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tellingen 

Bij de anaerobe zuivering in UASB reactoren van afvalwater 

dat hoge gehalten aan gesuspendeerde materiaal bevat is het niet 

zozeer de afbreekbaarheid van dit gesuspendeerd materiaal, die 

de belastbaarheid en de zuiveringsrendementen van het systeem 

bepaalt, als wel de concentraties en de verwijderingsmechanismen 

ervan. 

Dit proefschrift. 

De oplossing van de lichte slib problematiek in aerobe zuiverings-

installaties gaat door een contact tank. 

Rensink, J.H., Donker, HJ.G.W. & Dwema, T.S.J. (1982). 
Licht slib; voorkomen of bestrijden? HLO, 10, 241-245. 

Bij het berekenen van de CZV afname beschouwen Nanninga & 

Gottschal verdunning ten onrechte als een vorm van zuivering. 

Nanninga, H.J. & Gottschal, J .C. (1986). Anaerobic purifi
cation of waste water from a potato-starch producing 
factory. Water Research, 20, (1), 97-103. 

Op grond van de wet van behoud van ellende kan worden voorspeld 

dat massale toepassing van P-vrije wasmiddelen een nieuw milieu-

probleem zullen veroorzaken. 

De toepassing van het aktief slibproces voor de zuivering van 

huishoudelijk afvalwater volgens het A/B-proces leidt niet tot 

de gewenste resultaten die in de literatuur worden gesuggereerd. 

Bohnke, B. (1978). Moglichkeiten der Abwasserreinigung 
durch das 'Adsorptions-Belebungsverfahren' - Verfahrens-
systematik, Versuchsergebnisse - Schriftenreihe des Instituts 
fur Siedlungswasserwissenschaft der RWTH Aachen, 25, 
437-465. 

De verontrusting op het gebied van de bodemverontreiniging neemt 

toe met de afname van de detectiegrenzen. 

<4dfa 



Bemonsteringen van fytoplankton met planktonnetten (30 micro 

maaswijdte) kan een verlies geven van 80% van zowel de biomass 

als het soortenaantal. 

Roijackers, R.M.M., 1985. Phytoplankton studies in a 
nymphaeid-dominated system. Ph.D. Thesis, Nijmegen 

In de discussie over normstelling ten aanzien van desinfectie bi 

de lozing van rwzi's dient in aanmerking te worden genomen da 

er bij RWA meestal toch niet gezwommen wordt. 

Het door Jannasch gestelde geval: 'The concentration of the growth-

limiting substrate permits the inoculated population to double 

within one retention time and a steady state will be established 

kan eenvoudig tot een niet beoogde evenwichtssituatie aanleiding 

geven. 

Jannasch, H.W., (1969). Estimation of bacterial growth 
rates in natural waters. J. Bacterid, 99, 156-160. 

10. De bedenkelijke kwaliteit van het afvalwater van slachthuizen 

kan worden opgevat als een argument voor het vegetarisme. 

Dit proefschrift. 

Stellingen behorende bij het proefschrift 'Anaerobic treatment of slaughter

house wastewater using the UASB process' van Sameh K.I. Sayed. 

Wageningen, 11 december 1987. 
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CHAPTER 1 

INTRODUCTION 

Wastewater characteristics and the pollution potential of the waste. 

According to a survey paper by Ten Have (1976) concerning slaughterhouses 

and meat and poultry processing plants, it appears that the pollution capacity 

of these industries in The Netherlands exceeds 1,000,000 population equiva

lents. Slaughterhouses generally produce lower effluent and pollutant quanti

ties per ton of liveweight killed (LWK) than meat packing plants, which 

perform more meat handling operations. Poultry processing plants usually 

generate greater pollutant and effluent quantities per ton LWK than either 

slaughterhouses or meat processing plants (Table 1). Wastewater from slaugh

terhouses and meat poultry processing plants varies widely in composition, 

in strength and in flow. Differences in the wastewater characteristics and 

quantity can be primarily attributed to differences in processing activities, 

animal species, employee habits and wastewater management. 

Table 1. Slaughtering capacity of the various classes of animals and the pollu
tion potential of the wastewater, according to Ten Have (1976). 

classes 

Pigs 

c a t t l e 

calves 

poultry 

meat packing 

Total 

LWK a 

tons 
per year 

116400 

500000 

110000 

370000 

245000 

P.E. b 

per 
ton LWK 

0.3 

0.5 

0.2 

0.7 

0.6 

Total P.E. b 

349000 

250000 

22000 

259000 

147000 

1027000 

a. LWK liveweight killed . 

b. PE population equivalents. 



Slaughterhouse wastewater is a moderate to low strength complex-type 

wastewater. Of the pollutants, 40 - 50% are present as insoluble slowly 

biodegradable suspended solids (Table 2). These solids originate f rom the 

l ipid and protein materials present in the wastewater and may also include 

lignocellulosic substances and bacterial cell walls if manure is a part of 

the wastewater. The complex suspended solids are therefore composed of 

polymeric substrate that must f i rs t undergo hydrolysis to become soluble 

(l iquefaction) before they become available for biological consumption. 

Table 2. The most important characteristics of the slaughterhouse wastewater. 

C O D , , , 
t o t a l 

coarse suspended solids as a 

percentage of COD . 

B O D t o t a l 
V F A - C O D (% of t o t a l COD) 

PH 

1500 - 2200 mg l i t r e " 

40 - 50 % 

490 - 650 mg l i t r e 

12 - 15 % 

6 . 8 - 7.1 

•1 

The slaughterhouse wastewater is comparable to other complex wastewaters 

l ike municipal wastewater and dilute manure effluents for their high f ract ion 

of slowly biodegradable suspended solids. 

Wastewater treatment methods 

• Primary and secondary treatment. 

Most of the slaughterhouses and meat and poultry industries in The Nether

lands discharge their wastewater to a municipal t reatment system. In order 

to comply with water pollution control standards and to reduce costs on 

sewer surcharges, these industries have to apply an adequate primary and 

secondary t reatment of their wastewater. 

Primary t reatment by physical and/or chemical methods is applied in these 

industries (Funke 1969). Frequently, for pretreating the wastes a combination 

of screening wi th static and vibrating screens, centr i fugat ion, hydrocyclones, 

sedimentation, f locculat ion, precipitat ion and air f lo tat ion for grease recov

ery, is used (Witherow & Lammers 1976). 

As secondary t reatment processes for the bacterial decomposition of the 

organic pollutants and nitrogen removal have been investigated and applied 



in these industries. The biological processes applied include the conventional 

anaerobic processes, viz. a completely mixed tank system (Black & Brown 

1974), the anaerobic contact process (Schroepfer et al. 1955), anaerobic 

ponds (Rotlag and Dornbush 1966, Oswald 1964) and the aerobic ponds (Steffen 

1961). Combinations of these systems are required in case of discharge of 

the effluent to surface water since generally no single secondary treatment 

process will provide sufficient effluent. 

All these secondary treatment methods have disadvantages. They are low 

rate treatment systems, and consequently, the area of land required is large. 

Investment and operating costs are high and odour nuisance problems are 

unavoidable, particularly with the anaerobic ponds. 

• High rate systems for anaerobic treatment. 

There is a considerable need for inexpensive, efficient high rate wastewater 

t reatment systems. Therefore, efforts have been made in recent years towards 

the development of high rate anaerobic t reatment systems. The important 

advantages of anaerobic wastewater treatment are that it couples the degra

dation of organic materials from waste with the production of energy in 

the form of methane, while the excess sludge production is low compared 

to aerobic processes. The excess sludge is highly stabilized and generally 

its dewaterability is excellent. Costs for aeration are eliminated, because 

oxygen is not required during the anaerobic treatment process as is the case 

with aerobic processes. 

Modern high rate anaerobic treatment systems developed include the anaerobic 

filter (Young & McCarty 1969), the downflow stationary fixed film reactor 

(Van den Berg and Lentz 1979), the anaerobic attached film expanded bed 

(Switzenbaum and Jewell 1980), the fluidized bed reactor (Heijnen 1983, 

Deris 1983). All these systems employ carrier materials for preventing biomass 

washout, i.e. they use bacterial attachment or entrapment of bacterial aggre

gates between packing materials. 

The upflow anaerobic sludge blanket (UASB) process (Lettinga et al. 1980) 

uses no carrier material. The UASB process (Figure 1) does not apply a sepa

rate external settler. 

All high rate anaerobic t reatment processes are based on the achievement 

of a high retention of viable biomass while also a good contact between 

incoming wastewater with the sludge should be achieved. The importance 



of high rate anaerobic t reatment systems for practice is considerable, because: 

1. very high organic loading rates can be applied at optimal temperatures 

and for mainly soluble wastewaters, consequently small reactor volumes 

suffice; 

2. unless designed at their maximum loading potentials, the stability of 

high rate systems to suboptimal conditions (lower temperatures, shock 

loads, presence of inhibitory compounds) is high, 

3. they make anaerobic t reatment economically feasible at low ambient 

temperature and for very low strength wastes as well. 

1. 
2. 

3. 

influent 

sludge bed 
bulk of the liquid 
with dispersed sludge 
forming a 'blanket' 
gas bowl 

4. gas seal 
5. feed-inlet distribution 

system 
6. settler 
7. effluent launder 

influent 

8. gas collector 
with exhaust 
pipe to (3) 

9. water seal 

Figure 1. Schematic diagram of a full scale UASB reactor. 

Generally a mechanical mixing device is not installed in a UASB reactor. 

Usually the 'natural' mixing caused by the gas production is sufficient, provid

ed the digestion process proceeds satisfactorily and the organic loading rates 

are sufficiently high. A gas-solids separator is installed in the most upper 

part of the reactor for collecting the produced biogas and for retaining set t le-

able bacterial sludge aggregates. Generally, biomass aggregates with a suffi

ciently high settling velocity in relation to the average superficial velocity 

of wastewater will be retained in the reactor. 



Applicability of high rate anaerobic systems for the treatment of slaughter

house wastewater. 

The high rate anaerobic systems were initially developed for the treatment 

of mainly soluble low and medium strength wastewaters and therefore, 

provide only a partial t reatment in the case of complex wastes (i.e. partially 

soluble wastes), containing a high fraction of biodegradable suspended solids, 

such in the case of slaughterhouse wastewater. 

The successful application of a UASB system for agro-industrial wastewater 

t reatment has shifted the investigations towards more difficult to handle, 

complex wastewater, for instance those containing relatively high concentra

tions of biodegradable suspended solids. Domestic sewage wastewater, al

though containing a low concentration of COD, has a high fraction of sus

pended solids. Still, the UASB process seems well suited for the t reatment 

of these wastewaters, as long as the temperature exceeds 12 C (de Man 

et al. 1986, Grin 1985). From these studies the accumulation of slowly bio

degradable suspended solids during the treatment of this complex wastewater 

in the UASB reactors particularly, those operating with flocculent sludge 

as seed material can be considered as an advantage because such solids 

accumulation will result in stabilization of the solids during the long reten

tion time in the reactor. 

Therefore, in the case of slaughterhouse wastewater the UASB-process can 

provide a complete t reatment of both soluble and suspended solids fractions 

of the waste. Table 3 summarizes the results obtained with UASB reactors 

treating various types of complex wastewater. 

Table 3. Results obtained with UASB-reactors treating various types of com
plex wastewater. 

Type 
of 
wastewater 

Domestic 

sewage 

Raw sewage 

Liquid calf 

manure 

Rendering 

wastewater 

(20 

(20 

(30 

(30 

°C) 

"a 
°C) 

°C> 

COD. . . total 
concentration 
(kg m"3) 

0.65 

0.55 

9.5 

3.5 

coarse 
suspended 
solids 
(% of COD 

35 - 4 5 

55 - 6 5 

60 

25 

total 

seed 
sludge 
inoculum 

flocculent 

granular 

f locculent 

granular 

loading 
rate 
kg COD m 

2.0 

2.7 

4.0 

25 - 60 

day 

COD removal (%) 

COD, , . total 

60 - 70 

54 - 72 

90 

63 

C O D . , l t . 

40 - 80 

60 - 89 

93 

80 

Ref. a 

1 

1 

2 

3 

1: Grin et al. 1983, 2: van Velsen et al. (1979), 3: Zeeuw, W.]. de. (1982). 



The purpose of this study was to appraise the feasibility of the UASB process 

for complete treatment of slaughterhouse wastewater. 

Problems expected in treating complex wastewaters 

An important consequence of treating complex wastewaters (i.e. partially 

insoluble) is, that a significant decrease of the methanogenic capacity of 

the treatment system will occur due to the entrapment of non-biomass coarse 

suspended solids from the wastewater in the sludge. Such inert suspended 

solids entrapment will result in a dilution effect of the active biomass and 

consequently this may result ultimately in an severe decrease in the methano

genic bacterial concentration in the sludge. This phenomenon was observed 

with municipal wastewater (de Man 1986). 

Adsorption of finely dispersed suspended solids (i.e. more or less colloidal 

organic matter) to the surface of the sludge may also lead to a significant 

decrease in the methanogenic capacity of the system, because it may lead 

to an entrapment of the sludge bacterial matter by a film of increasing 

thickness, which increasingly will hamper the supply of the substrate to 

the bacteria present in the sludge aggregate. This may ultimately result 

in a complete deterioration of the specific methanogenic activity of the 

sludge. The occurrence of adsorption of dispersed suspended solids was report

ed by Lettinga et al. 1983 and Grin et al. 1985 in experiments performed 

with raw domestic sewage. 

The extent of the deterioration of the specific methanogenic activity of 

the sludge due to the entrapment of coarse suspended solids and the adsorp

tion of the dispersed suspended solids as well will strongly depend on the 

biodegrability of these organic solids. The poorer the biodegrability of these 

organic solids, obviously the less complete will be the liquefaction of the 

biodegradable fraction of the organic solids, and consequently the greater 

the deterioration of the specific methanogenic activity of the sludge. 

Another problem in treating complex wastewater may represent the continuous 

formation of a scum layer at the liquid air interface in the settler compart

ment. Lettinga et al. 1983 reported a distinct scum layer formation in ex

periments performed with raw sewage, particularly at lower ambient tempera

tures and higher loading rates. This scum layer contained a considerable 

fraction of lipids. It was concluded that the scum layer formation presumably 

depends on the concentration of compounds which easily float, such as lipids 



present in the wastewater. 

Some aspects of the anaerobic digestion process 

Anaerobic digestion is a biological process in which organic materials are 

converted into methane and carbon dioxide in the absence of oxygen. This 

process is widely used for the puri f icat ion (stabil ization) of wastes containing 

a high concentration of biodegradable organics, i.e. domestic sewage sludge, 

manure and to some extent also for high strength wastes f rom various indus

tr ies. 

Anaerobic digestion of organic materials to methane is brought about by 

the combined action of a wide variety of bacteria. According to the present 

knowledge, the complete degradation of complex organic matter to methane 

proceeds according to the multistep scheme depicted in Figure 2 (Gujer 

& Zehnder 1983). 

1 0 0 % COO 

PARTICULATE ORGANIC MATERIAL 

CARBOHYDRATES | | LIPIDS PROTEINS 

HYDROLYSIS 

- 2 1 % 

® 

AMINO ACIDS, SUGARS FATTY ACIDS 

FERMENTATION 34% (D 

INTERMEDIARY PRODUCTS 
PROPIONATE BUTYRATE... 

ANAEROBIC 
OXIDATION 

34% 

100% COD 

Figure 2. Four stages scheme for the anaerobic digestion. 



Six processes are distinguished here, each of which is linked with part of 

the flow of the total carbon from the organic matter to methane: 

1. hydrolysis of polymers (proteins, carbonhydrates and lipids), 

2. fermentation of amino acids and sugars, 

3. anaerobic oxidation of long-chain fatty acids, 

k. anaerobic oxidation of volatile fatty acids to acetate, 

5. formation of methane from acetate, 

6. formation of methane from hydrogen and carbon dioxide. 

However, the degradation process is not a sequence of independent reactions, 

but it is characterized by a complex of mutual interactions between different 

microbial species (Bryant 1979). These processes can be grouped into four 

stages which proceed consecutively during the anaerobic digestion of complex 

material, viz. hydrolysis, acidogenesis, acetogenesis and methanogenesis. 

Hydrolysis 

In general bacteria are unable to take up particulate organic material and 

therefore these organic pollutants first have to be liquefied into soluble 

polymers or monomers with low molecular weight which can cross the cell 

barrier. The liquefaction is the first step required for the microbial utilization 

of complex biopolymers. 

The liquefaction of the complex biopolymers occurs through the action of 

exo-enzymes of the hydrolytic bacteria. According to the type of action 

of exo-enzymes hydrolytic bacteria isolated from anaerobic digesters as 

well as from rumen populations are classified in lipolytic, proteolytic and 

cellylytic bacteria (Hobson & Wallace 1982; Zeikus 1980, Mclnerney 1985, 

Gijzen 1987). Hydrolytic bacteria are generally associated with the insoluble 
8 9 

substrate. Estimates of 10 and 10 hydrolytic bacteria per ml have been 

reported in mesophilic digestion of sewage sludge (Mah & Sussman 1967, 

Toerien & Siebert 1967). 

In the digestion of complex wastes containing high amounts of insoluble 

substrate, such as liquid calf-fattening manure (Schomaker et al. 1986), 

piggery wastes (van Velsen 1981), packing house wastes (Schroepfer et al. 

1955) and cellulosic waste (Gijzen 1987), the liquefaction step frequently 

is reported as being the rate limiting step in the overall process. 

The rate of liquefaction is determined by the chemical composition of the 

substrate (i.e. the biodegrability of the substrate) and physical nature (e.g. 

8 



the size and porosity of the separate particles, viz. the accessibility for 

enzymes (Lin et al. 1985, Hungate et al. 1970) as well as of environmental 

factors such as particularly the temperature (O'Rourke 1968, Golueke 1958, 

Malina 1961, Pfeffer 1974). 

Acidogenesis 

The products of the hydrolysis viz.the long-chain fatty acids, amino acids, 

sugars and alcohols are metabolized intracellular^ by hydrolytic and non-

hydrolytic bacteria. The main end-products of acidogenesis by mixed cultures 

are acetate, propionate, butyrate and H^/CO_ (Mclnerney & Bryant 1981). 

Minor amounts of formate, lactate, valerate, methanol, ethanol, butanediol 

or acetone may be produced by fermentative bacteria. Since volatile fatty 

acids (VFA) are the main products of these bacteria, they are usually desig

nated as acidifying or acidogenic bacteria. Acidogenic bacteria are resistant 

to low pH values, i.e. the formation of acids can proceed at pH values as 

low as pH k. 

Acetogenesis 

The hydrogen-producing acetogenic bacteria are responsible for the oxidation 

of the end-products of the acidogenic stage to substrates suitable for meth-

anogenesis (Bryant 1979, Mclnerney et al. 1979). Since the oxidation reactions 

of the H_-producing acetogenic bacteria are thermodynamically unfavourable 
-3 unless the partial pressure of hydrogen (PHJ is kept below 10 atm., as 

illustrated by Gujer & Zehnder (1983), these bacteria are obligatorily coupled 

to hydrogen-utilizing bacteria such as methanogens and sulphate reducing 

bacteria (Hatchikian 1976, Mclnerney et al. 1981). The close partnership 

between hydrogen producing and hydrogen consuming species in synthropic 

association is termed 'interspecies hydrogen transfer'. Mclnerney et al. (1981) 

reported interspecies hydrogen transfer reactions in the methane formation 

from propionate and long-chain fatty acids. 

Methanogenesis. 

The final stage in the overall anaerobic conversion of organic materials 

into methane and CO_ is catalized by methanogenic bacteria. Methanogens 

utilize only a limited number of simple substrates such as acetate or the 

C.-compounds CO-/H-,, formate methanol and CO. Methanogens are classi -



fied into two major groups: the acetate converting (also called acetoclastic) 

and the hydrogen utilizing (hydrogenotrophic) bacteria. The growth rates 

of the acetoclastic bacteria are low. This is the main reason for the fact 

that anaerobic treatment systems require a high biomass retention time. 

Generally, 70 - 80 % of the methane formed from the organic materials 

originates from acetate . The rest is mainly derived from H_ and CO~. Hydro

genotrophic bacteria have a much higher maximum growth rate than the 

acetoclastic bacteria. Therefore, the hydrogenotrophic bacteria are presum

ably not a critical group. However, the ability of these bacteria to maintain 

the PH_ very low, forms the basis for thermodynamically favourable condi

tions for the preceeding essential pre-methanogenesis substrate conversion 

steps. 

Proteins 

• Proteins in anaerobic environment 

The anaerobic degradation of proteins is important for the recycling of 

N and C in nature. Examples of waste materials containing considerable 

amounts of very different types of proteins, frequently used as substrates 

for methanogenic digestors are catt le manure (Varel et al. 1977), pig manure 

(Hobson et al. 1974), chicken manure (Huang & Shih 1981), domestic sewage 

(Heukelekian & Mueller 1958) and sewage sludge (Buswell & Neave 1930). 

• Structure and classification 

Proteins are the most abundant organic molecules in cells; they are funda

mental in all aspects of cell structure and function. Proteins are the main 

constituents of animal tissues, viz. contributing to 50 per cent or more 

of their dry weight. All proteins contain carbon, hydrogen, oxygen, nitrogen 

and with a few exceptions, sulphur. The approximate values of these com

pounds are: carbon, 45 to 55%; hydrogen, 6 to 8%; oxygen, 19 to 25%; 

nitrogen, 14 to 21% and sulphur, 0 to 4%. The a -amino acids are the 

fundamental structural units of the proteins. These building-block molecules 

contain at least one carboxyl group and one a -amino group but differ 

from each other in the structure of their R groups, or side chains. Twenty 

different ot-amino acids are commonly found as the building blocks of pro

teins (Table 4 ). In protein molecules, the amino acids are joined together 

by peptide bonds. The amino acid sequence in a protein refers to its primary 

10 



structure. The secondary structure refers to the manner in which the poly

peptide chains are arranged in space along one dimension. The ter t iary 

structure refers to how the polypeptide chain is bent or folded in three 

dimensions, to form the compact, t ight ly folded structure of protein. The 

quaternary structure refers to how individual polypeptide chains of a protein 

having two or more chains are arranged in relation to each other. 

Table k. The most important building-block amino acids of proteins. 

Amino Abbreviation Structure formula molecular 
acid weight 

Alanine a Ala CH j -CH(NH2)-OOOH 89 

Valine a Val CH3-CH(CH3)-CH(NH2)-COOH 117 

Leucine a Leu CH3-CH(CH3)-CH2-CH(NH2)-COOH 131 

Isoleucine a He CH -CH2-CH(CH3)-CH(NH2)-COOH 131 

Methionine a Met CH3 -5-CH2 -CH2 -CH(NH2 ) -COOH 149 

Glycine b Cly CH2(NH2)-COOH 75 

Serine b Ser CH2(OH)-CH(NH2)-COOH 105 

Cysteine b Cys HS-CH2-CH(NH2)-COOH 121 

Threonine b Thr CH3-CH(OH)-CH(NH2>-COOH 119 

Asparagine C Asn 0 = C(NH2)-CH2-CH(NH2)-COOH 132 

Glutamine c Gin 0 = C(NH2)-CH2-CH2-CH(NH2)-COOH 146 

Lysine d Lys CH2 (NH2 ) -CH2 -CH2 -CH2 -CH(NH2 ) -COOH 146 

Arginine d Arg NH = C (NH2 ) -NH-CH2 -CH2 -CH2 -CH(NH2 ) -COOH 174 

a. Amino acids wi th nonpolar R groups. 

b. Amino acids wi th polar R groups. 

c. The acidic amino acids and their amides. 

d . The basic amino acids. 

In i ts native state each type of protein molecule has a characterist ic three-

dimensional shape, referred to as i ts conformation. Depending on their 

conformation, proteins are classified into three major classes, f ibrous, 

globular and conjugated proteins. 

The fibrous proteins are physically tough, insoluble in water or di lute salt 

solutions and are highly resistent to the action of proteolyt ic enzymes. 

Examples are collagen, a-elast in which is an important constituent of 

elastic connective tissue and a-kerat in which is present in hair, skin, nails, 

horn, hoofs and bone. The globular proteins are soluble in aqueous systems. 

Most of the proteins in this class are subject to a breakdown by proteolyt ic 

enzymes yielding amino acids. Important categories of proteins l ike albu

mins, globulins, histones and prolamins are included in this class. The con

jugated proteins are proteins combined wi th non-protein substances such 

as l ipids, nucleic acids, carbohydrates and others. They are classified in 

11 



terms of their non-protein substances and they have varying properties 

such as solubility and susceptibility to enzymatic breakdown and include 

the phosphoproteins, lipoproteins, nucleoproteins, chromoproteins and myosin 

which is an important structural element of meat. 

• Meat proteins 

Meat proteins consist of sarcoplasmic proteins , myofibrillar proteins and 

collagen protein. 

The sarcoplasmic or muscle juice proteins are globular proteins, consisting 

of over fifty components, many of which are enzymes. They are mainly 

globulins and, essential to the utilization of energy in living muscle. The 

myofibrillar proteins are fibrous proteins and they are the working parts 

of the machinery of muscle and include two main proteins myosin and 

actine. The fibrous protein collagen is the major protein in the connective 

tissues of the meat. Collogen is tough, insoluble and inelastic, yet is readily 

converted into water-soluble gelatine on boiling. 

• Degradation of proteins 

In anaerobic digestion the biodegradable proteins are hydrolysed by two 

groups of enzymes called proteases and peptidases (Brock et al. 1982, 

Schlegel 1981) according to the general scheme for enzymatic breakdown 

of proteins: protein-* polypeptiedes-*-peptiedes-*-amino acids 

These two categories of enzymes are partially cellwall-bounded and occur 

partially free in the reactor fluid (Glenn 1976). 

The factors affecting the enzymatic hydrolysis of proteins have been re

viewed by Kilara (1985) and are shown in Table 5 . The degradation of 

amino acids derived from protein hydrolysis is a complex process. A large 

complex number of amino acids and other nitrogenous compounds can serve 

as energy sources for anaerobic bacteria. 

The anaerobic degradation of amino acids involves oxidation-reduction 

reactions between one or more amino acids or non-nitrogenous compounds 

derived from amino acids (Barker 1981). 

The oxidative reactions are often similar to if not identical to those found 

in aerobic bacteria and include oxidative deamination, transamination and 

a-keto oxidations. The reductive reactions used by anaerobes are much 

more distinct. Amino acids, a and B -keto acids, a , 3 -unsaturated acids 
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or their c oenzyme A (CoA) de r iva t ives and protons a re the major e l ec t ron 

a ccep to r s used. The major end-products produced by t hese r eac t ions include 

shor t -chain f a t ty acids , s ucc ina te , 6 - aminova le ra t e and hydrogen. 

Table 5. F ac to r s a f fec t ing the enzyma t i c hydrolysis of p ro te ins . 

Factors Comments 

Enzyme specifity 

Protein conformation 

Substrate and enzyme 
concentration 

PH 

Temperature 

Inhibitory substances 

no single proteolytic enzyme is able to 
hydrolyse a protein completely. Mixtures 
of proteolytic enzymes are used. 

globular and conjugated proteins are more 
suscept ible to hydrolysis than fibrous 
proteins. 

should be controlled, Degree of Hydrolysis 
(DH) will depend on enzyme substrate 
(E/S) ratio. 

optimum varies with enzyme (range 
from 4.5 to 8.5). 

preferably higher than 30 C 

should be absent 

a. Data from Kilara (1985). 

Each single amino acid re leased from the hydrolysis of p ro te ins is degraded 

via a specif ic pa thway and conver ted into various f a t t y ac ids . For example , 

a lanine and glycine a r e degraded according t o t he r eac t ions shown in t he 

equat ions 1,2 (Massey e t a l . 1976, S t ad tman 1980). 

3 CH3-CH(NH2)-COOH t 3 H 2 0 - ^ 2 CH3-CH2-COOH + 3 CH3-COOH + H 2 C 0 3 + 2 NH3 (1 ) 

alanine propionate acetate 

4 CH2(NH2)-COOH + 4 H 2 0 

glycine 

3 CH3-COOH + 2 H 2 C 0 3 + 4 NH 3 

acetate 

(2) 

The oxidat ion of a lanine and o the r amino ac ids such as val ine, l ec ine p ro

ceeds via a ct-keto acid as shown in equat ion 3 (Barker 1961). 
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NH2 O 
I II 

R-CH-COOH — / ~ V *• R-C-COOH + NH3 ^ v^ »» R-COOH + C 0 2 ( 3) 

H20 2 H+ H20 2 H+ 

Many bacteria can obtain their energy by coupled oxidation-reduction reac

tions between pairs of amino acids. This coupled deamination of amino 

acids is designated as the Stickland reaction (Barker 1961, Nisman 1954). 

In the Stickland reaction, one member of the pair is oxidized (dehydro-

genated) while the other is reduced (hydrogenated). An example of a Stick

land reaction is shown in equation 4 for the oxidation of alanine with glycine 

serving as the electron acceptor. 

3 CH3-CH(NH2)-COOH + 2 H 2 0 - » - CH3-COOH + CO2 + NH3 + 4 H+ 

alanine acetate 

2 CH2(NH2)-COOH + 4 H+ » - CH3-COOH + 2 NH3 

glycine acetate 

3 CH3-CH(NH2)-COOH + 2 CH2(NH2)-COOH + 2 H 2 0 » - 3 CH3-COOH + 3 NH3 + C 0 2 ( 4 ) 

The end-products of the amino acids degradation can further be converted 

into methane by acetogenic and methanogenic bacteria. 

• Proteolytic bacteria 

Siebert & Toerien (1969) investigated the occurrence and identity as well 

of proteolytic bacteria in the anaerobic digestion of raw sewage sludge. 

They concluded that the clostridial species were the most prevalent proteo

lytic bacteria. 

Mead (1971) divided the amino acid-fermenting Clostridia into four major 

groups and several subgroups based on the patterns of amino acid used 

or formed (Table 6 ). Group I consists of species that carry out the Stickland 

reaction between pairs or amino acids. These bacteria reduce proline or 

arginine to 6-aminovalerate by oxidizing serine, phenylalanine and other 

amino acids. Group II bacteria use arginine and glycine. Group III bacteria 

use serine and histidine. Group IV contains only Clostridium putrefaciens 

which readily use serine and threonine. 
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Table 6. Amino acid utilization patterns of clostridial species 

Group Species Characterist ics 

Clostridium bifermentans 

C. sordellii 

C. botulinum types, A, B, F 

C. caloritolerans 

C. sporogenes 

C. cochlearium (one strain) 

C. difficile 

C. putrificum 

C. sticklandii 

C. ghoni 

C. mangenoti 
c C. scatologenes 

C. l i tuseburense 

Organisms tha t carry out Stickland 

reaction; proline reduced and 6-amino-

valerate produced; serine, phenyla

lanine and other amino acids oxi

dized; o t - a m i n o b u t y r a t e p roduced 

from threonine or methionine and 

• y - am inobu t y r a t e p roduced from 

g lu tamate by most species. 

II C. botulinum types C, G 

C. histolyticum 

C. cochlearium (one strain) 

C. subterminale 

6 - a m i n o v a l e r a t e not p r oduced , 

arginine and/or glycine used by 

all species. 

Ill C. cochlearium (one strain) 

C. t e tan i 

C. te tanomorphum 

C. microsporum 

C. lentoputrescens 

C. limosum 

C. malenomenatum 

6 - a m i n o v a l e r a t e not p r oduced ; 

g l u t a m a t e , s e r i ne and histidine 

utilized. 

IV C. putrefaciens 6 - a m i n o v a l e r a t e not p roduced ; 

serine and threonine utilized. 

a. Classification of Mead (1971) with additional species added (Elsden 
1980). 

b. Major character is t ics of each group a re given. Other amino acids may 
be used by various species (Elsden e t . a l . 1979, 1978, 1976). 

c. a -aminobutyrate and •y-aminobutyrate but not 6 - a m i n o v a l e r a t e a r e 
formed (Mead 1971). 
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Elsden et aJ. (1980) extended the studies of Mead by including additional 

species as well as the end-products by these bacteria. In general, their 

work confirms that of Mead and shows the importance of these kinds of 

analyses in clostridial taxonomy. 

Lipids 

• Lipids in anaerobic environment 

In nature very considerable amounts of lipids are anaerobically converted. 

Typical examples of waste materials containing significant concentrations 

of very different types of lipids which are frequently stabilized are piggery 

wastes (Hobson et al. 1981), sewage sludge (Viswanathan et al. 1962), palm 

oil processing effluents (Ma & Ong, 1986) and wool scouring wastes (Genon 

et al. 1984). 

• Structure and classification 

Lipids include a large number of different types of substances. Their princi

pal common characteristic is that they are generally insoluble in water 

but soluble in certain nonpolar solvents such as chloroform, alcohols and 

benzene. There are several different classes of lipids but all derive their 

distinct properties from the hydrocarbon nature of a major portion of 

their structure. Lipids have several important biological functions, viz. 

they serve (1) as structural components of membranes, (2) as storage and 

transport forms of metabolic fuel, (3) as protective coating on the surface 

of many microorganisms and (4) as cell-surface components. Lipids often 

occur with members of other classes of biomolecules to yield hybrid mole

cules such as glycolipids, which contain both carbohydrate and lipid groups 

and lipoproteins, which contain both lipids and proteins. Lipids have been 

classified in several different ways. 

The most satisfactory classification is based on their backbone structure 

(Table 7 ). The complex lipids, which contain fatty acids as components, 

include the acylglycerols, the phosphoglycerides, the sphingolipids, and 

the waxes. They differ in their backbone structures to which the fatty 

acids are joined covalently. The complex lipids are also called saponifiable 

lipids since they yield soaps (salts of fatty acids) upon alkaline hydrolysis. 

The other large group of lipids consists of the simple lipids, which do not 

contain fatty acids and thus are nonsaponifiable. 
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Table 7. Classification of lipids. 

Lipid type Backbone 

Complex (saponifiable) 

Acyglycerols 

Phosphoglycerides 

Sphingolipids 

Waxes 

Glycerol 

Glycerol 3-phosphate 

Sphingosine 

Nonpolar alcohols of high molecular weight 

Simple (nonsaponifiable) 

Terpeness 

Steroids 

Prostaglandins 

Up to 99% of the lipids in animals and microorganisms are complex lipids 

consisting of esters of fatty acids and glycerol, and are known as fats. 

In these fats, the fatty acids occur in large amounts as building-block 

molecules. All the fatty acids contain a long hydrocarbon chain and a termi

nal carboxyl group. 

This hydrocarbon chain may be saturated, in which case the fatty acids 

are called saturated fatty acids, or unsaturated in which case they may 

contain one or more double bonds. Tables 8 and 9 show the common satu

rated and unsaturated fatty acids. Fatty acids differ from each other prima

rily in chain length and in number and in the position of their double bonds. 

The most abundant saturated fatty acids found in animal fats are palmitic 

acid (16:0) and stearic acid (18:0) and the most abundant unsaturated fatty 

acids found are palmitoleic (16:1), oleic (18:1) and linoleic (18:2) 

• Fat depots in animals 

The principle fat depots in animals are classified as follows: 

1. subcutaneous: the fatty tissue found immediately under the skin. 

2. perinephric: the fatty tissue surrounding the kidney. 

3. intramuscular: the fatty tissue deposits along the line of the peri

mysium within the muscle, often referred to as marbling fat. 

k. intermuscular: all the other fatty tissue. 
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8. Saturated even and odd-carbon numbered fatty 

Systematic 

Name 

n -Butanoic 

n -Hexanoic 

n -Octanoic 

n -Denanoic 

n -Dodecanoic 

n -Tetradecanoic 

n -Hexadecanoic 

n -Octadecanoic 

n -Eicosanoic 

n -Docosanoic 

n -Pentanoic 

n -Heptanoic 

n -Nonanoic 

n -Undecanoic 

n -Tridecanoic 

n -Pentadecanoic 

n -Heptadecanoic 

Common 

Name 

Butyric 

Caproic 

Caprylic 

Capric 

Laurie 

Myristic 

Palmitic 

Stearic 

Arachidic 

Behenic 

Valeric 

Enanthic 

Pelargonic 

-
-
-

Margaric 

Structural 

Formula 

CH3.(CH2)2.COOH 

CHyiCH^^.COOH 

CH,.(CHj, .COOH 

CH3.(CH2)g.COOH 

CH3.(CH2)1Q.COOH 

CH3.(CH2)12.COOH 

C H ^ C H ^ . C O O H 

CH3.(CH2) ]6.COOH 

CH3.(CH2)Jg.COOH 

CH3.(CH2)2Q.COOH 

CH3.(CH2)3.COOH 

CH3.(CH2)5.COOH 

CH3.(CH2)7.COOH 

CH3.(CH2)9.COOH 

CH3 . (CH2)n .COOH 

CH3.(CH2)J3.COOH 

CH3.(CH2)J5.COOH 

acids. 

Short 

Desc 

t 

6 

8 

10 

12 

\h 

16 

18 

20 

22 

5 

7 

9 

11 

13 

15 

17 

-hand 

ription 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Table 9. Unsaturated fatty acids. 

Systematic 

Name 

Common 

Name 

Structural 

Formula 

Short-hand 

Description 

Dec-9-enoic 

Dodec-9-enoic 

Tetradec-9-enoic 

Hexadec-9-enoic 

Octadec-'6-enoic 

Octadec-9-enoic 

Octadec-11-enoic 

Myristoleic 

Palmitoleic 

Petroselinic 

Oleic 

Vaccenic 

Octadeca-9:12:15-trienoic Linolenic 

Eicos-9-enoic Gadoleic 

Docos-13-enoic Erucic 

CH3.CH.(CH2)7.COOH 

CH3.CH2.CH=CH.(CH2)-,.COOH 

CH3.(CH2)3.CH = CH.(CH2)7.COOH 

CH3.(CH2)5.CH = CH.(CH2)7.COOH 

CH3.(CH2)10.CH=CH.(CH2)^.COOH 

CH3.(CH2)7.CH = CH.(CH2)_,.COOH 

CH3.(CH2)5.CH = CH.(CH2)g.COOH 

CH3.CH2.(CH:CH.CH2)3.(CH2)6.COOH 

CH3.(CH2)9.CH:CH.(CH2)7.COOH 

CH3.(CH2)7.CH:CH.(CH2)u.COOH 

10 

12 

1* 

16 

18 

18 

18 

18 

20 
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• Degradation of lipids 

In anaerobic digestion of lipids the neutral fats are first hydrolysed by 

a group of enzymes called lipases (Codfrey & Reichelt 1983) to glycerol 

and long-chain fatty acids as shown in equation (1) 

CH2-COO-Ri Rj-COOH CH2-OH 
I I 
CH-COO-R2 + 3 HzO *~ R2-COOH + CH-OH ( 1 ) 
I I 
CH2-COO-R3 R3-COOH CH2-OH 
neutral fat long-chain glycerol 

fatty acids 

in which R. , R_ and R , represent three molecules of either the same 

or different fatty acids. The released long-chain fatty acids are degraded 

via 3-oxidation in anaerobic digestion (Jeris & McCarty 1965). The basic 

scheme of 3-oxidation of the long-chain fatty acids in anaerobic digestion 

is outlined as follows: 
4 H+ 

CH3-(CH2)i6-COOH »• CH3-(CH2)i4-COOH + CH3-COOH 
2 H20 

This process is repeated (—5-) times (n = number of carbon atoms in the 

fatty acid molecule) until the acid is completely converted into acetate . 

These reactions are carried out by H_-producing synthrophic acetogenic 

bacteria as was indicated by Bryant (1979). 

For example, the degradation of palmitate proceeds according to the overall 

reaction 

CH3-(CH2)i4-COO- + 14 H20 —* - 8 CH3COO- + 7 H+ + 14 H2 

(G°X= + 345.6 kJ .mof 1 ) 

where G° is the standard free energy change. 

The degradation of long-chain fatty acids is thermodynamically unfavourable 

unless the hydrogen partial pressure is maintained at an extremely low 

level (Gujer & Zehnder 1983). Hydrogenotrophic methanogenic bacteria 

generally utilize molecular hydrogen in a balanced anaerobic digester so 

rapidly that the hydrogen partial pressure can be kept low enough to ensure 

the active performance of H^-producing acetogenic bacteria. This in fact 

means that the degradation of fatty acids via g-oxidation depends strongly 

on the available methanogenic activity. The acetate as the main end-

product of the long-chain fatty acids degradation can further be converted 

into methane by acetoclastic methanogenic bacteria. 
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CHAPTER 2 

ANAEROBIC TREATMENT OF SLAUGHTERHOUSE 
WASTE USING A FLOCCULENT SLUDGE UASB REACTOR 

SAMEH SAYED, WILLEM DE ZEEUW <5c GATZE LETTINGA 

Agricultural University of Wageningen, Department of Water Pollution Control, 

De Dreijen 12, 6703 BC Wageningen, The Netherlands 

ABSTRACT 

This study was carried out to assess the feasibility of using the upflow floc-

culent anaerobic sludge blanket (UASB) process for a one-stage anaerobic 

treatment of slaughterhouse wastewater which contains approximately 50% 

insoluble coarse suspended COD. Batch experiments, as well as continuous 

experiments, were conducted. The continuous experiments were carried 

out in a 25.3 m UASB pilot-plant, with digested sewage sludge which was 

used as seed from the municipal sewage treatment plant of Ede, The Nether

lands. The UASB pilot-plant was operated under semi-continous conditions, 

viz. with an organic load varying between day and night (high organic load 

at daytime combined with low load at nighttime with weekend feed interrup

tions. Initially the UASB pilot-plant was operated at a temperature of 30 

C, but, 20 weeks after the start up, the temperature was reduced to 20 

C because application of the process at this lower temperature might 

be quite attractive for economic reasons. 

The process can be started up at an organic space load of 1 kg COD m -

day (sludge load, 0.11 kg COD kg VSS day ) and at a liquid retention 

time of 35 h at a process temperature of 30 C. Once started up, the system 
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-3 -1 can satisfactorily handle organic space loads up to 3.5 kg COD m day 

at a liquid retention time of 8 h at temperatures as low as 20 °C. A treat
ment efficiency up to 70% on a COD. . , basis, 90% on a COD,.,^ , 

•̂  total ' filtered 

basis and 95% on a BOD*,, . basis was smoothly approached. Temporary 

shock loads up to 7.5 kg COD m day during the daytime at a liquid reten

tion time of 5 h can well be accommodated provided such a shock load 

is followed by a period of underloading, e.g. at night. 
3 

The methane yield amounted to 0.28 Nm per kilogram of COD removed; 
the methane content of the biogas from the wastewater varied between 

65 and 75%. 

INTRODUCTION 

The environmental protection authorities in The Netherlands require that 

the discharge of wastes to surface waters meets stringent effluent standards. 

These effluent standards have to comply with the basic quality for surface 

waters according to 1980-1984 water pollution control programmes and 

correspond to maximum pollutant concentration of 40 and 30 mg litre , 

respectively for BOD, and Total Suspended Solids. 

From a survey paper by Ten Have (1976) concerning meat-processing plants 

and slaughterhouses, it appears that the pollution capacity of these industries 

presently exceeds 1,000,000 population equivalents. Most of these plants 

discharge their wastewaters to a municipal treatment system. In order 

to comply with water pollution control standards and to save money on 

sewer surcharge, slaughterhouses and meat-processing plants are required 

to apply an adequate pretreatment to their discharges. 

Primary treatment by physical and/or chemical methods can be used in 

both types of industry (Funke, 1969). Frequently, a combination of screening, 

centrifugation, sedimentation, air flotation and flocculation precipitation 

for pretreating the wastes is used. In addition, mechanical primary treatment 

devices, such as static and vibrating screens, hydrocyclones, air flotation 

units for grease recovery and clarifiers, are applied in these industries 

(Witherow & Lammers, 1976). 

Secondary t reatment processes for the bacterial decomposition of the organic 

pollutants and nitrogen removal have been investigated and applied in these 
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industries. The biological processes applied include the conventional anaero

bic processes, viz. a completely mixed tank system (Black & Brown, 1974), 

anaerobic ponds (Rotlag & Dornbush, 1966) and the aerobic ponds (Steffen, 

1961). Combinations of these systems are needed since no single secondary 

treatment process will provide sufficient effluent. All these secondary 

treatment methods have distinct disadvantages, either in odour nuisance 

or in investment and operating costs. 

Obviously, there is a considerable need for inexpensive, efficient wastewater 

t reatment systems. Therefore, considerable efforts have been made in 

recent years in The Netherlands toward the development of a more sophisti

cated anaerobic treatment process, suitable for treating low strength wastes 

such as slaughterhouse and meat-processing wastes. These efforts have 

resulted in the development of a new anaerobic t reatment process, now 

known as the Upflow Anaerobic Sludge Blanket (UASB) process (Lettinga 

& Van Velsen, 1974; Lettinga, 1978). The UASB process has been applied 

at full scale since 1977 in The Netherlands for the treatment of sugarbeet 

waste (Pette et al., 1979), maize-starch waste, potato-processing wastes 

(Versprille, 1979) and potato-starch wastewater. 

The technology developed may be helpful in solving the problems encoun

tered in the treatment of wastewaters from slaughterhouses and the meat-

processing industry. 

MATERIALS AND METHODS 

Sampling and analyses 

All the samples taken for chemical analysis were 24 h composites. Chemical 

Oxygen Demand (COD), Biochemical Oxygen Demand (BOD), Dry Suspended 

Solids (DSS), Volatile Suspended Solids (VSS), total nitrogen, and phosphate 

were determined according to standard methods (Standard Methods, 1975). 

The total Volatile Fatty Acids (VFA) content and the bicarbonate (alkalinity) 

were determined according to the Dutch Normalized Standard Methods 

(1969). Separate VFA analyses were determined by gas chromatography 

using a Packard Becker model 417 equipped with a 6 m x 2 mm glass column 

and a flame ionisation detector. The column was packed with Chromosorb 

101 (60-80 mesh). Flow rate of the carrier gas, nitrogen saturated with 
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formic acid, was 18 ml min . Column temperature was 210 C and the 

injection port temperature was 230 C. 

The COD for raw wastewater is expressed as COn ^ .. The coarse Sus-
r total 

pended Solids in the raw wastewater were separated using a filter (Schwarz-

band black ribbon No. 589 Ref.No. 300011) with a pore size of 7A y m. 

The filtrate COD of the wastewater consists of colloidal, as well as soluble, 

fractions. 

Gas samples removed from the gas sampling port were analysed immediately 

for the determination of methane, carbon dioxide, nitrogen and hydrogen 

content using a Packard Becker gas chromatograph model 409 equipped 

with two columns - a Porapak (2m x 3mm) and a stainless steel column 

with molecular sieve 5A (lm x 3mm). Helium was used as a carrier gas 

(20 ml min ). Oven temperature was 70 C and column temperature, 75 C. 

The methanogenic capacity of the sludge was either calculated from the 

methane production rate and the amount of sludge present in the reactor 

or from a determination of the amount of F-420 co-enzyme (de, Zeeuw 

et al., 1981). The amount of F-420 co-enzyme gives, for certain substrates, 

a good, rapid assessment of the potential methanogenic activity of anaerobic 

sludge and also indicates possible inhibition effects on the methanogenesis 

in the system. 

Seed sludge 
3 3 

The UASB pilot-plant (25.3 m ) was seeded with 13 m of digested sewage 

sludge from the municipal sewage treatment plant at Ede, The Netherlands. 

The Total Suspended Solids (TSS) content of the sludge was 3.4% and the 

Volatile Suspended Solids (VSS) content 2.3%. 

The maximum specific activity of the sludge for VFA decomposition as 

measured in a standard batch-fed test using a feed mixture of 600 mg litre 

each of acetic acid, propionic acid and butyric acid, was 0.05 kg CFL-COD 

kg"1 VSS day"1 a t 30 °C. 

Wastewater characteristics 

Wastewater from slaughtering areas was collected after passing a screen 

installed to separate dispersed particles larger than 1 mm. The composition 

of the wastewater depends considerably on the production process and the 

type of animals slaughtered. The major waste load originates from the slaugh-
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Table 1 The most important characteristics of the wastewater. 

total 
Coarse suspended solids as a 
percentage of COD. total 

BOD , . total 
VFA-COD (% of total COD) 

Fats 

Nitrogen (N) Kjeldahl 

Phosphate (P) 

Temperature 

pH 

total 

1500 - 2200 mg litre 

40 - 50 % 

<*90 - 650 mg litre" 

12 - 15 % 

50 - 100 mg litre" 

(5% of the total solids) 

120 - 180 mg litre 

12 - 20 mg litre" 

20 °C 

6.8 - 7.1 

i 300-

200-

100-

100 200 
in f l . COD-SS kg/week 

Figure 1. Relationship between the influent COD and the influent 
COD-coarse suspended solids during the entire experimental 
period. 
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tering, which is a one-shift operation from Monday through Friday. The 

most important characteristics of the wastewater are presented in Table 

1. 

The wastewater is an unsettled low-strength complex-type waste. Of the 

pollutants 40% - 50% is present as insoluble and slowly biodegradable-coarse 

suspended matter (Figure 1). 

The 25.3 m semi-technical experimental, pilot plant 
3 

A flow diagram of 25.3 m semi-technical experimental pilot-plant is shown 

in Figure 2. 

• -N gas outlet 
&* 

timer for 
influent 

plunger pump 

1. wastewater pit 
2. equalizing tank 
3. st irrer 
4. inf luent pump 
5. heat exchanger 

6. reactor 
7. digester compartment 
8. gas collector 
9. settler compartment 
10. water seal 

11. gas meter 

Figure 2. Flow diagram of a 25.3 m semi-technical, experimental 
pilot-plant. 
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The equalizing tank (15 m ) installed provided a storage facility enabling 

the experiments to be carried out over a full 24 h period. The process proce

dure was according to the Upflow Anaerobic Sludge Blanket (UASB) process 

(Lettinga et al., 1980). Feed was introduced at the bottom of the reactor, 

forcing the wastewater upward through the sludge bed present in the lower 

part of the reactor. The reactor had an internal diameter of 2.6 m and 

was 6 m in height. The reactor was equipped in the upper part with a proper 

gas-solid separator (GSS) for separating and collecting the produced biogas. 

In this way, a quiescent zone settling compartment is created in the upper 

part of the reactor. This enabled sludge particles arriving there to flocculate, 

to settle out and return back into the digester compartment via the aperture 

between the gas collectors. No mechanical mixing or sludge recirculation 

was applied for the sake of sludge settleability. 

RESULTS 

Start up and operation 

The 25.3 m pilot-plant experiments with slaughterhouse wastes were seeded 

with digested sewage sludge from the municipal sewage treatment plant 

at Ede, The Netherlands. The pilot-plant experiments were operated at 

a temperature of 30 C during the period 0-142 days and, from 159 to 296 

days, at a temperature of 20 C, because application of the process at 

this lower temperature would be quite attractive for economic reasons. 
_3 

The reactor was started up at an organic space load of 0.8 kg COD m 

day" (sludge load 0.10 kg COD kg VSS day ) and at a hydraulic retention 

time of 35 h. The load was increased stepwise, using the treatment effi

ciency, the sludge bed expansion and sludge wash out as guidelines. The 

reactor was operated in semi-continuous conditions, i.e. during the daytime 

for approximately 8h; higher feed rates were applied, in combination with 

lower feed rates, at night. No feed was applied at the weekend. 

Table 2 summarizes the applied overall organic loading rates, the hydraulic 

retention times and the temperature history over the entire experimental 

period for the pilot-plant reactor. 

Due to unforeseen technical problems, the experiments had to be interrupted 

during weeks 18 and 19, 33 and 41. 
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Table 2. The organic loading rates, the hydraulic retention times and the pro
cess temperature over the entire experimental period. 

Phase 

I 

II 

III 

Number 

of 

days 

0-142 

159-296 

297-324 

Organic 

space load 

(kg COD m"3day"') 

0.5-1.5 

1.5-2.5 

2.5-3.5 

Hydraulic 

retention 

(h) 

40-20 

18-12 

10 

time 

Temperature 

(°C) 

30 

20 

30 

Loading rates and treatment efficiency 

The results of the loading rates and t reatment efficiencies are shown in 
3 1 Figure 3. Organic space loads up to 3.5 kg COD m day and a hydraulic 

retention time of 7 h at temperatures as low as 20 C were achieved at 

fairly satisfactory t reatment efficiencies; after 3 weeks, up to 70% COD • 

reduction (n+ + ,) and 90% COD,.,+ , reduction 0 v , + ,). The BOD,.,+ , 'total filtered filtered . filtered 
was reduced from an average value of 650 to 25 mg litre , corresponding 

to a 96% treatment efficiency. 

purification percentage = [1 - total C(B)OD (effluent) / total C(B)OD 
( n ) (influent) ] x 100 and 

[1 - filtered C(B)OD (effluent) / total C(B)OD 

(influent) ] x 100 

As expected, the anaerobic digestion procedure was inefficient in nitrogen 

reduction, only approximately 24% of the N-total being eliminated. 

Gas production 

Tables 3 to 5 show the results of the gas production, together with the 

imposed applied organic space load and the calculated percentage of 

COD , converted into methane at the two applied temperatures. The 

calculated ratio (M) between COD-methane/COD f.. .-removed during 

the 24 h loading rates are shown in Table 4. The calculated data are based 

on the 8 h loading rates, the mean average 24 h loading rates and the 

weekly loading rates. In addition, the course of the gas production has 

been plotted, versus the applied organic space load during the 24 h loading 

rates, in Figure 4 for the entire experimental period. 
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