .

In  g e n e r a l the f lu id iz e d  bed responded in  th e  same manner as 
when th e  tem p eratu re was reduced  (S e c t io n  4 . 3 . 2 ) .  A d ecr e a se  in  pH o f  
0 .2 - 0 .3  pH u n it s  during an in c r e a s e  in  h y d r a u lic  load  was found , 
e f f lu e n t  COD and v o l a t i l e  a c id s  in c r e a se d  w h ile  th e r e  was a c o in c id e n t  
d ecr e a se  in  a l k a l i n i t y .  F ig .  4 . 7 .  g iv e s  an exam ple o f  th e changes in  
p r o c e ss  p aram eters during a s in g l e  4 h our, 150% f lo w r a te  in c r e a s e .  
During th e  e ig h t  hour flo w  r a t e  in c r e a s e  th e e f f lu e n t  COD began to  
s t a b i l i z e  a t  a new v a lu e ,  a lth o u g h  e f f lu e n t  v o l a t i l e  a c id s  were s t i l l  
in c r e a s in g  s l i g h t l y  when a normal f lo w r a te  was resum ed.

D uring th e  v a r ia t io n s  in  o rg a n ic  lo a d , e f f lu e n t  suspended  
s o l i d s  in c r e a se d  to  v a lu e s  o f  up to  45% g r e a te r  than norm al. The SS 
e x h ib it e d  a d e f i n i t e  upward tr e n d  in  a l l  c a se s  r a th e r  than th e  e r r a t i c  
b ehaviour n o ted  in  th e tem p eratu re  r e d u c t io n s .



T able 4 .7 . Summary o f  
f lu id iz e d

th e a f f e c t s  
bed r e a c to r

o f  in c r e a s in g in f lu e n t  f lo w r a te  on th e perform ance o f  th e

I n i t i a l
COD

L oading  
kg m“ 3 d” l

In c r e a se  
in  COD 

lo a d in g

D uration
Hours

Maximum % In c r e a se
V o la t i l e  Suspended  

COD A cids S o lid s

Maximum
pH

d ep ress ion

Maximum
% d ecrea se  
A lk a l in i t y

R ecovery
Time
Hours

5 100% 4 42 160 2 2 .8 0 .2 5 5 .2 8

5 100% 8 7 1 .5 230 3 0 .5 0 .21 7 .3 8

5 150% 4 115 245 2 2 .8 0 .4 7 1 5 .8 12

5 150% 8 119 276 4 2 .8 0 .3 1 1 .0 8 14

VOK)
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l 1 2 - 2 5 ___________ ,__________________  S
kg COD m3 d’ 1

0  5 10 15
TIME (h)

F ig u re  4 . 7 .  E f f e c t  o f  4 h 150% h y d r a u lic  o v e r lo a d in g  on v a r io u s
p r o c e ss  param eters o f  a h e a te d  a n a ero b ic  f lu id iz e d  bed 
r e a c to r  ( A )  e f f l u e n t  COD ( O )  pH, (A) v o l a t i l e  a c id s ,  
(□ ) a l k a l i n i t y ,  (■ ) suspended s o l i d s ,  (v) p r o te in
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Gas production increased during the shock loading, although the 
methane concentration of the gas decreased with a coincident increase 
in carbon dioxide partial pressure.

After the influent flowrate was returned to its normal value 
all the measured parameters returned to their original values, and 
complete recovery took between 8 and 18 hours.

Although the reactor was destabilized during a hydraulic 
overloading no long term adverse affects were found and during all the 
flowrate increases the reactor maintained a COD removal of over 75%.

4.3.4. Influence of transient increases in influent COD on the
performance of the heated fluidized bed reactor
Influent COD increases of 100% for 4 and 8 hours and 150% for 4 

hours were applied to a reactor at a COD loading of 5 kg m“3 d”*. The 
higher strength waste-waters were prepared by increasing each com
ponent of the waste by the same proportion. Table 4.8. summarises the 
effects of increased influent COD on reactor stability. The COD shock 
loads were characterised by a small, slow decrease in effluent pH, 
usually less than 0.1 pH unit, even though the volatile acids con
centration rose rapidly. The pH appeared to be controlled by the 
increased buffering capacity of the influent as evidenced by the 
increased alkalinity of the effluent.

Effluent suspended solids increased rapidly during shock loads 
to values of up to 79% greater than normal, whilst effluent COD 
increased by up to 165%, the increases being generally more rapid and 
of a greater magnitude than found during equivalent influent flow rate 
increases. Fig. 4.8. illustrates the changes in process parameters 
during a single 4 hour, 150% influent COD increase.

Since the increased buffering capacity of the influent during 
the shock load was affecting process stability, a four hour, 150% COD 
increase was carried out without any increase in the sodium hydrogen 
carbonate concentration, the changes in process parameters during this 
increase are shown in Fig. 4.9.

Without the increased alkalinity the reactor demonstrated a 
greater degree of destabilization, the most significant aspect being



L. - 1 2 - 2 5 __________ i___________________________ 6____________________________ |

kg COO m3 d 1

I_______________ I-----------------1--------------- 1
0 5 10 15

T I M E  (h  )

Figure 4.8. Effect of 4 h 150% influent COD increase on various
process parameters on a heated anaerobic fluidized bed 
reactor (A) effluent COD (O) pH, (A) volatile acids, 
( O )  alkalinity, (■) suspended solids, ( v )  protein



Table 4.8. Summary of the effects of increasing influent COD on fluidized bed performance

Initial Increase Maximum % Change
COD in Duration Maximum % Increase pH from in Recovery

Loading 
kg m-3 d-1

Influent
COD

Hours
COD

Volatile
Acids

Suspended
Solids

init ial 
value

Effluent
Alkalinity

Time
Hours

5 100% 4 72.1 371 43.5 0.05 + 6.6 9

5 100% 8 165.4 735 58.1 0.17 +14.2 17

5 150% 4 85.4 372 46.3 0.08 + 5.5 11

5 150%* 4 96.8 402 78.5 0.13 + 8.1 22

* Reduced Alkalinity Experiment
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Figure 4.9. Effect of 4 h 1502 influeat COD increase (low influent 
alkalinity) on various process parameters of a heated 
anaerobic fluidised bed reactor ( A )  effluent COD 
( O )  pH, ( A )  volatile acids, ( □ )  alkalinity, ( ■ )  
suspended solids
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the greater reduction in pH, decreased organic removal and a longer 
recovery period following the return to the original operating con
ditions. This could have important consequences if the reactor is 
treating a waste-water with a low influent alkalinity where organic 
overloading could lead to process failure.

4.3.5. Influence of transient increases in influent flowrate on the
performance of the unheated fluidized bed reactor
Increases in influent flow rate of 100% and 150% each main

tained for the 4 and 8 hours were applied to the fluidized bed reac
tor. The results are summarised in Table 4.9 Fig 4.10 shows the 
typical response of the reactor subjected to a single 150%, 4 hour 
increase.

In general, the increase in influent flow rate was charac
terised by an immediate drop in pH of between 0.15 and 0.25 pH units, 
with recovery to the original level immediately after the reactor was 
returned to its normal loading. The effluent COD increased during the 
shock load period by 40-57%, but started to decrease immediately when 
the flow rate was decreased, returning to original values within 8 
hours.

The suspended solids exhibited a wide variation which did not 
coincide with the increase in flowrate and after the 8 hour shock 
period the suspended solids concentration continued to rise for up to 
eight hours following the return to normal operation conditions. The 
alkalinity remained virtually unaffected during the 100% increases but 
exhibited a general decline of between 15-18% during and following the 
150% shock period.

4.3.6. Influence of transient increases in influent COD on the 
performance of the unheated fluidized bed reactor 
Increases in influent COD of 150% and 300% both maintained for 

periods of 4 and 8 hours were applied to the reactor. Higher percen
tage organic load increases than those performed for the hydraulic 
overload experiments (Section 4.3.5) were chosen since the previous 
results indicated that the reactor could tolerate 100% organic loading 
increases with no major operating difficulties. The results from 
these experiments are summarised in Table 4.10.



Table 4.9. Summary of the effects of increasing influent flow rate on fluidized bed performance

Influent 
Initial % 
COD

Loading 
kg m”3 d“l

Increase 
Influent 
Flow Rate

Duration
Hours

Maximum
COD

% Increase 
Volatile 
Acids SS

Effluent
Maximum

pH
Change

Maximum % 
Alkalinity 

Change

Recovery
Time
Hours

2.6 100 4 40 600 70 -0.24 + 2 4
2.6 100 8 48 1100 220 -0.17 - 7 8
2.6 150 4 41 340 27 -0.20 00•■H1 6
2.6 150 8 57 500 100 -0.15 -15 8

VO
VO
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Figure 4.10. Effect of 4 h 150% influent flowrate increase on various
process parameters on an unheated anaerobic fluidized
bed reactor



Table 4.10. Summary of the effects of increasing influent COD on fluidized bed performance

Influent 
Initial % 
COD

Loading 
kg m~ 3 d” 1

Increase 
Influent 
Flow Rate

Duration
Hours

Maximum % 
COD

% Increase 
Volatile

Acids SS

Effluent
Maximum

pH
Change

Maximum % 
Alkalinity 

Change

Recovery
Time
Hours

2.6 150 4 35 680 25 -0.25 + 15 4
2.6 150 8 44 860 59 -0.15 +28 4
2.6 300 4 160 1700 211 -0.04 +39 8
2.6 300 8 400 2260 166 +0.08 + 75 9

o
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The fluidized bed reactor responded to the 150% COD increases 
in a similar manner to the 100% and 150% increases in hydraulic load. 
However the 300% increases in influent COD resulted in much greater 
variations in all measured parameters with the exception of pH. Fig. 
4.11. indicates the response of the reactor to a single 300%, four 
hour COD increase.

During a 300% increase the pH of the effluent remained stable 
during and following the short period. The volatile acids rose to 
concentrations of 80-100 mg 1“1 and were still increasing at the 
conclusion of the short period. However they returned to their origi
nal values within four hours of the reactor being returned to its ori
ginal loading. The alkalinity of the effluent increased during all 
the shock loads to values of up to 75% greater than usual and did not 
return to its original level after the shock period but stabilized at 
a new higher value. The suspended solids exhibited an increase during 
the shock period, with maximum values (up to 75% increase) being 
attained up to six hours after the reactor was returned to its origi
nal loading.

The effluent COD increased to values up to 400% greater than 
normal, with evidence during the eight hour shock period of some 
degree of stabilization. The COD returned to its original level eight 
to nine hours after the reactor was returned to its normal loading.

The reactor therefore behaved in a similar manner during COD 
increases to the heated reactor as reported in Section 4.3.3. The 
results cannot be directly compared since different substrate and 
operating conditions were used, but in general the unheated reactors 
responsed more slowly to an organic overload albeit at a lower organic 
removal rate.

4.3.7. Influence of transient changes in reactor operating temperature
on the performance of an unheated fluidized bed reactor.
The operating temperature of the reactor was decreased to 10°C 

and increased to 35°C each for a four hour period. Transition periods 
of one hour before and after the shock periods allowed full tem
perature adjustment to take place. The major variations of the pro
cess parameters are summarised in Table 4.11.



103

oj

i 10-4 i______________2^6________________ |
Kg COD ni3 d'1

l i » » l___ I___ I___ I___ I____I
0 2 4 6 8 10 12 14 16 18

T I M E ( h )

Figure 4.11. Effect of 4 h 300% influent COD increase on various
process parameters of an unheated anaerobic fluidized
bed reactor
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The transient temperature reduction resulted in an effluent pH 
which remained steady throughout the shock period, with a small 
increase of 0.1 pH units two hours after the reactor was returned to 
room temperature. Volatile acids increased during the temperature 
change periods but stabilized during operation at the lower tem
perature. The alkalinity showed a gradual decrease during and after 
the shock period.

The suspended solids remained at a steady level throughout, 
although there was a gradual increase two hours after the temperature 
was restored. The COD was unstable during the temperature reduction, 
fluctuations continued two hours after the reactor was returned to its 
original operating temperature, return of the COD to its normal value 
was attained within four hours.

The transient increase in temperature of the reactor resulted 
in the pH remaining stable during and after the shock period with a 
small decrease following the return to room temperature. The volatile 
acids increased and were unstable during the shock period, returning 
to original values three to four hours after the temperature was 
returned to 20°C.

There was a high initial rise in both COD and SS immediately 
following the temperature change, however recovery during the shock 
period was observed.

It was therefore evident that small adverse affects occurred 
only during the temperature changes and the reactor continued to 
remove organic material at a typical rate at the reduced or increased 
temperature.

4.3.8 Influence of transient changes in influent pH on the perfor 
mance of an unheated fluidized bed reactor

An influent pH decrease from 6.25 to 3.0 and an increase from 
6.25 to 10 were each maintained for eight hours. The influent alkali
nity was thus 0 mg 1”  ̂ at pH 3 and 233 mg 1"*̂  at pH 10, the responses 
of the reactor to the pH changes are summarised in Table 4.12.

The increase in influent pH resulted in an increase in effluent
pH of 0.18 over the eight hour period, with a gradual return to the



Table 4.11. Summary of the effects of increasing influent flow rate on fluidized bed performance

I n f lu e n t E f f lu e n t
I n i t i a l R eactor % In c r e a se Maximum Maximum % Recovery

COD Tem perature D uration Maximum V o la t i le pH A lk a l in i t y Time
L oading  

kg m~3 d~l
°C Hours COD A cids SS Change Change Hours

2 . 6 10 4 40 400 90 + 0 .0 9 -9 4
2 . 6 35 4 66 440 89 - 0 .0 6 - 6 4

T able 4 .1 2 . Summary o f  th e  e f f e c t s  o f  in c r e a s e  and d e c r e a se  o f in f lu e n t  pH on f lu id iz e d  bed perform ance

I n f lu e n t E f f lu e n t
I n i t i a l % In c r e a se Maximum Maximum % R ecovery

COD I n f lu e n t  D u ration  Maximum V o la t i le PH A lk a l in i t y Time
L oading pH Hours COD A cids SS Change Change Hours

kg m“ 3 d- l

2 . 6 10 8 22 400 40 + 0 .1 8 +5 4
2 . 6 3 8 8 300 40 i o • H-

* o -1 5 5
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Figure 4.12. Effluent of simulated working week operation on various
process parameters of an unheated fluidized bed reactor
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o r ig in a l  v a lu e  16 hours l a t e r .  A lk a l in i t y  in c r e a se d  by 5% d u rin g  th e  
pH in c r e a s e ,  rem ain ing  a t t h i s  l e v e l  fo r  two hours a f t e r  th e  in f lu e n t  
pH was r e s to r e d  to  6 .2 5 ,  th e  a l k a l i n i t y  th en  d ecrea sed  by 20% over th e  
fo l lo w in g  14 h o u rs. COD, suspended s o l i d s  and v o l a t i l e  a c id s  a l l  
showed an i n i t i a l  in c r e a s e ,  but no lo n g  term d e tr im e n ta l e f f e c t  was 
n o ted .

D uring th e e ig h t  hour pH d e c r e a se  to  pH 3 , th e  a l k a l i n i t y  was 
th e  o n ly  param eter s i g n i f i c a n t l y  a f f e c t e d .  T his showed a c o n s i s t e n t  
d e crea se  du rin g  th e co u rse  o f  th e  pH shock  but q u ic k ly  in c r e a s e d  a f t e r  
th e  in f lu e n t  pH was re tu rn ed  to  6 .2 5 ,  th e  pH o f  th e  e f f lu e n t  d ecrea sed  
by 0 .1 ;  COD, suspended s o l i d s  and v o l a t i l e  a c id s  were a l l  u n a f fe c te d .

4 . 3 .9 .  I n f lu e n c e  o f  lo n g  term  in f lu e n t  flo w  r a te  d e c r e a se s  on th e  
perform ance o f  th e  unheated  f lu id iz e d  bed r e a c to r  
To s im u la te  th e  e f f e c t s  o f  reduced w a ste  d isc h a r g e  a t  th e  end 

o f  a f i v e  day w orking week th e  r e a c to r  lo a d in g  was d ecrea sed  by 90% 
fo r  two days and then re tu rn ed  to  i t s  o r ig in a l  lo a d in g . The e f f e c t s  
o f  t h i s  d e c r e a se  are shown in  F ig  4 .1 2 .  R eactor o p e r a tio n  was 
u n sta b le  w ith  a d e c r e a se  in  pH over a p e r io d  o f  25 hours o f  0 .2 5 .  
A lk a l in i t y ,  COD, suspended s o l i d s  and v o l a t i l e  a c id s  were a l l  
u n s ta b le ,  however th e  f lu c t u a t io n s  in  th e s e  param eters were n o t s e v e r e  
and d u rin g  th e  f i r s t  day o f  o p e r a tio n  a t  normal lo a d in g  th e  r e a c to r  
c o n s i s t e n t ly  removed more than 85% o f  th e  in f lu e n t  COD. T his in d i
c a ted  th a t an aerob ic  f lu id iz e d  bed r e a c to r s  co u ld  be u sed  in  
s i t u a t io n s  where in te r m it ta n t  in te r r u p t io n s  to  th e  flo w  o f  w a ste -w a te r  
occu r as a r e s u l t  o f  th e  n a tu re  o f  th e  in d u s t r ia l  p ro c e ss  u sed .

4 .4 .  An e v a lu a t io n  o f  ion  exchange r e s in  as a b i o lo g ic a l  su p p ort  
m a te r ia l
In  order to  m in im ize th e  r e c y c le  r a te  and th e r e fo r e  th e  pumping 

c o s t s  in v o lv e d  w ith  th e  r e a c to r  sy stem , l i g h t e r  p a r t i c l e s  o f  ion  
exchange r e s in  were e v a lu a te d  in  two f lu id iz e d  bed r e a c t o r s .  Each 
r e a c to r  was f i l l e d  w ith  2 . 2  l i t r e s  o f  r e s in ,  and th e  rem ain in g  volume 
o f  th e  r e a c to r  was f i l l e d  w ith  th e  meat e x tr a c t  w a ste -w a ter  w ith  a COD 
o f  1250 mg 1“ 1. The r e c y c le  pump was a d ju s te d  to  g iv e  an i n i t i a l  bed 
ex p a n sio n  o f  20%, a c t iv e  d ig e s t e r  s lu d g e  (2 0  m l) was in j e c t e d  in to  th e  
lo w e s t  sam ple tap  o f  each r e a c t o r ,  th e  r e a c to r s  were o p era ted  a t  room 
tem p era tu re . E f f lu e n t  COD and pH were m on itored  d a i ly  and once th e  
COD began to  d e c l in e ,  in f lu e n t  was su p p lie d  a t  a flo w  r a te  e q u iv a le n t
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to  a COD lo a d in g  o f  0 .2 5  kg m” 3 d” *. The e f f lu e n t  COD over th e  f i r s t  
f o r t y  days o f  o p e r a tio n  i s  shown in  F ig  4 .1 3 .

The r e a c to r s  were o p era ted  over a p e r io d  o f  10 w eek, l i t t l e  
biom ass v i s i b l y  d eve lop ed  on th e  p a r t i c l e s  and COD rem oval was poor 
even a t  th e  low lo a d in g  s e l e c t e d  fo r  t h i s  s tu d y . There was no fu r th e r  
improvement in  COD rem oval d u rin g  th e  f i n a l  fou r weeks o f  o p e r a t io n ,  
th e  u se  o f  io n -ex ch a n g e  r e s in  was th e r e fo r e  c o n s id e r e d  u n s a t i s f a c t o r y  
and d is c o n t in u e d .

4 .5 .  An e v a lu a t io n  o f  fou r s t a r t - u p  regim es fo r  a n a ero b ic  f lu id iz e d  
bed r e a c to r s
F o llo w in g  th e i n i t i a l  exp er im en ts one o f  th e  d isa d v a n ta g es  o f  

th e  a n a ero b ic  f lu id iz e d  bed r e a c to r  was r e c o g n iz e d  to  be th e  th e  lo n g  
p e r io d s  r e q u ir e d  to  a t t a in  e f f i c i e n t  trea tm en t a t  r e a l i s t i c  o r g a n ic  
lo a d in g s .  T h erefore  a ttem p ts were made to  im prove s t a r t - u p  tim es by 
em ploying s u b s tr a te  amendment and co n tin u o u s or s tep p ed  lo a d in g s .

Four r e a c to r s  were used  as d e sc r ib e d  in  S e c t io n  3 .2 .1 ,  each  
c o n ta in in g  2 .2  1 o f  s i l i c a  sand (BIS R e d h ill  6 5 ) .  Each r e a c to r  was
f i l l e d  w ith  a s u b s tr a te  o f  th e  a p p r o p r ia te  c o m p o sitio n  and th e  r e c y c le  
pump a d ju s te d  to  g iv e  a bed ex p a n sio n  o f  20%, a l l  r e a c to r s  were 
o p era ted  a t  37°C. The s u b s tr a te  u sed  was th e  meat e x tr a c t  w a ste  
d e sc r ib e d  in  S e c t io n  3 . 2 .2 ,  w ith  a COD o f  2500 mg l" * . Where
a p p r o p r ia te  up to  h a l f  o f  th e  Lab Lemco com ponents was r e p la c e d  w ith  
i t s  COD e q u iv a le n t  o f  m eth a n o l. The four reg im es in v e s t ig a t e d  w ere:

1 . C ontinuou s COD lo a d in g  a t  4 .6  kg m“ 3 d” l .
2 . C ontinuous COD lo a d in g  a t  4 .6  kg m"*3 d“ l w ith  50% o f  th e  COD

i n i t i a l l y  r e p la c e d  by m eth a n o l.
3 . S tepped COD lo a d in g  over a p er io d  o f  40 d a y s .
4 . S tepped  COD lo a d in g  over a p er io d  o f  40 days w ith  50%

o f  th e  COD i n i t i a l l y  r e p la c e d  by m eth an o l.

Where a s u b s tr a te  w ith  m ethanol was used  the NH4 CI con
c e n tr a t io n  was a d ju ste d  to  50 mg 1” 1, th e changes in  o p e r a tin g  con
d i t io n s  du rin g  th e  f o r t y  days o f  t h i s  stu d y  a re  sum m arised in  T able
4 .1 3 .
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Figure 4»13« E ffluent COD during in i t ia l  s ta r t—up period of anaerobic flu id ized  bed reactors using 
ion-exchange resin  as a b io lo g ica l support m aterial
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T able 4 .1 3 .  O rganic lo a d in g  and in f lu e n t  m ethanol c o n c e n tr a t io n  
(COD e q u iv a le n t )  fo r  each r e a c to r

Day R eactor
1 2  3 4

COD M ethanol COD M ethanol COD M ethanol COD M ethanol
L oading COD Loading COD L oading COD L oading COD
kgm“ ^d“ 1 mgl“ l kgm- 3d“ 1 m gl~l kgm“ ^d” 1 m gl” l kgm"3-1 ragl” 1

0 4 .6 1250 4 .6 0 0 .8 6 0 0 .8 6 1250
10 4 .6 1250 4 .6 0 1 .6 4 0 1 .6 4 1250
20 4 .6 1250 4 .6 0 2 .5 0 0 2 .5 0 1250
25 4 .6 625 4 .6 0 4 .0 0 0 4 .0 0 625
30 4 .6 625 4 .6 0 4 .0 0 0 4 .0 0 625
35 4 .6 0 4 .6 0 4 .6 0 0 4 .6 0 0

Once th e r e a c to r s  had e q u i l ib r a t e d  a t t h e ir  o p e r a t in g  tem
p er a tu r e  a c t iv e  d ig e s t e r  s lu d g e  (2 0  m l) was in o c u la te d  in to  each  r e a c 
to r  through th e  lo w e st  sam ple ta p . The fe e d  to  th e r e a c to r  was then  
a d ju s te d  to  g iv e  th e  r e q u ir e d  f lo w r a te .  E f f lu e n t  COD, pH, t o t a l  v o la 
t i l e  a c id s  and suspended s o l i d s  (S S ) were m easured d a i ly .

E f f lu e n t  COD, v o l a t i l e  a c id s  and pH d uring  th e  f i r s t  t h i r t y  days 
o f  th e  stu d y  are p r e se n te d  in  F ig s .  4 .1 4 ,  4 .1 5  and 4 .1 6 .  There was an 
i n i t i a l  r a p id  d e c l in e  in  COD in  a l l  th e  r e a c to r s  fo llo w e d  by a s l i g h t  
in c r e a s e  and then a s lo w er  d e c r e a se  in  COD. S tepped  in c r e a s e  lo a d in g  
reg im es gave th e  most r a p id  developm ent in  COD r e d u c t io n , w ith  m ethanol 
a d d it io n  a 90% COD r e d u c t io n  was a ch ie v e d  w ith in  e ig h t  days o f  opera
t io n  a t  a v e r y  low lo a d in g . The s t a b i l i t y  o f  both  r e a c to r s  o p e r a tin g  
a t  a c o n s ta n t  lo a d in g  was poor fo r  th e  f i r s t  20 days o f  o p e r a t io n  and 
th e  a d d it io n  o f  sodium hydrogen carb o n a te  was r e q u ir e d  d a i ly  to  main
t a in  th e  pH above 6 .5 .  A gain th e  a d d it io n  o f  m ethanol gave a more 
ra p id  s t a r t - u p  fo r  th e  c o n s ta n t  lo a d in g  reg im e.

The a d d it io n  o f  m ethanol as a s u b s tr a te  a ls o  had th e  e f f e c t  o f  
red u c in g  th e  e f f lu e n t  suspend ed s o l i d s  c o n c e n tr a t io n  from th e s e  r e a c 
t o r s .  T hese c o n c e n tr a t io n s  g r a d u a lly  in c r e a s e d  as th e  m ethanol con
c e n tr a t io n  was d e c r e a se d . V o la t i le  a c id  c o n c e n tr a t io n s  g e n e r a l ly
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F ig u re  4 .1 4 .  E f f lu e n t  COD o f  a n a ero b ic  f lu id iz e d  bed r e a c to r s  du rin g  
th e  f i r s t  30 days o f  o p e r a tio n  ( A )  r e a c to r  1 , ( # )  
r e a c to r  2 ( A )  r e a c to r  3 , ( O )  r e a c to r  4

F ig u re  4 .1 5 .  E f f lu e n t  v o l a t i l e  a c id s  o f  a n a ero b ic  f lu id iz e d  bed 
r e a c to r s  d u rin g  tfre f i r s t  30 days o f  o p e r a tio n  ( A )  
r e a c to r  1 , ( • )  r e a c to r  2 ( A )  r e a c to r  3 , ( O )  r e a c to r  4



PH

F ig u re  4 .1 6 . E f f lu e n t  pH o f  a n a ero b ic  f lu id iz e d  bed r e a c to r s  during th e  f i r s t  30 days o f  o p e r a tio n  ( A )  
r e a c to r  1 , ( •  ) r e a c to r  2 ( A )  r e a c to r  3 , ( O )  r e a c to r  4
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fo llo w e d  th e  COD c o n c e n tr a t io n  and e x cep t fo r  th e  r e a c to r  o p e r a t in g  a t  
c o n sta n t  lo a d in g  w ith o u t m ethanol a d d it io n  were u s u a l ly  below  
250 mg 1“ 1.

Each r e a c t o r 's  perform ance 40 days a f t e r  s t a r t - u p  was m easured  
and th e  r e s u l t s  g iv e n  in  T able 4 .1 4 .  L i t t l e  s i g n i f i c a n t  d i f f e r e n c e s  
in  perform ance can be n o ted  e x c e p t  fo r  h ig h e r  m ethane c o n c e n tr a t io n s  
in  th e  gas produced from th e  r e a c to r s  w ith  a s tep p ed  lo a d in g  reg im e .

T able 4 .1 4 .  E f f lu e n t  c h a r a c t e r i s t i c s  fo r  each r e a c to r  on day 40

R eactor 1 2 3 4

E f f lu e n t  COD
f i l t e r e d  m gl” l 126 163 138 124
u n f i l t e r e d  m gl“ l 172 195 207 199
E f f lu e n t  S .S .  mgl” l 44 64 70 64

V .S .S . mgl" 1 44 60 64 64
E f f lu e n t  pH 6 .7 6 .8 4 6 .7 5 6 . 8!
E f f lu e n t  v o l a t i l e  a c id s  mgl” l 25 37 30 25
E f f lu e n t  t u r b id i t y  (FTU) 10 .0 5 11 1 3 .5 8 .0

Gas C om position  (% CH4 ) 71 71 75 75

The exp erim en t in d ic a te d  th a t  th e  s ta r t - u p  tim e o f  an a n a ero b ic  
r e a c to r  can be d ecrea sed  by th e  u se  o f  a m ethanol supplem ent and m ani
p u la t io n  o f  th e  o rg a n ic  lo a d in g .

4 .6 .  An e v a lu a t io n  o f  s in g le  and se p a r a te d  phase a n a ero b ic  
d ig e s t io n  in  f lu id iz e d  bed r e a c to r s  

4 . 6 . 1 .  I n i t i a l  r e a c to r  s t a b i l i z a t i o n
An in f lu e n t  based  on g lu c o s e  ( s e e  T able 3 .2 )  was chosen  fo r  u se  

in  t h i s  stu d y  to  a llo w  th e  r e s u l t s  to  be compared to  p r e v io u s ly  
r e p o r te d  d a ta . The r e a c to r s  em ployed w ere th e  four u sed  for  th e  
s t a r t - u p  e v a lu a t io n  exp erim en ts (S e c t io n  4 . 5 ) .  Two r e a c to r s  were 
o p era ted  a t an in f lu e n t  COD o f  6000 mg 1” 1 w h i l s t  th e  rem ain in g  two 
o p era ted  w ith  a COD o f  12000 mg l" * . At each in f lu e n t  s tr e n g th  one 
r e a c to r  was o p era ted  as a s in g le  phase r e a c to r  as p r e v io u s ly  d e sc r ib e d  
w h i l s t  th e  rem ain ing  two o p era ted  w ith  an a c i d i f i c a t i o n  r e a c to r  as
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d e sc r ib e d  in  S e c t io n  3 . 3 .1 .  Each r e a c t o r 's  o p e r a tin g  c o n d it io n s  are  
in c lu d e d  in  T able 4 .1 5 .

T able 4 .1 5 .  S in g le  and sep a r a te d  phase r e a c to r  o p e r a tin g  c o n d it io n s

R eactor 1 2 3 4

O p eratin g  Tem perature
°C 37 37 37 37
I n f lu e n t  COD
mg l " 1 12000 12000 6000 6000
I n f lu e n t  BOD
mg 1_1 5800 5800 2900 2900
I n f lu e n t  pH 7 7 7 7
Phase S in g le S ep arate S in g le S ep arate
R ecy c le  r a t io s 1:120-1 . :40

The f lu id iz e d  bed r e a c to r s  used  had a lrea d y  d ev e lo p ed  an a c t iv e  
biom ass during and fo l lo w in g  th e  s t a r t - u p  exp erim en ts d e sc r ib e d  pre
v io u s ly  (S e c t io n  4 . 5 . ) .  The r e a c to r s  were fed  w ith  w a ste -w a ter  o f  th e  
r e q u ir e d  s tr e n g th  a t  0 .2 5  ml min-  ̂ and th e  flo w  r a te  was in c r e a s e d  
s te p  w ise  to  a c h ie v e  a COD lo a d in g  o f  12 kg m“ 3 d” l over a p e r io d  o f  
e ig h t  w eek s. No o p e r a t io n a l d i f f i c u l t i e s  were en cou n tered  d uring  t h i s  
p e r io d .

4 . 6 . 2 .  A com parison o f  s in g le  and se p a r a te d  phase d ig e s t io n  over a
range o f  COD lo a d in g s
Each r e a c to r  system  was o p era ted  a t s i x  f lu id iz e d  bed COD 

lo a d in g s  in  th e  range 3 -1 8  kg m“ 3 d- l  a t  an in f lu e n t  COD o f  
12000 mg 1” 1 and 1 .5 -9  kg m” 3 d“ l  a t  an in f lu e n t  COD o f  6000 mg 1“ 1. 
A t th e th r e e  h ig h e s t  lo a d in g s  fo r  each r e a c to r  th e  c o n c e n tr a t io n  o f  
sodium hydrogen ca rb o n a te  in  th e  in f lu e n t  was in c r e a se d  by 100% to  
im prove r e a c to r  s t a b i l i t y .  The in f lu e n t  flo w  r a te  was a d ju s te d  fo r  
th e  req u ired  lo a d in g  and th e  r e a c to r s  were a llo w ed  to  s t a b i l i z e  fo r  14 
days or th r e e  h y d r a u lic  r e s id e n c e  t im e s . The r e a c to r s  o p e r a t io n a l  
param eters were m easured d a i ly  over th r e e  days to  en su re  s t a b i l i z a t i o n  
had taken  p la c e ;  th e  mean o f  th e  th r e e  m easurem ents i s  r e p o r te d .  
Param eters m easured were f lu id iz e d  bed e f f lu e n t  pH, COD ( s o lu b le  and 
i n s o l u b l e ) ,  v o l a t i l e  a c id s  ( t o t a l  and in d iv id u a l ) ,  suspend ed and v o la 
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t i l e  suspended s o l i d s ,  gas p ro d u ctio n  (a t  th ree  COD lo a d in g s ) ,  
f lu id iz e d  bed suspended and v o l a t i l e  suspended s o l i d s ,  a c i d i f i c a t i o n  
r e a c to r  e f f lu e n t  pH, v o l a t i l e  a c id s  ( in d iv id u a l  and t o t a l ) ,  suspended  
s o l i d s ,  h ex o se  and COD.

4 . 6 . 2 . 1 .  Perform ance o f  a c i d i f i c a t i o n  r e a c t o r s .
P r io r  to  i n i t i a l  s t a r t - u p  th e  r e a c to r s  were f i l l e d  w ith  w aste  

s o lu t io n s  and th e c o n te n ts  were a llo w ed  to  s t a b i l i z e  a t  th e  re q u ir e d  
tem p era tu re . The r e a c to r s  were both  in o c u la te d  w ith  10 ml o f  f r e s h ly  
c o l l e c t e d  a c t iv a t e d  s lu d g e  and a llo w ed  to  o p e r a te  in  a b atch  mode fo r  
48 hours b e fo r e  w a ste -w a ter  was a llo w ed  to  e n te r  th e  r e a c to r  a t  a flo w  
r a te  o f  0 .2 5  ml rain” ! and th e  lo a d in g  in c r e a se d  as p r e v io u s ly  
d e sc r ib e d . An a c t iv e  b a c t e r ia l  p o p u la tio n  was r a p id ly  e s t a b l i s h e d  as 
e v id en ced  by r a p id  in c r e a s e  in  e f f lu e n t  suspended s o l i d s ,  and a reduc
t io n  in  pH. S in ce  th e  r e a c to r s  were co n n ected  in  s e r i e s  w ith  th e  
f lu id iz e d  beds th ey  were th en  su b je c te d  to  th e  same range o f  in f lu e n t  
flo w  r a t e s  a lth o u g h  th e  COD lo a d in g  on th e  a c i d i f i c a t i o n  r e a c to r s  was 
p r o p o r t io n a l ly  h ig h er  due to  t h e ir  sm a lle r  volum e.

A c id i f i c a t io n  r e a c to r  suspended s o l i d s  were a f f e c t e d  by both  
in f lu e n t  c o n c e n tr a t io n  and f lo w r a te .  The suspended s o l i d s  were  
a p p ro x im a te ly  tw ic e  as h ig h  in  th e r e a c to r  fed  w ith  th e  h ig h er  
s tr e n g th  s o lu t io n  than in  th e  r e a c to r  fed  w ith  th e  low er s tr e n g th  
s u b s t r a t e .  Suspended s o l i d s  d e c lin e d  l i n e a r l y  w ith  h y d r a u lic  r e s i 
dence tim e in  both  th e  r e a c to r s  e x c e p t  a t  th e  two h ig h e s t  lo a d in g s  in  
th e  h ig h  s tr e n g th  in f lu e n t  r e a c t o r .  A fter  30 days o p e r a tio n  both  
r e a c to r s  d ev e lo p ed  a y e a s t  ty p e  biom ass ( i d e n t i f i e d  by d ir e c t  v i s u a l  
m icro sco p y , w hich a t th e h ig h e r  lo a d in g s  a tta c h e d  i t s e l f  to  th e  r e a c 
to r  w a l l s .  The r e a c to r s  were em p tied , c le a n e d  and r e - in o c u la t e d  
however t h i s  typ e o f  biom ass s t i l l  p e r s i s t e d  to  a l im it e d  e x te n t  
a lth o u g h  in c r e a s in g  th e  s t i r r e r  speed reduced w a ll grow th. 
A c id i f i c a t io n  r e a c to r  suspend ed s o l i d s  over th e  range t e s t e d  are g iv e n  
in  F ig .  4 .1 7 .

R eactor o p e r a tin g  pH was betw een 3 and 5 . At th e  low er  
lo a d in g s  w ith  th e  reduced b u f fe r in g  c a p a c ity  th e  pH was r e l a t i v e l y  
s t a b le  over th e  th ree  COD lo a d in g s ,  w ith  a t y p ic a l  v a lu e  o f  3 .5 .  The 
o p e r a tin g  pH in c r e a se d  to  over 4 .5  when th e  in f lu e n t  sodium hydrogen  
carb on ate  c o n c e n tr a t io n  was in c r e a se d  but d e c l in e d  w ith  fu r th e r  
in c r e a s e s  in  lo a d in g , th e s e  phenomena are shown in  F ig .  4 .1 8 .
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Figure 4.18. Influence of organic loading on acidification reactor 
operating pH Influent COD ( • ) 6000 mg 1“  ̂ (O )
12000 mg l"1
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The total volatile acid concentrations generally reflected the 
changes in pH, showing a general decline with increasing organic 
loading. Higher concentrations were found when the sodium hydrogen 
carbonate concentration increased, but again these declined with 
increasing organic loading. Acetic acid was the main acid product 
usually accounting for over 90% of the total acids. Propionic and 
butyric acids were also detected in measureable concentrations, pro
pionic acid concentrations in the high strength reactor generally 
increased with increasing loading whilst in the lower strengh reactor 
the concentration peaked at an intermediate loading. Butyric acid 
concentrations were low (<30 mg 1” )̂ and were relatively unaffected by 
the organic load. Higher molecular weight organic acids (such as 
valeric acid) were also detectable but not in measureable con
centrations. Individual volatile acids are given in Table 4.16. 
Effluent hexose sugar concentration increased with increasing organic 
loading except in the reactor supplied with waste-water at a COD of 
6000 mg 1”1 where the effluent hexose concentration dropped at a COD 
loading of 60 kg m“3 d“l, in both cases the concentration tended to 
reach a plateau at the higher loadings as shown in Fig. 4.19.



Figure 4.19. Influence of organic loading on acidification reactor effluent hexose concentration 
Influent COD (•) 6000 mg l-1 (O) 12000 mg 1"1
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Table 4.16. Individual volatile acids produced from the acidification 
reactors

Reactor
Influent COD 6000 12000
HRT
(hours)

Acetic Propionic 
mg l”1

Butyr ic Acetic Propionic Butyric 
mg l-1

10 833 23 11 1191 47 15
5 584 72 22 1102 39 21
3.33 415 99 10 1126 56 25
2.5 944 43 7 1419 47 15
2 786 56 15 1296 106 16
1.66 761 41 27 1258 130 22

Little COD reduction was achieved in the acidification reactor, 
with a maximum of 8% found in the reactor fed with the higher strength 
waste-water. Gas production was impossible to measure due to level 
fluctuations in the vessel and losses through the overflow line. 
However the gas produced consisted mainly of carbon dioxide ( 80%) 
with some hydrogen and nitrogen, methane was not detected.

4.6.2.2. Performance of fluidized bed reactors.
All reactors operated satisfactorily over the range of organic 

loadings except the dual-phase reactor treating the high strength 
waste which was found to have poor distribution at the base and tended 
to carry over large quantities of biomass and sand. This was traced 
and rectified when the reactor was operated at COD loadings at and 
above 9 kg m“3 d“l.

Overall COD removal in fluidized bed reactors (both soluble and 
insoluble) is shown in Figs. 4.20 and 4.21. COD removal decreased with 
increasing organic loading. Filtered COD removal was over 75% at COD 
loadings up to and including 15 kg m“3 d~l, but above this loading COD 
removal rapidly declined to less than 50%. In the reactors treating 
the higher strength influent there was a significant difference in 
performance between the single and separated phase reactors in both 
soluble and insoluble COD removals, the separated phase reactor con-
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Figure 4.20. Influence of organic loading on fluidized bed reactor
COD removal (soluble) (A) single phase, (A) separated 
phase, (total) ( •  ) single phase, ( O  ) separated phase 
Influent COD: 12000 mg 1~^

Figure 4.21. Influence of organic loading on fluidized bed reactor
COD removal (soluble) (A) single phase, (A) separated 
phase, (total), (•) single phase ( O  ) separated phase 
Influent COD: 6000 mg l”*
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sistently giving an improved performance. With the reactors operating 
with the lower strength feed, the separated phase reactor achieved 
superior insoluble COD removal, however soluble COD removals were 
similar over most of the range tested. The reactors treating the 
higher strength waste-water gave superior removals at the same organic 
loading to the reactors operating with a lower strength waste-water.

Fluidized bed effluent suspended solids were very high even at 
the lower loadings, values below 150 mg 1”  ̂were never recorded. With 
lower strength waste-water the suspended solids concentration 
increased with increasing organic loading up to a COD loading of 6 kg 
m"3 d~l where the concentration decreased but rose again on further 
increases in the organic load. The reactors treating the high 
strength waste-water exhibited a sharp increase in effluent suspended 
solids at a loading of 6 kg m"3 d~l, above this loading there were 
only relatively small changes in concentration on increasing the COD 
loading. Effluents from the separated phase fluidized bed reactors 
had considerably lower suspended solids concentrations, generally 
having a value approximately 60% of those from the single phase 
fluidized bed reactors, typically 95% of the solids were volatile. 
Fig. 4.22 shows the effluent suspended solids over the range of COD 
loadings examined.

As shown in Fig. 4.23, effluent pH was generally above 6.5 in 
all reactors except at the highest COD loading (18 kg m“*3 d“l) where 
values below 5 were noted. The separated phase fluidized bed reactors 
generally produced an effluent with a pH 0.2-0.3 higher than their 
single phase equivalents.

Volatile acids rose consistently with organic loading in all 
fluidized bed reactors, however, there was a sharp rise in volatile 
acids concentration at the highest COD loading tested. The organic 
acids consisted almost entirely of acetic acid, propionic acid con
centrations were generally below 20 mg 1”  ̂ except at COD loadings 
above 15 kg m”3 d-*. At a COD loading of 18 kg m“3 d”l, propionic, 
butyric iso-butyric and valeric acid were all detected in con
centrations above 200 mg 1"1. Total volatile acids from each reactor 
are shown in Fig. 4.24. Gas production and methane composition are 
given in Table 4.17, both methane production and methane composition 
decreased with increasing COD loading.
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Figure 4.22. Influence of organic loading on fluidized bed reactor effluent suspended solids;
Influent COD: 12000 mg l”1 (•) single phase, (O) separated phase Influent COD:
6000 mg l”i (A) single phase, (A) separated phase
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Figure 4.23. Influence of organic loading on fluidized bed reactor effluent pH Influent COD:
12000 mg I"* (•) single phase, ( O) separated phase Influent COD: 6000 mg 1"* (A)
single phase ( A) separated phase
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Figure 4.24. Influence of organic loading on fluidized bed reactor effluent total volatile acids 
Influent COD (O): 12000 mg 1”1 (A) 6000 mg 1”1
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Table 4.17. Gas yield and methane composition from fluidized bed 
reactors

Low strength feed

COD loading 
kg m“3 d“l

Single
Gas yield

m3 CH4 kg"1 
COD

phase
Methane

Composition
%

Separated
Gas yield 
m3 CH4 kg”*

COD

phase
Methane 
Compos it ion

%

3 0.257 73 0.343 76
6 0.268 73 0.350 77
9 0.263 73 0.347 74

High strength feed

S ingle phase Separated phase
COD loading 
kg m~ 3 d_ 1

Gas yield
m3 CH4 kg-1 

COD

Methane
Composition

%

Gas yield 
m3 CH4 kg"*l

COD

Methane 
Compos it ion

%

6 0.271 72 0.349 77
12 0.213 68 0.322 71

At the two highest loadings biomass had to be wasted once from 
the fluidized bed reactors, approximately 200 ml of biomass being 
removed. Sludge also settled in the recycle and mixing chambers of 
the reactors, especially in the separated phase reactors and this 
periodically had to be removed to prevent line blockage.

In overall performance the separated phase systems achieved a 
superior effluent quality to a single phase fluidized bed reactor. 
The improvements in reactor performance were principally lower 
effluent COD, lower effluent suspended solids and a greater gas yield.
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4.7. Influence of varying process conditions on the performance of
single and separated phase fluidized bed reactors.
Experiments concerned with comparing the performance of single 

and separated phase reactors were carried out on the two reactors 
operating with an influent COD of 6000 mg l”* with an initial COD 
loading of 6 kg m”3 d“l. The experiments took place immediately after 
the conclusion of the steady state organic loading experiments. In 
these experiments the same techniques as described in Sections 4.3 and
4.3.1. were employed.

4.7.1. Influence of a transient temperature reduction on the 
performance of single and separated phase fluidized bed 
reactors

Each reactor was subjected to a four hour, 10°C temperature 
reduction, one hour was required for temperature changes to occur, the 
acidification reactor in the separated phase system was maintained at 
35°C since it operated on a different heating system. Fig. 4.25 sum
marises the responses of the reactors to the temperature reductions.

The pH in the effluent from both reactor systems remained rela
tively stable during and after the temperature reduction, volatile 
acids increased during the reduction and only slowly returned to their 
original concentrations some 24 hours after the reactors were returned 
to their normal operating temperatures. The alkalinity of the 
effluents from both reactors reduced during the experiment and tended 
to stabilize at new lower values.

Effluent COD was unstable and increased especially in the single 
phase system. Return to typical values took longer in the single 
phase reactor, the effluent COD still tending to increase 10 hours 
after the reactor temperature was returned to 37°C. Suspended solids 
concentrations were also variable with a general increase in the 
single phase reactor. The separated phase reactor effluent suspended 
solids tended to decrease and stabilized at a slightly lower value 
after the temperature was increased.
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Figure 4 .2 5 . E ffe c t  of 4 hr, 10°C temperature reduction on various 
process parameters of s in g le  and separated phase 
f lu id iz e d  bed reactors (O )  separated phase, ( • )  
s in g le  phase
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4 . 7 . 2 .  I n f lu e n c e  o f  a t r a n s ie n t  in c r e a s e  in  in f lu e n t  flo w  r a te  on 
th e perform ance o f  s in g le  and se p a r a te d  phase f lu id iz e d  
bed r e a c to r s

An in c r e a s e  in  in f lu e n t  f lo w r a te  o f  100% m a in ta in ed  fo r  four  
hours was a p p lie d  to  both r e a c t o r s ,  th e  e f f e c t s  on r e a c to r  perform ance  
a r e  summarised in  F ig . 4 .2 6 .

In c r e a s in g  th e  in f lu e n t  f lo w r a te  produced an im m ediate d ecr e a se  
in  e f f lu e n t  pH from both r e a c to r s  o f  betw een 0 .2 5 - 0 .3 .  During and 
fo l lo w in g  th e  shock  lo a d  th e pH rem ained r e l a t i v e l y  s t a b le  a t  th e  
low er v a lu e  and in c r e a se d  s lo w ly  to  i t s  o r ig in a l  v a lu e  over 48 h o u rs.

T o ta l v o l a t i l e  a c id s  c o n c e n tr a t io n s  fo llo w e d  th e  same tren d  in  
each  r e a c to r ,  an in c r e a s e  during and fo l lo w in g  th e  sh ock  lo a d  rea ch in g  
a peak one hour a f t e r  th e  f lo w r a te  was re tu rn ed  to  i t s  o r ig in a l  v a lu e .  
The e f f lu e n t  v o l a t i l e  a c id s  c o n c e n tr a t io n  in  each r e a c to r  then  
re tu rn ed  to  i t s  o r ig in a l  v a lu e  w ith in  24 h o u rs. A lk a l in i t y  d ecrea sed  
d uring  th e  experim ent e s p e c i a l l y  in  th e  sep a ra ted  phase r e a c to r  but 
rem ained s t a b le  a f t e r  two hours fo l lo w in g  th e r e tu r n  to  u su a l 
o p e r a t in g  c o n d it io n s .

Effluent COD increased by similar values in both reactors 
reaching a peak an hour after the flowrate was returned to its origi
nal value. In both reactors effluent COD then decreased although the 
single phase reactor was less stable and took a longer period to 
restabilize than the separated phase reactor. Effluent suspended 
solids remained relatively stable from the separated phase reactor, 
whilst the single phase reactor effluent concentration was variable 
and generally increased during and after the shock period. In general 
the separated phase system was more stable, and hence more suited to 
industrial applications.
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F ig u r e  4 .2 6 .  E f f e c t  o f  4 h r , 100% in f lu e n t  f lo w r a te  in c r e a s e  on 
v a r io u s  p r o c e ss  p aram eters o f  s in g le  and se p a r a te d  
phase f lu id iz e d  bed r e a c to r s  ( O )  se p a r a te d  p h ase , 
( • )  s in g l e  phase
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4 . 7 . 3 .  I n f lu e n c e  o f  t r a n s ie n t  in c r e a s e s  in  in f lu e n t  COD on th e  
perform ance o f  s in g le  and se p a r a te d  phase f lu i d i z e d  bed 
r e a c t o r s .
An in c r e a s e  in  in f lu e n t  COD o f  100% m a in ta in ed  fo r  fou r hours  

was a p p lie d  to  each r e a c to r  and th e  e f f e c t s  are sum m arised in  F ig .  
4 .2 7 .

During and fo l lo w in g  th e  COD in c r e a s e  th e  pH o f  th e  s in g le  
phase r e a c to r  rem ained s t a b le  w h i l s t  th e  sep a r a te d  phase r e a c to r  e x h i
b ite d  a s l i g h t  in c r e a s e  d uring  th e  sh ock  load  a lth o u g h  th e  pH s t a b i 
l i z e d  a t i t s  o r ig in a l  v a lu e  th r e e  hours a f t e r  th e  COD was re tu rn ed  to  
6,000 mg 1 -1 .

V o la t i l e  a c id s  c o n c e n tr a t io n s  in c r e a se d  a t  th e  same r a te  in  
each  r e a c to r  and ten d ed  to  s t a b i l i z e  a t  a new h ig h e r  v a lu e  th ree  hours 
a f t e r  th e  COD was r e s to r e d  to  i t s  o r ig in a l  v a lu e .  The v o l a t i l e  a c id s  
c o n c e n tr a t io n  d ecrea sed  in  th e  se p a r a te d  phase r e a c to r  f iv e  hours 
l a t e r  but in  th e  s in g le  phase r e a c t o r ' s  c o n c e n tr a t io n  was s t a b le  or 
in c r e a s in g  s l i g h t l y  over t h i s  p e r io d . The a l k a l i n i t y  was la r g e ly  
u n a ffe c te d  a lth o u g h  a s l i g h t  d e c r e a se  during th e  exp erim en t was n o te d .

The e f f lu e n t  COD and suspend ed s o l id s  from both r e a c to r s  
in c r e a s e d  fo r  a p er io d  up to  e ig h t  hours a f t e r  th e  shock  lo a d ,  
e f f l u e n t  COD in c r e a se d  f a s t e r  in  th e  s in g le  phase r e a c to r  but s t a b i 
l i z e d  a t a new v a lu e  b e fo r e  th e  se p a r a te d  phase r e a c t o r ,  both r e a c to r s  
began to  r e tu rn  to  o r ig in a l  o p e r a t in g  param eters 4 -5  hours a f t e r  th e  
shock  p e r io d .

4 . 8 .  D eterm in a tio n  o f  k in e t ic  param eters o f  v o l a t i l e  a c id
d eg ra d a tio n  in  f lu id iz e d  bed r e a c to r s
In order to  compare th e  r e l a t i v e  r a te s  o f  r e a c t io n  in  se p a r a te d  

and s in g le  phase f lu id iz e d  bed r e a c to r s  th e k in e t ic  param eters o f  pro
p io n a te  o x id a t io n  and a c e ta te  d e g ra d a tio n  were d eterm in ed . A con
c e n tr a te d  s o lu t io n  (20 g l ” *) o f  th e  sodium s a l t  o f  th e  a c id  was 
in j e c t e d  s lo w ly  in t o  th e  f lu id iz e d  bed through th e  lo w e s t  sam ple tap  
to  a c h ie v e  a c o n c e n tr a t io n  o f  250 mg 1” 1 to  perm it th e  e v a lu a t io n  o f  
d eg ra d a tio n  under c o n d it io n s  o f  s u b s tr a te  s a tu r a t io n  or 100 mg 1“ 1 to  
c o l l e c t  d ata  fo r  L inew eaver-B urk p lo t s  during c o n c e n tr a t io n  dependent 
c o n d i t io n s .
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F ig u re  4 .2 7 .  E f f e c t  o f  4 h r , 100% in f lu e n t  COD in c r e a s e  on
v a r io u s  p r o c e ss  p aram eters o f  s in g le  and se p a r a te d  
phase f lu id iz e d  bed r e a c to r s  ( O )  se p a r a te d  p h a se , 
( • )  s in g le  phase
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E ff lu e n t  sam ples were c o l l e c t e d  h o u r ly  and th e in d iv id u a l  v o la 
t i l e  a c id s  c o n c e n tr a t io n  determ ined  im m ed iately  by gas chrom atography.

4 . 8 . 1 .  D eterm in ation  o f  k in e t i c  p aram eters o f  p ro p io n a te  o x id a t io n  in  
s in g le  and sep a ra ted  phase f lu id iz e d  bed r e a c t o r s .
Three 100 mg 1”  ̂ p r o p r io n a te  a d d it io n s  were made, th e  r e s u l t s  

from a t y p ic a l  100 mg 1“ 1 in c r e a s e  in  each  f lu id iz e d  bed r e a c to r  are  
shown in  F ig s .  4 .2 8  and 4 .2 9 .  There appeared to  be l i t t l e  d if f e r e n c e  
in  b eh aviou r betw een th e  s in g le  and se p a r a te d  phase f lu id iz e d  bed  
r e a c t o r s .  As th e  p r o p r io n a te  c o n c e n tr a t io n  d ecrea sed  th e  a c e t a t e  con
c e n tr a t io n  r o se  fo r  a p e r io d  o f  up to  two hours fo l lo w in g  th e  pro
p io n a te  in c r e a s e .  S a t i s f a c t o r y  L inew eaver-B urk p lo t s  (a  t y p ic a l  p lo t  
i s  g iv e n  in  F ig .  4 .3 0 )  were drawn and v a lu e s  o f  th e  t h e o r e t ic a l  
maximum d eg ra d a tio n  r a t e  (Vmax) ,  th e  ex p er im en ta l maximum d eg ra d a tio n  
r a te  (V g ), th e  s te a d y  s t a t e  p r o p io n a te  tu rn over r a te  (V0 ) and th e  
h a l f - r a t e  c o e f f i c i e n t  a re  g iv e n  in  T able 4 .1 8 .  H ig h est maximum 
t h e o r e t i c a l  d eg ra d a tio n  r a te s  were found in  th e  s in g le  phase sy stem , 
w h i l s t  th e  h ig h e s t  exp erim en t d e g ra d a tio n  r a te s  lo w e s t  v a lu e s  were 
found in  th e se p a r a te d  phase system  in d ic a t in g  a more amenable 
s u b s t r a t e .

T ab le 4 .1 8 .  K in e t ic  param eters o f  p ro p io n a te  o x id a t io n  
S in g le  phase r e a c to r

E x p t. No. Vq Vmax
mmol 1” 1 h“

vE
1

Ks
mg l ” 1

r2

1 0 .1 5 4 1 .9 0 8 0 .8 7 7 166 0 .9 9 3
2 0 .161 1 .8 7 2 0 .8 5 6 143 0 .8 7 5
3 0 .1 5 7 1 .8 9 0 0.866 150 0 .8 9 0

S ep a ra ted  phase r e a c to r

E x p t. No. VQ ^max vE Ks r2
mmol 1” 1 h 1 mg l " 1

1 0 .2 1 5 1 .5 8 9 1 .1 1 5 125 0 .9 4 7
2 0 .2 1 0 1 .6 7 0 1 .0 7 8 130 0 .8 7 0
3 0 .2 1 7 1 .6 2 0 1 .0 9 2 130 0 .8 3 2
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4 . 8 . 2 .  K in e t ic  param eters o f  a c e t a t e  d eg ra d a tio n  in  s in g le  and 
sep a r a te d  phase f lu id iz e d  bed r e a c to r s
Three 100 mg 1~1 a c e t a t e  in c r e a s e s  were perform ed . I t  was 

found th a t  d eg ra d a tio n  in  th e  c o n c e n tr a t io n  dependent phase was so  
ra p id  th a t  s a t i s f a c t o r y  L inew eaver-B urk p lo t s  co u ld  n ot be drawn due 
to  i n s u f f i c i e n t  d a ta . S tead y  s t a t e  d eg ra d a tio n  and e x p e r im e n ta lly  
m easured maximum d eg ra d a tio n  r a te s  are th e r e fo r e  g iv e n  in  T ab le 4 .1 9 .  
A gain maximum ex p er im en ta l rem oval r a te s  o ccu rred  in  th e s in g le  phase  
sy stem .

T able 4 .1 9 .  K in e t ic  param eters o f  a c e t a t e  d eg ra d a tio n

S in g le  phase r e a c to r  S ep arated  phase r e a c to r
E xp t. No. Vo vE r2 v0 vE r2

mmol 1-1 h -1 mmol 1-1 h -1

1 1 .3 4 1 .7 6 0 .9 7 7 1.88 2 .3 3 0 .9 6 7
2 1 .41 1 .5 7 0 .9 6 0 1 .8 3 2 .31 0 .9 8
3 1 .3 7 1 .8 9 0 .9 4 8 1 .8 9 2 .3 7 0 .9 4 7

4 .9 .  D eterm in a tio n  o f  th e  d i s t r ib u t io n  o f  b a c t e r ia l  a c t i v i t y  in  a
s in g le  phase f lu id iz e d  bed r e a c to r
An in v e s t ig a t io n  o f  b a c t e r ia l  d i s t r ib u t io n  was con d u cted  d uring  

th e  o r g a n ic  lo a d in g  ex p er im en ts d e sc r ib e d  in  S e c t io n  4 .6 .  B a c te r ia l  
a c t i v i t y  was determ ined  in  a s in g le  phase f lu id iz e d  bed r e a c to r  
o p e r a t in g  w ith  an in f lu e n t  o f  12000 mg 1“ 1 a t  th r e e  COD lo a d in g s ,  6 ,  
12 and 18 kg m“ 3 d ~ l. Samples were c o l l e c t e d  a t  f i v e  sam ple p o in t s  a t  
2 5 , 5 5 , 9 5 , 115 and 145 cm above th e  b ase o f  th e  r e a c t o r .  In d iv id u a l  
v o l a t i l e  a c id s ,  a lk a l in e  p h o sp h a ta se  a c t i v i t y  and m ethane p ro d u ctio n  
w ere d eterm in ed  from each sam ple on two c o n s e c u t iv e  days a t  each  
lo a d in g , mean r e s u l t s  are r e p o r te d . In o p e r a tio n  th e  biom ass c o u ld  be 
c o n s id e r e d  as two d i s t i n c t  p h a se s;  a t  th e  top  o f  th e  r e a c to r  was an 
u n a tta ch ed  p o r t io n ,  w h i l s t  th roughou t th e  r e s t  o f  th e  r e a c to r  a d ir e c t  
m ic r o sc o p ic  exam in ation  o f  th e  bed c o n te n ts  in d ic a te d  th a t  v i r t u a l l y  
a l l  o f  th e  biom ass was a tta c h e d  to  th e  sand p a r t i c l e s .  Biomass con
c e n tr a t io n  in c r e a se d  w ith  in c r e a s in g  r e a c to r  lo a d in g  and a ls o  
in c r e a se d  up th e  h e ig h t  o f  th e  bed , VSS:SS r a t io s  up th e  column a t  th e  
th r e e  o r g a n ic  lo a d in g s  s tu d ie d  a re  g iv e n  in  T able 4 .2 0 .
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T able 4 .2 0 .  V o la t i le  suspend ed s o l id s :  suspend ed  s o l i d s  r a t io s  
a t  th ree  COD lo a d in g s

COD L oading kg m” 3 d~l
H eight (cm) 6 12 18

25 0 .0 0 3 2 0 .0 0 3 7 0 .0 0 6 2
55 0 .0 0 2 3 0 .0 0 4 4 0 .0 0 9 8
95 0 .0 0 4 2 0 .0 0 4 4 0 .0 1 2 4

115 0 .0 0 4 8 0 .0 0 9 7 0 .0 1 6 7
145 0 .0 4 2 8 0 .1 4 3 0 0 .0 9 3 2

4 . 9 . 1 .  D is t r ib u t io n  o f  a lk a l in e  p h osp h atase  a c t i v i t y  in  a f lu id iz e d
bed r e a c to r
In F ig u re  4 .3 1  the v e r t i c a l  d i s t r ib u t io n  o f  r e l a t i v e  phospha

t a s e  a c t i v i t y  per u n it  mass o f  v o l a t i l e  suspended s o l i d s  in  th e  
f l u i d i z e d  bed a t  each o r g a n ic  lo a d in g  i s  p r e s e n te d . At a COD lo a d in g  
o f  6 kg m"3 th e  a c t i v i t y  was v ery  low b e in g  d e te c ta b le  but not
m easu rab le  throughout m ost o f  th e  r e a c to r  w ith  th e  e x c e p t io n  o f  th e  
sam ple tak en  from the top  o f  th e  bed . At COD lo a d in g s  o f  12 and 18 kg 
m“ 3 ^-1 p h osp h atase  a c t i v i t y  was e v id e n t  throughou t th e r e a c to r  w ith  
a marked peak ap p ro x im a te ly  h a lf-w a y  up th e  bed. H ig h est r e l a t i v e  
a c t i v i t i e s  were o b ta in ed  a t  an o rg a n ic  lo a d in g  o f  12 kg m” 3 d"l where 
th e  r e a c to r  can be c o n s id e r e d  to  be approach ing f a i l u r e .  R e la t iv e ly  
low  a c t i v i t i e s  were o b ta in e d  from th e  f lo c c u la t e d  m a te r ia l a t  th e  top  
o f  th e  colum n.

4 . 9 .2 .  D is t r ib u t io n  o f  r e l a t i v e  methane p r o d u ctio n  in  a f lu id iz e d  
bed r e a c to r

M ethane p ro d u ctio n  was o n ly  m easurable a t  th e  low er two COD 
lo a d in g s  however a v e r y  sm a ll amount o f  gas p ro d u ctio n  was e v id e n t  a t  
th e  h ig h e s t  lo a d in g  due to  th e  appearence o f  some gas b ubb les in  th e  
in cu b a ted  sa m p les . The v e r t i c a l  d i s t r ib u t io n  o f  methane p r o d u ctio n  i s  
shown in  F ig .  4 .3 2 .  Gas p r o d u ctio n  in c r e a se d  up th e  column to  a peak  
near th e  c e n tr e  o f  th e  column a lth o u g h  in  one c a se  (a t  6 kg COD m” 3 
d“ l )  th e  peak was somewhat h ig h e r  up th e  colum n. At th e extrem es o f  
th e  column th e  r e l a t i v e  a c t i v i t y  o f  th e  biom ass was r a th e r  lo w e r . 
Hence a g a in  th e f lo c c u la t e d  m a te r ia l  a t  th e  top o f  th e  bed had a r e la 
t i v e l y  low  a c t i v i t y .
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Figure 4.31. Phosphatase activity profiles in a fluidized bed reactor
COD loading (O) 6 kg m-^ d-*, (A) 12 kg d"*l (□)
18 kg m“3
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Figure 4.32. Relative methane forming activity profiles in a fluidized
bed reactor COD loading (A) 6 kg m”3 d”l, (O)
12 kg m“3
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4 . 9 .3 .  T o ta l v o l a t i l e  a c id  p r o f i l e s  in  a f lu id iz e d  bed r e a c to r
T o ta l v o l a t i l e  a c id s  p r o f i l e s  fo r  each  o rg a n ic  lo a d in g  a re  

shown in  F ig .  4 .3 3 .  At th e  two low er COD lo a d in g s  a c e t i c  a c id  was th e  
o n ly  a c id  d e te c te d  w h i ls t  a t  18 kg m“ 3 <j-l p r o p io n ic ,  i s o - b u t y r i c ,  
b u ty r ic  and v a le r i c  a c id s  were a l l  d e t e c t a b le .  At a COD lo a d in g  o f  6 
kg m“ 3 d"l th e r e  was v ery  l i t t l e  change in  th e  v o l a t i l e  a c id s  con
c e n tr a t io n s  up th e  r e a c to r , how ever, a t  12 and 18 kg m“ 3 d“ l  th e r e  was 
a marked r e d u c tio n  in  a c id s  c o n c e n tr a t io n s  in  th e  c e n tr e  o f  th e  r e a c 
to r  and peaks in  c o n c e n tr a t io n  were n oted  in  th e  upper p art o f  th e  
r e a c to r .  D if fe r e n c e s  in  a c id  c o n c e n tr a t io n s  were g e n e r a l ly  n o ted  b e t 
ween th e  top  and th e  base o f  th e  r e a c to r  in d ic a t in g  some a c i d i f i c a t i o n  
took  p la c e  in  th e  r e c y c le  cham ber.
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Figure 4.33. Total volatile acids profiles in a fluidized bed reactor
COD loading (O) 6 kg m“3 d~l, (A) 12 kg m“3 d~l (□)
18 kg m“3 d-l

1
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5 . DISCUSSION

In a l l  food p r o c e s s in g  in d u s tr ie s  p r o d u ctio n  c o s t s  must be 
m inim ized  and t h i s  p r in c ip le  e x te n d s  to  th e  c o s t  o f  d is p o s a l  o f  w a ste  
e f f l u e n t s .  F u ll  trea tm en t o f  food  in d u str y  w a ste -w a te r s  w i l l  
g e n e r a l ly  in v o lv e  some form o f  b i o l o g i c a l  secon d ary  tr e a tm en t. As 
secon d ary  trea tm en t c o n s t i t u t e s  a s i g n i f i c a n t  p art o f  th e  w a ste -w a ter  
trea tm en t c o s t s  i t  i s  im portant to  u t i l i z e  and d ev e lo p  b i o lo g ic a l  pro
c e s s e s  which can p ro v id e  s a t i s f a c t o r y  trea tm en t a t  th e  lo w e st  c o s t .  
C on ven tion a l a n a ero b ic  trea tm en t has been shown to  have econom ic 
a d van tages over a e r o b ic  p r o c e s s e s  fo r  h ig h er  s tr e n g th  w a stes  (>  
4000 mg 1"1 COD) ( C i l l i e  jit  ̂ a i l . , 1 9 6 9 ) , how ever, im provem ents in  
r e a c to r  d e s ig n s  may in c r e a s e  th e  ad van tages o f  a n a ero b ic  sy ste m s,  
h en ce th e r e  has been an i n t e r e s t  in  th e  developm ent o f  h ig h  r a te  r e a c 
t o r s .  In c r e a s in g  d eg ra d a tio n  r a t e s  in  b io lo g ic a l  r e a c to r s  n e c e s s i t a 
t e s  th e  developm ent and r e t e n t io n  o f  a s u f f i c i e n t l y  h ig h  biom ass 
c o n c e n tr a t io n  w ith in  th e  r e a c t o r .  T his has been a c h ie v e d  by e i t h e r  
u t i l i z i n g  e x te r n a l  biom ass r e c y c le ,  as in  th e a n a ero b ic  c o n ta c t  r e a c 
to r  (A nderson and D uarte, 1 9 8 0 ), or by u s in g  a r e ta in e d  biom ass system  
such  as th e  a n a ero b ic  f i l t e r  (M osey, 1 9 7 8 ) . I n t e r e s t  in  th e  p o s s i b i l i 
t i e s  o f  u s in g  th e  a n a ero b ic  f lu id iz e d  bed r e a c to r  fo r  w a ste -w a ter  
trea tm en t d ev e lo p ed  fo l lo w in g  exp er im en ts con cern ed  w ith  a ero b ic  
f lu i d i z e d  bed r e a c t o r s .  These dem onstrated  th a t  th e  r e a c to r  d e s ig n  
c o u ld  r e t a in  ex trem ely  h ig h  biom ass c o n c e n tr a t io n s , y e t  m a in ta in  h ig h  
v o lu m e tr ic  th rou gh p u ts w ith o u t biom ass washout (Cooper and W heeldon,
1 9 8 0 ) . A lthough a n a ero b ic  r e a c to r s  have been r e p o r te d  fo r  th e  t r e a t 
ment o f  d i lu t e  w a ste -w a te rs  th e  h igh  h a l f - r a t e  c o e f f i c i e n t s  (B^) 
en co u n tered  mean th a t  h ig h e r  s tr e n g th  w a ste -w a te rs  are more s u i t e d  to  
a n a ero b ic  tr e a tm en t. In th e  p r e lim in a r y  stu d y r e p o r te d  h ere  th e rea c 
to r  d e s ig n  was d eve lop ed  from p r e v io u s ly  rep o rted  work (Cooper and 
W heeldon, 1980, J e w e ll  jjt_ a l_ ., 1 9 81) and e f f i c i e n t  COD rem ovals were 
e x p e c te d  w ith  COD lo a d in g s  in  th e  range 1 -4  kg m“ 3 d- 1 .  F lu id iz e d  bed 
r e a c to r  d e s ig n  i s  r e l a t i v e l y  c o n s tr a in e d  s in c e  once th e  maximum orga
n ic  lo a d in g , th e  in f lu e n t  COD and th e  bed exp an sion  a re  d e f in e d  th e  
upflow  v e l o c i t i e s  can be c a lc u la t e d  from e x p r e s s io n s  such  as th e  
Kozeny eq u a tio n  (C lea sb y  and K uo-shuh, 1 9 8 1 ). With th e  up flow  v e lo 
c i t y  and r e a c to r  volume d e f in e d  th e  r e a c to r  d im en sion s can be chosen  
to  m a in ta in  a p r a c t ic a b le  h e ig h t  to  a rea  r a t io .
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A 20% bed exp an sion  was ch osen  to  m in im ize th e  up flow  v e l o c i t y  
y e t  m a in ta in  a tru e  f lu id iz e d  bed (C ooper, 1 9 8 1 ) . The c o n ic a l  d i s t r i 
b u tio n  system  appears to  be id e a l  fo r  f lu id iz e d  bed d e s ig n  s in c e  as  
lo n g  as th e  i n l e t  p ip e  i s  p r o p e r ly  a l ig n e d  i t  does n o t s u f f e r  any o f  
th e  b lo ck a g e  or poor d i s t r ib u t io n  problem s en co u n tered  in  t h i s  stu d y  
w ith  a g r a v e l bed d i s t r ib u t io n  sy stem .

D airy w a ste -w a te rs  are g e n e r a l ly  acknow ledged to  be d i f f i c u l t  
to  t r e a t  a n a e r o b ic a l ly  and p r e v io u s ly  r e p o r te d  m ethods have g e n e r a l ly  
been c o n fin e d  to  p re trea tm en t a t  low o r g a n ic  lo a d in g s  (Vandamme and 
Waes, 1980 a ,b )  o th e r w ise  a c id  accu m u lation  o ccu rred . A lthough th e  
com b in ation  o f  th e  h ig h  biom ass c o n c e n tr a t io n  and th e  la r g e  r e c y c le  
f lo w s used  in  f lu id iz e d  bed r e a c to r s  in  t h i s  stu d y  a id s  r e a c to r  s t a b i 
l i t y ,  a c id  accu m u lation  s t i l l  occu rred  but a t  r e l a t i v e l y  h ig h  COD 
lo a d in g s  compared to  th o se  r e p o r te d  p r e v io u s ly .

W aste-w aters from meat p r o c e s s in g  in d u s tr ie s  are g e n e r a l ly  con
s id e r e d  to  be id e a l  fo r  a n a eo ro b ic  trea tm en t s in c e  th ey  have been  
shown to  be e a s i l y  b io d eg ra d a b le  and are o f t e n  d isch a rg ed  a t e le v a te d  
tem p eratu res th u s a id in g  a n a ero b ic  d e g r a d a tio n . These w a ste -w a te r s  
are one o f  th e few ty p es  o f  in d u s t r ia l  e f f lu e n t s  where a n a ero b ic  
trea tm en t i s  an e s t a b l is h e d  p r a c t ic e  ( S t e f f e n  and Bedker, 1961; Rands 
and C ooper, 1 9 6 6 ) . F o llo w in g  th e  d i f f i c u l t i e s  en co u n tered  in  th e  
f i r s t  r e a c to r  s ta r t - u p  a ttem p ts a t  am bient tem perature a more amenable 
s u b s tr a te  than th e  m ilk  w a ste  was used  fo r  r e a c to r  e v a lu a t io n .  
A naerob ic trea tm en t a t am bient tem p eratu res has been p r e v io u s ly  
r e p o r te d , s u c c e s s f u l  d eg ra d a tio n  o f  v a r io u s  s u b s tr a te s  has been 
a c h ie v e d  but o n ly  a t  low o rg a n ic  lo a d in g s  ( P r e t o r iu s ,  1971; C o u lter  jet 
a l . ,  1956) e x c e p t in  expanded bed r e a c to r s  (J e w e ll  jet a l . ,  1 9 8 1 ) . In 
th e s e  exp er im en ts s im ila r  COD rem ovals were a c h ie v e d  to  th o se  r e p o r te d  
in  expanded bed r e a c to r s  w ith  good COD rem ovals (> 70%) up to  a COD 
lo a d in g  o f  3 kg m“ 3 d“ l .  A lthough good s o lu b le  COD rem ovals were  
a c h ie v e d  th e  major drawback o f  th e  p r o c e ss  was th e  h ig h  e f f lu e n t  
suspended s o l i d s  c o n c e n tr a t io n s .

T h is problem  was e s p e c i a l l y  pronounced when th e  r e a c to r s  were 
t r e a t in g  th e h igh  s tr e n g th  g lu c o s e  based  w a s te -w a te r . The h ig h  
suspend ed s o l i d s  in  th e  e f f lu e n t  appear to  be due to  th e  f a c t  th a t  th e  
biom ass c o n c e n tr a t io n  in  th e  r e a c to r  was s e l f  r e g u la t in g ,  i t  b e in g  
r a r e ly  n e c e s s a r y  to  w a ste  any b iom ass. The biom ass c o n c e n tr a t io n
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in c r e a se d  w ith  in c r e a s in g  COD lo a d in g  and in c r e a s in g  in f lu e n t  COD. 
T his i s  in  agreem ent w ith  th e  ex p er im en ta l r e s u l t s  o f  Switzenbaum  
(1 9 7 8 ) and th e  t h e o r e t ic a l  p r e d ic t io n s  o f  R ittm an and McCarty (1 9 8 0 ) .  
The f lu id iz e d  bed r e a c to r  biom ass c o n c e n tr a t io n  was however r a th e r  
low er than  o th er  r e a c to r s  such  as th e  expanded bed (Sw itzenbaum  and 
J e w e l l ,  1980) and th e  up flow  s lu d g e  b la n k e t r e a c to r  (L e t t in g a  e t  a l . ,  
1 9 7 9 ) . T h is i s  due to  th e  h ig h e r  bed ex p a n sio n s used in  th e  f lu id iz e d  
bed r e a c t o r .  F i r s t l y ,  b ecau se  a n a ero b ic  f ilm s  in  f lu id iz e d  bed r e a c 
to r s  are v ery  th in  (up to  15 pm (Sw itzenbaum , 1 9 7 8 )) th e  biom ass con
c e n tr a t io n  per u n it  volume w i l l  d e c r e a se  w ith  in c r e a s in g  bed 
ex p a n sio n . S eco n d ly , due to  th e  h ig h er  up flow  v e l o c i t y  biom ass lo s s e s  
due to  sh ear s t r e s s  w i l l  be c o n s id e r a b ly  g r e a t e r .  R ittm an (1 9 8 2 )  
d em onstrated  th a t  f i lm  lo s s  in  a f lu id iz e d  bed r e a c to r  may be a t  l e a s t  
50% g r e a te r  than a s t a t i c  f i lm  r e a c to r  such as a g r a v e l bed f i l t e r .  
However, runnin g th e  r e a c to r  a t  h ig h e r  ex p a n sio n s does have th e  advan
ta g e  th a t  b lo ck a g e  o f  th e  r e a c to r  w ith  in e r t  s o l i d s  w i l l  n o t o c c u r .

To a c h ie v e  r e l i a b l e  trea tm en t a b io lo g ic a l  system  sh o u ld  be 
t o le r a n t  o f  f lu c t u a t io n s  in  p r o c e ss  param eters such as in f lu e n t  COD, 
f lo w r a te  and tem p eratu re , s in c e  in d u s t r ia l  e f f lu e n t s  g e n e r a l ly  e x h ib i t  
w ide v a r ia t io n s  in  such p a ra m eters . A naerobic b a c t e r ia ,  p a r t ic u la r ly  
th o se  in  th e  m ethanogenic phase are a d v e r s e ly  a f f e c t e d  by even  sm a ll 
changes in  p r o c e ss  p aram eters ( S t e in ,  1 9 8 0 ) , however f ix e d  f i lm  r e a c 
to r s  such as th e  a n a ero b ic  f i l t e r  are known to  be more t o le r a n t  o f  
shock  lo a d s  s in c e  m ic r o b ia l w ashout under a d v erse  c o n d it io n s  does not 
o c c u r .

In t h i s  stu d y  a n a ero b ic  f lu id iz e d  bed r e a c to r s  o p e r a t in g  a t  
both am bient and e le v a te d  tem p eratu res were s u b je c te d  to  v a r io u s  
changes in  p r o c e ss  param eters e i t h e r  t y p ic a l  o f ,  or g r e a te r  than  th o s e  
found in  in d u s tr y . Tem perature changes occur in  in d u s t r ia l  w a ste s  
b ecau se  o f  in t e r m it t e n t  o p e r a t io n s  such as steam  c le a n in g  (M oodie and 
G r e e n f ie ld , 1 9 7 8 ) . G e n era lly  th e s e  v a r ia t io n s  are n ot la r g e  but l o s s  
o f  methane p ro d u ctio n  due to  a tem p eratu re sh ock  i s  o f t e n  r e p o r te d  
(J e w e ll and M o rr is , 1 9 8 1 ) . T his phenomenon can be used  to  good e f f e c t  
fo r  exam ple in  th e  a n a ero b ic  c o n ta c t  r e a c to r  to  im prove biom ass 
s e t t l i n g  p r o p e r t ie s  (A nderson and D u arte, 1 9 8 0 ), however in  a f ix e d  
f i lm  p r o c e ss  t r e a t in g  an in d u s t r ia l  w a ste  i t  i s  d e s ir a b le  th a t  th e  
r e a c to r  i s  t o le r a n t  o f  any tem p eratu re changes (J e w e ll and M o rr is ,
1 9 8 1 ) .
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In  t h i s  stu d y  th e  h e a ted  f lu id iz e d  bed r e a c to r  showed no lo n g  
term  d e tr im e n ta l e f f e c t s  fo l lo w in g  4 and 8 hour tem p eratu re reduc
t i o n s .  The p r in c ip a l  p aram eters a f f e c t e d  by a tem p eratu re r e d u c tio n  
were th e  gas p ro d u ctio n  and gas c o m p o s it io n . The in c r e a s e  in  carbon  
d io x id e  c o n te n t o f  th e  gas i s  due to  th e  la c k  o f  c o n v e r s io n  o f  v o la 
t i l e  a c id s  to  methane w h i l s t  carbon d io x id e  was s t i l l  produced by th e  
r e a c t io n  betw een b ic a r b o n a te  and v o l a t i l e  a c id s  (a s  r e f l e c t e d  by th e  
d e c r e a se  in  a l k a l i n i t y )  and as one o f  th e  p rod u cts du rin g  a c id  fo r 
m ation  from com plex o r g a n ic s  (M osey, 1981; Kennedy and van den Berg,
1 9 8 2 ) . The accu m u lation  o f  v o l a t i l e  a c id s  found in  m ost o f  th e  shock  
lo a d in g  exp erim en ts i s  commonly rep o r te d  during p e r io d s  o f  r e a c to r  
i n s t a b i l i t y  (Kennedy and van den Berg, 1981, Cohen e t  a l_ ., 1 9 8 0 ) . The 
c o n c e n tr a t io n s  found in  th e  f lu id iz e d  bed r e a c to r s  w ould n ot cau se  
p r o c e ss  in h ib i t io n  as lon g  as th e  pH rem ained s u f f i c e n t l y  h igh  
(Andrews, 1969; Anderson and D uarte, 1 9 8 0 ). Tem perature changes in  
th e  u n heated  f lu id iz e d  bed r e a c to r  appeared to  o n ly  b r i e f l y  a f f e c t  th e  
m ethanogen ic b a c t e r ia ,  c a u s in g  o n ly  sm a ll changes in  e f f l u e n t  q u a l i t y  
and gas p r o d u c tio n . The developm ent o f  biom ass a t  am bient tem perature  
w i l l  produce a b a c t e r ia l  p o p u la tio n  o f  a d i f f e r e n t  n a tu re  to  th a t  
found a t e le v a te d  tem p eratu res (H obson, 1981; Chen, 1983; Rimkus £ t  
a l . , 1 9 82) and t h is  typ e o f  p o p u la tio n  appears to  o p e r a te  s a t i s f a c 
t o r i l y  over a w ide range o f  tem p eratu res (Switzenbaum  and J e w e l l ,  
1 9 8 0 ) . In th e s e  exp er im en ts s a t i s f a c t o r y  COD rem oval was s t i l l  
a t t a in e d  w h i l s t  o p e r a t in g  a t  low tem p eratu res (< 10°C) an e f f e c t  a ls o  
n o ted  by J e w e ll  and M orris (1 9 8 1 ) .

F lo w ra tes  o f  in d u s t r ia l  e f f lu e n t s  vary  w id e ly  th rou gh ou t th e  
day p a r t ic u la r ly  where s h i f t  w orking i s  p r a c t is e d  (S h ab i and Cannon, 
1 9 7 5 ) , th e s e  may be m inim ized  by th e  u se  o f  a b a la n c in g  tan k . 
H owever, s in c e  th e  recommended b a la n c in g  tank volume i s  up t o  four  
tim es th e  d a i ly  f lo w r a te  (Cam pbell and S tr a ch en , 1976) i f  a p r o c e ss  i s  
t o le r a n t  o f  h y d r a u lic  o v e r lo a d s  c o n s id e r a b le  lan d  and c a p i t a l  sa v in g s  
may be a ch ie v e d  by e i t h e r  d e c r e a s in g  th e  volume o f ,  or rem oving  
e n t i r e l y  th e  b a la n c in g  c a p a b i l i t y .  Due to  th e  la r g e  r e c y c le  r a t io s  
used  in  th e  f lu id iz e d  bed r e a c to r s  in  t h i s  stu d y  any p h y s ic a l  e f f e c t s  
(su ch  as w ashout o f  b iom ass due t o  th e  in c r e a se d  upflow  v e l o c i t y )  can  
be m in im ized  by r e g u la t in g  th e  r e c y c le  f lo w r a te  and in  th e  f lu id iz e d  
bed r e a c to r s  th e  u p flow  v e l o c i t y  rem ains c o n sta n t w hatever th e  
in f lu e n t  f lo w r a te , th e r e fo r e  o n ly  b io lo g ic a l  o v e r lo a d in g  e f f e c t s  w i l l  
be found . The r e a c to r s  t o le r a t e d  h y d r a u lic  o v e r - lo a d in g  w ith  no lo n g



145

term d e tr im e n ta l e f f e c t s .  The d e f i n i t e  in c r e a s e s  in  e f f lu e n t  
suspended s o l i d s  n o ted  du rin g  h y d r a u lic  lo a d in g  were p rob ab ly  due to  
th e  in c r e a s e  in  gas p ro d u ctio n  where u n a tta ch ed  biom ass p a r t i c l e s  
become a tta c h e d  to  gas b ubb les and are c a r r ie d  out in  th e  e f f l u e n t .  
Biomass may a ls o  be slo u g h ed  o f f  th e  m edia due to  in c r e a se d  gas pro
d u c tio n  w ith in  th e  b io f i lm .

D e te r io r a t io n  in  e f f lu e n t  q u a l i t y  was found to  be g r e a te r  
d uring  in f lu e n t  COD in c r e a s e s  than fo r  an e q u iv a le n t  h y d r a u lic  over
lo a d in g  to  th e  same o r g a n ic  lo a d in g . T h is would be e x p ec ted  i f  i t  i s  
assum ed th a t  th e  r a te  o f  o rg a n ic  rem oval a t  a c o n s ta n t  lo a d in g  i s  
r e l a t i v e l y  independ en t o f  in f lu e n t  COD, th en  in  t h i s  c a s e  e f f lu e n t  COD 
m ust r i s e  w ith  in c r e a s in g  in f lu e n t  COD.

The f lu id iz e d  bed r e a c to r s  appeared to  be ex trem ely  t o le r a n t  o f  
changes in  in f lu e n t  pH. In an in d u s t r ia l  p ro c e ss  t h i s  i s  im portant 
s in c e  pH changes occur r e g u la r ly  p a r t ic u la r ly  during c le a n in g  opera
t i o n s ,  pH v a r ia t io n s  o f  4 -9  and 6 -8  have been rep o r te d  fo r  d a ir y  and 
m e a t-p r o c e ss in g  r e s p e c t iv e ly  (Shab i and Cannon, 1 9 7 5 ) . A lthough  
o p e r a t in g  param eters such as COD and pH were r e l a t i v e l y  u n a ffe c te d  by 
a pH r e d u c t io n  th e  d e c r e a s in g  a l k a l i n i t y  in d ic a te d  th a t  i t  was th e  
r e a c t o r s '  b u ffe r in g  c a p a c ity  th a t  was n e u t r a l iz in g  th e  e f f e c t s  o f  th e  
low  pH. A p ro lon ged  in f lu e n t  pH d e c r e a se  may have e v e n tu a l ly  cau sed  
th e  r e a c to r  o p e r a tin g  pH t o  f a l l  and in h ib i t  methane fe r m e n ta tio n  
(Anderson and D u arte, 1 9 8 0 ) . The h ig h  r e c y c le  r a t io  u sed  in  a 
f lu i d i z e d  bed r e a c to r  a l s o  w i l l  a id  r e a c to r  s t a b i l i t y  when to x ic  
m a te r ia ls  e n te r  th e  r e a c t o r ,  m ain ly  due t o  th e  d i lu t io n  e f f e c t  cau sed  
by th e  r e c y c le .  R eactor c o n f ig u r a t io n s  em ploying a h ig h  r e c y c le  r a t io  
have p r e v io u s ly  been shown to  be ca p a b le  o f  a n a e r o b ic a l ly  t r e a t in g  
w a ste s  w ith  an u n fa v o u ra b le  pH or c o n ta in in g  in h ib it o r y  m a te r ia ls  
(C hian and DeW alle, 1 9 7 7 ) . I t  i s  fo r  t h i s  rea so n  th a t  f lu id iz e d  bed 
r e a c to r s  or a n a ero b ic  f i l t e r s  (w ith  r e c y c le )  a re  c o n s id e r e d  more 
r e s i s t e n t  to  a d v erse  in f lu e n t  c o n d it io n s  than s in g le  p ass r e a c to r s  
such as th e  up flow  s lu d g e  b la n k e t r e a c to r  (O lth e f  and O le s z k ie w ic z , 
1982)

The in c r e a s e  in  e f f lu e n t  COD in  a l l  ty p es  o f  t r a n s ie n t  changes 
in  o p e r a tin g  param eters may be a t t r ib u t e d  to  th r e e  f a c t o r s :  ( i )
in c r e a s e s  in  e f f l u e n t  v o l a t i l e  a c id s ;  ( i i )  in c r e a s e s  in  suspended  
s o l i d s ;  ( i i i )  in f lu e n t  p a ss in g  through th e  r e a c to r  u n tr e a te d  due to  
o v e r lo a d in g  o f  th e  p r o c e s s .  In F ig u re  5 .1  th e  c o n tr ib u t io n  to  th e
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an 8 h 300% in f lu e n t  COD in c r e a s e  ( O )  e f f lu e n t  COD, (□ ) i n i t i a l  COD + e q u iv a le n t  
v o l a t i l e  a c id s  and suspended s o l i d s  COD
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e f f lu e n t  COD o f  th e  v o l a t i l e  a c id s  (e q u iv a le n t  COD = 1 .0 5  x v o l a t i l e  
a c id s  c o n c e n tr a t io n )  and th e  suspend ed  s o l id s  ( e q u iv a le n t  COD = 1 .4 2  x  
suspended s o l i d s  c o n c e n tr a t io n  (Switzenbaum  and J e w e l l ,  1 9 8 0 ))  has  
been p lo t t e d  to g e th e r  w ith  th e  e x p ec ted  in c r e a s e  in  e f f lu e n t  COD i f  
th e s e  two param eters were s o l e l y  r e s p o n s ib le  fo r  th e  r i s e  in  COD 
d uring  an 8 h ou r, 300% in f lu e n t  COD in c r e a se  a p p lie d  to  u n h eated  
f lu id iz e d  bed r e a c t o r .  At th e  h ig h e s t  e f f lu e n t  COD a p p ro x im a te ly  50% 
o f  th e  in c r e a s e  was accou n ted  fo r  by th e  r i s e  in  th e s e  p a ra m eters, th e  
rem ain in g  c o n tr ib u t io n  b e in g  due to  u n tr e a te d  e f f l u e n t  p a ss in g  through  
th e  r e a c to r .

R e s is ta n c e  to  o rg a n ic  o v e r - lo a d in g  in  a f lu id iz e d  bed r e a c to r  
may be due to  two f a c t o r s ,  m ic r o b ia l r e s i s t a n c e  or d i lu t io n  due to  th e  
la r g e  r e c y c le  r a t i o s .  The t h e o r e t i c a l  e f f lu e n t  COD in c r e a s e  d u rin g  a 
COD shock  i f  no in c r e a s e  in  b io l o g i c a l  organ ic  rem oval occu rred  may be 
determ ined  from th e  eq u a tio n :

Ce = Cs (l-e-t/>)

where Ce = in c r e a s e  in  e f f lu e n t  COD 
Cs = in c r e a s e  in  in f lu e n t  COD 
^ = h y d r a u lic  r e s id e n c e  tim e
t = tim e

The ex p e c te d  e f f lu e n t  COD v a lu e s  fo r  a COD sh ock  lo a d  are g iv e n  
in  T able 5 .1  where it^ may be c l e a r l y  seen  th a t  d i lu t io n  o f  th e  
in f lu e n t  i s  n o t a p r in c ip a l  fa c t o r  in  r e s i s t e n c e  to  o rg a n ic  o v er 
lo a d in g  o th e r w ise  a g r e a te r  d egree  o f d e s t a b l i z a t io n  would be 
e x p e c te d .

T able 5 .1 .  T h e o r e t ic a l  and e x p er im en ta l e f f lu e n t  COD in c r e a s e s  fo r  
in f lu e n t  COD in c r e a s e  exp erim en ts

COD increase Duration Experimental COD Theoretical COD 
(%) (h) increase (%) increase (%)

150 4 35 272
150 8 44 597
300 4 160 545
300 8 400 1194
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The h igh  d egree  o f  m ic r o b ia l r e s i s t a n c e  to  o r g a n ic  o v e r - lo a d in g  
in  f ix e d  f i lm  a n a ero b ic  r e a c to r s  has been a t t r ib u t e d  to  th e  h ig h  
biom ass c o n c e n tr a t io n  in  th e  r e a c to r  and the m a tu r ity  o f  th e  b i o l o g i 
c a l  f i lm s  (M orris and J e w e l l ,  1 9 8 1 ) . I t  has a l s o  been found th a t  
v a r ia t io n s  in  p r o c e ss  c o n d it io n s  r e s u l t  in  th e  developm ent o f  a v er 
s a t i l e  biom ass w hich can q u ic k ly  degrade o rg a n ic  a c id s  (Cohen e t  a l . ,  
1 9 8 2 ) .

In th e se  ex p erim en ts and o th e r s  rep o rted  e lse w h e r e  (M orris and 
J e w e l l ,  1981; Cohen e t  a l . ,  1982; Kennedy and van den B erg, 1982) th e  
b a s ic  co m p o sitio n  o f  th e  w a ste -w a te r  i s  n ot changed th u s th e  biom ass 
i s  not s u b je c te d  to  any s t r e s s  cau sed  by a change o f  s u b s t r a t e .  T his 
ty p e  o f  experim ent i s  an im portant p r o g r e ss io n  from s te a d y  s t a t e  
o p e r a t io n  exp erim en ts and fundam ental o p e r a tin g  problem s under 
v a r ia b le  lo a d in g  c o n d it io n s  may be fou n d , however th e s e  exp erim en ts do 
n ot c o m p le te ly  s im u la te  a tr u e  in d u s t r ia l  d isc h a r g e  where th e  p h y s ic a l  
and ch em ica l c h a r a c t e r i s t i c s  o f  th e  e f f lu e n t  a re  v a r ia b le .  In th e  
reduced  a l k a l i n i t y  exp erim en t p r o c e ss  s t a b i l i t y  was found to  be con
s id e r a b ly  a f f e c t e d  by th e  in f lu e n t  co m p o sitio n  and in  an oth er  e x p e r i
ment in  an expanded bed u t i l i z i n g  r e a l  sewage p r o c e ss  perform ance was 
found to  be c o n s id e r a b ly  poorer than a t a c o n s ta n t  in f lu e n t  
c o m p o sitio n  (Rockey and F o r s te r ,  1 9 8 3 ) . T h erefo re  v a r ia b le  in f lu e n t  
c h a r a c t e r i s t i c s  are an im portant fa c to r  a f f e c t in g  a b i o l o g i c a l  p ro c e ss  
and ca re  sh ou ld  be tak en  in  e x tr a p o la t in g  s te a d y  s t a t e  data  to  
in d u s t r ia l  w orking c o n d it io n s .  However in d u s t r ia l  w a ste  stream s w i l l  
p rob ab ly  have a more c o n s i s t e n t  q u a l i t y  than m ixed w a ste  stream s or 
d om estic  sew age.

S ta r t-u p  o f  a n a ero b ic  r e a c to r s  can be a s e r io u s  problem  in  most 
ty p e s  o f  r e a c to r  c o n f ig u r a t io n  (O lth o f and O le s z k ie w ic z , 1 9 8 2 ), 
p e r io d s  o f  up to  tw e lv e  months to  a c h ie v e  s a t i s f a c t o r y  d eg ra d a tio n  
have been rep o r te d  (van den Berg and L en tz , 1979; Switzenbaum  and 
J e w e l l ,  1 9 8 0 ) . The a d d it io n  o f  m ethanol w i l l  p ro v id e  a s u b s tr a te  th a t  
i s  e a s i l y  a s s im ila t e d  by th e  m ethanogen ic b a c te r ia  (T a it  and Friedm an, 
1980; Mah, 1980) and hence encourage t h e ir  grow th . A ttachm ent to  
s o l i d  su r fa c e s  by b a c te r ia  i s  b e l ie v e d  to  be in f lu e n c e d  by th e  su r fa c e  
ch arge on th e  a n a ero b ic  b a c te r ia  and by th e  e x c r e t io n  o f  e x t r a c e l lu la r  
p o ly m ers, to  en cou rage polym er p ro d u ctio n  th e  C/N r a t i o  sh o u ld  be 
in c r e a s e d  (W ilk in so n , 1958) w hich i s  an oth er e f f e c t  o f  th e  m ethanol 
a d d i t io n .
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The most striking effect of the addition of methanol was the 
low effluent suspended solids due to the decreased yield of the non- 
methanogenic bacteria. The higher carbon dioxide concentrations in 
the gas produced from the two reactors a constant organic loading is 
probably an indication of greater activity of the acid forming bac
teria, increased carbon dioxide concentrations are often detected in 
reactors that have an unbalanced bacterial population (Kennedy and van 
den Berg, 1982; Ashley and Hurst, 1981).

The experiments concerned with separated phase digestion in 
fluidized bed reactors were intended to evaluate as practical a system 
as possible, hence the emphasis has been placed on reactor simplicity 
with only crude control of such parameters as pH. Although a synthe
tic substrate has been used this waste-water has typical kinetic pro
perties of a high strength effluent (Anderson and Donnelly, 1978a). 
Reactor operation, particularly of the acidification reactor was 
somewhat less than optimum. The operating pH of those reactors 
(3.5-5) was considerably less than the optima of approximately 6 
reported by Zoetemeyer et_ al. (1982a) and Ishida (1979). 
Operation at this lower pH not only affects the reaction rates but 
also affects the product distribution from the reactor. In experi
ments concerning the anaerobic acidification of glucose over a range 
of operating pH the major acid component at pH 5.69 (the lowest pH 
reported) was found to be butyrate (Zoetemeyer et. jal., 1982a).

The high acetate and ethanol concentrations found in the acidi
fication reactor effluents were probably a result of the high dilution 
rates and the lack of biomass recycle. Ethanol production under these 
conditions has been reported previously (Zoetemeyer et_ a\_., 1982). 
Pipyn and Verstraete (1981) found that operating an acidification 
reactor without biomass recycle favoured ethanol and lactic acid pro
duction rather than the smaller volatile acids. Ethanol is often 
reported as a product of acid fermentation, particularly in failed 
digesters (Zoetemeyer e_t al., 1982), however, it has been shown to 
degrade rapidly under anaerobic conditions (Kaspar and Wuhrmann, 1978 
b).

The biomass concentration in the acidification reactors was 
typical of that reported in similar systems (Cohen et̂  al., 1980) and 
the increase in biomass concentration with influent substrate concen
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tration found in these experiments has been reported previously (Cohen 
jet , 1980). The biomass in the acidification reactor was white and 
formed floes of between 1-2 mm diameter, these floes appeared to have 
good settling properties. Effluent hexose concentrations cannot be 
directly correlated with effluent glucose since intra- and extra
cellular polysaccharides will give a positive reaction to the test 
(Rudd jet a l., 1982), the hexose sugar concentration can give an indi
cation of glucose degradation. This was relatively low in comparison 
to other reported systems (Cohen et al., 1981) and this is a con
sequence of the high organic loadings used and the unfavourable pH. 
Glucose acidification may be improved by recycling biomass but this 
would increase the complexity of the system and change the product 
distribution.

The fluidized bed reactors (both in the single and separated 
phase systems) achieved good COD removals and favourable conditions 
for methanogenesis up to a COD loading of 15 kg m"3 d“l. Higher 
loadings have been achieved in anaerobic reactors, generally these 
have been operated with forms of pH control (Oleszkiewcz and 
Koziarski, 1982; Sutton and Li, 1981) or the reactors are capable of 
retaining higher biomass concentrations due to lower bed expansions or 
lower upflow velocities(Jewell jet a l., 1981; Lettinga jet a l., 1979). 
The fluidized bed reactors overall performance in terms of COD removal 
may be compared favourably to most reactor types; a comparison of 
maximum reported loadings in other anaerobic reactors is given in 
Table 5.2

Use of separated phase digestion appears to principally affect 
the insoluble phase and improves the gas yield. The improvements in 
effluent suspended solids from the separated phase reactors was pro
bably due to two factors, firstly the superior settling properties of 
the acid reactor sludge. Due to the greater sludge build-up in the 
separated phase fluidized bed recycle chambers it is evident that more 
biomass was settling within the reactor system than in the single 
phase reactors. Effluent suspended solids from all the fluidized bed 
reactors were extremely fine and had poor settling properties thus it 
is important to reduce the solids concentration as much as possible to 
improve the final effluent quality.
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Table 5.2. Comparison of anaerobic reactor performance

Type of reactor 
and waste-water

Cod loading range 
kg m“3

COD removal 
%

Reference

Stationary fixed up to 18.4 88 Kennedy and
film reactor. van den Berg
Bean blanching (1982)
waste.
Anaerobic contact 0.55-2.25 95.5-98 Anderson and
reactor. Donnelly (1978b)
Anaerobic filter. 0.424-3.392 79-98.4 Young and McCarty
Mixed volatile (1969)
acids.
Anaerobic expanded 0.6-20 40-80 Jewell et_ al.
bed reactor. (1981)
Domestic sewage

A second factor that improves effluent quality from the 
separated phase reactor is the substrate composition. Pipyn and 
Verstraete (1981) showed that formation of lactate and ethanol in the 
acid stage was preferable to volatile acid production since the former 
route distributed a greater proportion of the free energy change of 
anaerobic degradation to the methanogenic bacteria (see Table 5.3). 
In an experimental two phase process, biomass production was found to 
be 40% less if the fermentation in the acidification stage was 
directed to ethanol and lactate rather than volatile fatty acids and 
this was attributed to the difference in the free energy change 
distribution between the two possible routes. Since ethanol fermen
tation was occurring in the system reported here and although lactic 
acid was not measured it is generally found in equimolar quantities to 
ethanol in acid fermentation (Pipyn and Verstraete, 1981), this effect 
was probably also occurring in these experiments.

The anaerobic degradation rates of volatile acids allow a com
parison to be made between the performances of different reactors. The 
maximum degradation rates in the fluidized bed reactors were extremely 
high in comparison to a conventional sludge digester; the data from 
the conventional digester is given in Table 5.4. The higher biomass
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Table 5.3. Distribution of the total free energy change of the two 
phase anaerobic fermentation of glucose to methane over 
the different microbial groups 
(after Pipyn and Verstraete, 1980)

End Acid Phase Free Energy Change Free Energy Change
Product available for the available for the

fermentatives (%) synthetic bacteria 
as

H£ gas^3) otherwise 
(%) (%)

Acetic Acid 51.1 33.6 15.4
Propionic Acid 88.7 0.0 11.3
Butyric Acid 63.0 16.8 20.2
Ethanol 55.9 0.0 44.1
Lactic Acid 49.0 0.0 51.1

(a) potentially subject to loss if headspace gases are not reintroduced 
into the methane reactor

Table 5.4. Kinetics of volatile acid degradation in conventional 
anaerobic digesters (Kaspar and Wuhrmann, 1978a)

v0 ^max vE Ks
mmol 1~1 h~l mmol 1”1 h“l mmol 1“1 h“l mmol 1“1

Acetate 0.27 0.63 0.41 0.32
Propionate 0.03 0.233 0.19 0.094
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concentration and the lack of any diffusional limitation in a 
fluidized bed probably account for the increases in degradation. The 
Ks values for propionate degradation in the fluidized beds were 
extremely high but this could be a reflection of the high maximum tur
nover rates. The lower Ks values found in the separated phase 
fluidized bed reactor indicate the superior ease of substrate assimi
lation in these reactors. Experimentally measured Vmax values were 
higher in the separated phase reactors and they were operating closer 
to their maximum theoretical values than the single phase reactor. 
The data for propionate oxidation is presented as maximum specific 
turnover rates (mg propionate degraded per g of biomass per h) in 
Table 5.5 in order to facilitate comparison with the results of Cohen 
et al. (1982). Values of Vmax in separated phase reactors were very
similar, although the Vmax values from single phase reactors were 
three times higher than those reported by Cohen et_ jil_. (1982), 
however this is again probably a reflection of the high reaction rates 
achievable in a fluidized bed reactor. The higher maximum specific

Table 5.5. Specific propionate and acetate degradation rates
in single and separated phase fluidized bed reactor 
and conventional sludge digesters

Single iphase fluidized bed Single phase sludge digester
mg 1 1 biomass h-1 (data from Cohen £t al. 1980)

Expt. V£Prop VEAc V£Prop VEAc

1 8.2 13.25 1.84 2.89
2 8.0 11.82 1.54 1.74
3 8.1 14.15 2.18 3.62

Separated phase fluidized bed Separated phase sludge digester
mg 1“1 biomass h'l (data from Cohen et al. (1980)

Expt. ^£Prop V*Ac VEprop VEAc

1 16.15 27.3 17.42 20.94
2 15.62 27.06 14.03 13.02
3 15.82 27.77 12.34 20.31
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turnover rates in the separated phase reactor indicate that the 
biomass was more adapted to volatile acids degradation, implying that 
the population of OHPA and methanogenic bacteria was greater or more 
active in this reactor than the single phase system. The accumulation 
of acetate during the oxidation of propionate indicates that in both 
reactors acetoclastic reactions were rate limiting, this is in 
agreement with the findings of Kaspar and Wuhrmann (1978), however 
Cohen £t _al. (1982) found that carbon dioxide reduction was the rate 
limiting step in their system. The rate limiting step has important 
consequences during organic overload. In this system with a substrate 
based on glucose a shock load will lead to rapid generation of NADH£ 
by glycolysis. Reducing equivalents may be disposed of either by 
hydrogen transfer leading to reduction of carbon dioxide to methane or 
by electron-disposing fermentation leading to the formation of pro
pionate or butyrate (Wolin, 1975, Thaver jst_ ̂ 1., 1977). Should carbon 
dioxide reduction be rate limiting acid accumulation will occur and 
with significant quantities of hydrogen in the digester gas inhibition 
of propionate and butyrate degradation will occur leading to a failed 
digester (Mosey, 1982). Since acetoclastic reactors were rate 
limiting in the fluidized bed reactor system reported here, the prin
cipal advantage of phase separation under shock load conditions will 
be the separated phase reactors' ability to remove volatile acids more 
quickly (due to the lower Ks values).

Cohen et al. (1982) found that Vmax values increased after suc
cessive shock loads of a mixture of volatile acids, they assumed that 
the system adapted itself by increasing the population of acid 
degrading (OPHA) organisms to aid process stabilization during organic 
overloading. This effect was not found here but it is possible that a 
highly adaptable microbial population had developed during the pre
ceding experiments when the reactors were subjected to wide ranges of 
operating conditions.

In the previous studies of bacterial activity and substrate 
profiles thoughout similar anaerobic reactors (e.g. the anaerobic 
filter) the greatest activity has generally been found at the base of 
the reactors (Young and McCarty, 1969; van den Berg and Lentz, 1979). 
In the study of bacterial activity reported here, activities of both 
groups of bacteria appeared to be at their greatest in the central 
portion of the fluidized bed. The different flow regimes resulting
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from the high recycle ratio and the mobile nature of the inert support 
material probably account for this difference.

There was some evidence of partial phase separation in the 
fluidized bed reactor at one COD loading (12 kg m“3 d”l) where the 
methane production was at its greatest slightly higher up the reactor 
than the peak in phosphatase activity. The profile of volatile acids 
appears to confirm this with highest concentrations coincident with 
the peak in relative methane production and appeared above the areas 
of greatest phosphatase activity. At other COD loadings peaks in both 
activities occurred in the central portion of the reactor and complete 
phase separation therefore appears unlikely in single phase reactors.

It would have been expected from previous work that the highest 
phosphatase activities would have been found when the reactor was in a 
failed condition (Ashley and Hurst, 1981), however, this was not the 
case. The most probable reason for this is that in fact acid produc
tion was greatest at the intermediate loading. By examining the COD 
removal efficiency and assuring 70% of the COD is removed with acetic 
acid as an intermediate (Kaspar and Wuhrmann, 1978a) and noting the 
effluent volatile acids concentrations, the rate of acid production at 
each loading may be estimated; these values are given in Table 5.6. 
It may be seen that acid production in the failed condition was only 
66% of that of the immediate loadings. The low substrate pH, high 
concentrations of higher chain organic acids and possibly hydrogen in 
the gas produced would all lead to inhibition of the acid forming bac
teria.

Table 5.6. Acetic acid production rates in a single phase fluidized 
bed ractor at three organic loadings

COD loading 
kg m"*3

Acetic acid production 
g l'1 d-1

6
12

18

g

3.79 
5.71
3.80
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The flocculated material at the top of the fluidized bed had 
relatively low methane forming and phosphatase activity, it is pro
bable that this material was largely composed of dead biomass which 
had sloughed off the support material. Morris and Jewell (1982) exa
mined the attached and free bacterial phases in an anaerobic reactor 
and found that the attached portion of the biomass was largely respon
sible for soluble COD removal whilst the free biomass was associated 
with solids removal, the results reported here are in agreement with 
this work. The role of the unattached portion of biomass in the 
fluidized bed reactor is unknown, and process efficiency may be 
improved if this biomass was removed and replaced with sand (hence 
increasing the area available for biological growth as a film).

It is evident from these results that the fluidized bed reactor 
especially as part of a separated phase anaerobic treatment system is 
a practical method of organic removal from wastewaters. It is capable 
of maintaining methanogenic conditions and removing significant quan
tities of influent COD under steady state and variable process con
ditions at COD loadings of at least 15 kg m“3 d~l with only crude 
control of reactor pH. As stated earlier the experimental system used 
in these experiments has been constructed and operated to achieve as 
simple a system as possible. It is clear from other reported results 
that higher COD loadings may be achieved in anaerobic fluidized bed 
reactors but at the cost of including certain control systems. The 
benefits of adding such controls must be carefully balanced against 
the additional cost and complexity of the process.

For operation at high organic removal rates three possible 
anaerobic reactor systems have been reported; the fluidized bed, the 
expanded bed and the upflow sludge blanket reactor. In a recent com
parison of these reactor types none of them could be considered ideal 
for all types of waste-water and operating conditions (Olthof and 
Oleszkiewicz, 1982). The fluidized bed reactor's advantages can be 
considered as, the ability to operate at high organic removal rates 
with a high solids loading and to be capable of operating under con
ditions of variable process conditions and toxic shock loads, however, 
this is at the cost of higher power consumption (due to the higher 
upflow velocities used) than the other two reactor types. Due to the 
poor solids removal performance of all types of reported high rate 
anaerobic reactors together with the lack of ammonia removal these
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reactor types would generally be used as the first stage of a biologi
cal system for high rate organic carbon removal and a second aerobic 
stage would be required for effluent polishing. However due to the 
high organic removal rates found in anaerobic fluidized bed reactors 
they have great potential for capital and operating cost savings to 
industry.
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6. CONCLUSIONS

1. Food processing industries discharge significant quantities of 
waste-water containing high concentrations of soluble organic 
material. This effluent is amenable to biological methods of 
treatment, both anaerobic and aerobic. However, anaerobic pro
cesses have been shown to have economic advantages over aerobic 
methods especially at high influent COD concentrations.

2. An anaerobic fluidized bed reactor operating at 37°C, treating 
a milk based waste-water maintained stable anaerobic conditions 
and achieved COD removals of over 80% at COD loadings of up to 
6 kg m”3 d“l. Methanogenic conditions could be maintained at 
higher COD loadings but the reactor was unstable and required 
the addition of buffering agents.

3. An anaerobic fluidized bed reactor operating at ambient tem
perature successfully treated a meat extract based waste-water 
achieving COD removals of over 70% at COD loadings up to 3 kg 
m”3 d“l. Above this loading COD removal efficiency rapidly 
decreased to less than 50%. Establishment of an active anaero
bic biological population at ambient temperature took up to 
twice as long than that at elevated temperatures.

4. Solids yield from both the fluidized bed reactors was very low,
at no point during the four months of the study was it
necessary to waste any biomass from the system except for 
sampling purposes. Gas yields from all reactors were typical 
of other systems treating similar types of waste-water.

5. Anaerobic fluidized bed reactors operating at 35°C could
tolerate 10°C and 20°C temperature reductions for 4 and 8 hours 
with no long term detrimental effects. Effluent quality
deteriorated during a temperature reduction but returned to its 
normal value within 20 hours. Whilst operating at ambient tem
peratures 10°C temperature changes only briefly affected the 
performance of the reactor.
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6. Under organic overloading, by increasing the influent COD or 
the influent flowrate effluent quality from both the unheated 
and heated reactors decreased but typical operating conditions 
were achieved within 22 hours. Analysis of both protein and 
volatile acid concentrations and summing COD equivalents indi
cated that both the non-methanogenic and the methanogenic pha
ses were overloaded. The resistance of the fluidized bed 
reactor to biological overloading was shown to be due to 
increased biological activity rather than dilution due to the 
large recycle ratios. The stability of the raectors was found 
to be influenced by the influent alkalinity.

7. Transient increases and decreases for 8 hours in influent pH 
were tolerated by a fluidized bed reactor with little effect on 
effluent quality. Long term operation at a low pH may be inad
visable since inhibition of the methanogenic bacteria could 
occur.

8. An experiment where the influent flow rate was reduced for two 
days in order to simulate working week operation was carried 
out on an unheated fluidized bed reactor and was tolerated well 
with full treatment efficiency regained within six hours of 
return to normal operation.

9. The establishment of an active bacterial population in a heated 
fluidized bed reactor may be accelerated by the addition of a 
substrate (methanol) that may be directly assimilated by metha
nogenic bacteria and by manipulating the loading regime over 
the first weeks of operation. A more balanced bacterial popu
lation may also be achieved using these methods.

10. Anaerobic fluidized bed reactors treating a glucose based
substrate achieved good COD removals of up to a COD loading of 
15 kg m“3 d"! with only crude pH control. Above this COD
loading volatile acid accumulation occurred indicating failure 
of the reactors. COD removal efficiency increased with
increasing influent COD, however, effluent suspended solids
concentrations were higher at a greater influent COD.
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11. The glucose based waste-water could be acidified in a stirred 
tank reactor at COD loadings between 15 and 180 kg m“3 d“l. 
Fermentation was directed towards the production of lactate, 
ethanol and acetate rather than volatile acids. This was due 
to the lack of biomass recycle and the development of a yeast 
type biomass.

12. The acidification reactors operated at pH values considerably 
different from the optimum values. This affected both the pro
duct distribution and the rate of acidification, thus complete 
acidification of the waste-water was not achieved although an 
active bacterial population was always maintained.

13. The addition of an acidification reactor prior to a methanoge- 
nic fluidized bed improved final effluent quality compared to a 
single phase fluidized bed reactor. The separated phase reac
tor produced an effluent with lower suspended solids and total 
COD; gas yield from the separated phase system was also 
superior. The greater distribution of the free energy change 
to the methanogenic bacteria accounted for this improvement.

14. Under varying process conditions both the single and separated 
phase fluidised bed reactors had good stability. The separated 
phase system had an inherently greater stability but improve
ment in performance of the separated phase system over the 
single phase process was small although the separated phase 
system was generally destabilized to a lesser degree and reco
vered more rapidly.

15. Maximum degradation rates of propionate and acetate in
fluidized bed reactors were an order of magnitude greater than 
for a conventional system. Experimentally measured degradation 
rates indicated that the separated phase fluidized bed system 
was operating nearer its theoretical maximum than a single 
phase system.

16. Specific degradation rates of propionate and acetate in
fluidized bed reactors were similar to those reported for other 
systems. Greater specific degradation rates in the separated 
phase system indicated that a biomass had developed that was
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more adapted to volatile acid degradation than in a single
phase reactor.

17. During organic overloading and whilst evaluating propionate 
degradation parameters, acetoclastic rather than lithotrophic 
reactions were found to be rate limiting in both the single 
phase and separated phase systems.

18. Biological activity was found to be greatest in the central
portion of the fluidized bed reactor. Determination of the
activity of the non-methanogenic and the methanogenic bacteria 
indicated that partial phase separation may occur in an anaero
bic fluidized bed reactor.

19. Biomass attached to a support particle was found to have a
greater activity than free floating floes and was considered to 
have a more important role in the removal of soluble organic 
material.

20. The anaerobic fluidized bed reactor has been shown to have 
great potential for the high rate removal of soluble organic 
material. However due to its poor solids removal performance 
and the lack of nitrogen removal in an anaerobic process its 
use will probably be confined to pretreatment prior to an aero
bic system.
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