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Summary. Enzymatic activities of  aerobic thermo- 
philic microorganisms are described and investi- 
gated for the development and control of  sewage 
sludge treatment processes in batch and fed-batch 
cultures. Proteolytic activity is the main enzymatic 
activity in an aerobic thermophilic sewage sludge 
treatment process. It has an optimum at 80 ° C and 
can be found also during growth on synthetic me- 
dia. The activity is correlated with the increase in 
ammonium in the particle-free fraction and the 
values of the respiratory quotients during cultiva- 
tion either in sewage sludge or in a synthetic me- 
dium. No other extracellular activities (lipase, 
amylase, pectinase and cellulase) were detected in 
the investigated sludge samples. Carbohydrates, 
lipids and other polymers were either not present 
in significant amounts or passed with only minor 
modifications through the treatment. Cultivations 
in sewage sludge were either oxygen or carbon 
limited. One strain able to excrete lysozyme was 
isolated. It might have a synergistic effect on the 
heat inactivation of pathogenic microorganisms 
(cryptic growth) although lytic activity remained 
very low. Two-thirds of the entire metabolic activ- 
ity is due to degradation of insoluble matter. The 
utilization of particulate matter also has a positive 
influence on the efficiency of the process by re- 
duction in dry matter and increase in water-re- 
moval properties. Even at extremely low aeration 
rates, the acidification effect was small. Only 
small amounts of isobutyrate, isovaleriate and 2- 
methylbutyrate were formed at extremely low aer- 
ation rates and caused an increase in the total vol- 
atile fatty acid content after 12 and 36 h cultiva- 
tion time. 

Offprint requests to: B. Sonnleitner 

Introduction 

Sewage sludge is a very heterogeneous substrate. 
Its composition not only depends upon its origin 
but also on the system and efficiency of the waste- 
water treating plant. Primary and secondary 
sludge are products of waste-water treatment. Dif- 
ferent processes are used to stabilize the sludge 
including the establishment of an anaerobic 
stage. In order to inactivate pathogenic microor- 
ganisms, an aerobic thermophilic treatment can 
be integrated as a pre-treatment stage. 

Until now the activities of aerobic thermo- 
philic microorganisms naturally present in sewage 
sludge either as spores or vegetative cells have 
been examined on synthetic or semi-synthetic subs- 
trates (Baier 1987; Hamer and Mason 1987) in or- 
der to evaluate potential metabolic pathways. 
These organisms, described as Bacillus stearother- 
mophilus strains (Baier 1987) can metabolize a 
wide spectrum of substances and are also able to 
grow on intact yeast cells (Hamer and Mason 
1987). 

Only a little work has been done to evaluate 
the chemical, biological and physical composition 
of sewage sludge because of the complexity of 
this medium. Many potential organic materials, 
salts and trace elements are present in raw sludge 
(Koppe and Stozek 1986; Siegrist et al. 1988). The 
heavy metal content might even be toxic to micro- 
organisms in sewage sludge (Tomlin and Forster 
1988). Chemical parameters have a great in- 
fluence on the growth of aerobic thermophilic mi- 
croorganisms on such heterogeneous substrates. 
Basic information for the development and con- 
trol of  an efficient process has been obtained 
from the determination of limiting growth factors 
and the evaluation of substrates that are metabol- 
ized. 
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Materials and methods 

Organisms 

A mixed populat ion of thermophil ic bacteria present in sew- 
age sludge was used for all experiments. These organisms were 
isolated, characterized and described as B. stearothermophilus 
strains (Baier 1987). The organisms develop spontaneously 
after heating to 65°C and aerating the sludge. The other or- 
ganisms used were Microcoecus luteus (DSM 20030), Eseheri- 
chia coil (DSM 1103), Staphylococcus aureus (DSM 1104), and 
Pseudomonas aeruginosa (DS M 1117). 

Media 

Sewage sludge. Sewage sludge was collected at the Werdh61zli 
waste-water treatment plant in Ztirich, Switzerland, at 8 ° C in 
winter and 15°C in summer. This mixture of primary and sec- 
ondary sludge was harvested before pasteurization so that  no 
heat pretreatment was applied. Approximately 300 1 sludge 
were collected for each series of tests in a pre-sterilized storage 
vessel (Bioengineering AG, Wald, Switzerland). The sludge 
was then tyndallized by heating rapidly to 35 ° C and maintain- 
ing this temperature for 2 h. After rapid cooling to - 4 ° C  the 
sludge was maintained at this temperature overnight. After 
12 h a second heat treatment at 35 ° C for 2 h was applied and 
finally the sludge was cooled down to - 2 ° C  and maintained 
at this temperature with little agitation during the series of 
tests. At this temperature the sludge was at the freezing-point 
limit. The average dry matter content was 4.4% and the aver- 
age organic matter content 65% of dry matter. This sludge was 
called untreated raw sludge. 

Separation of  soluble and non-soluble components of  sewa~Te 
sludge. Sewage sludge was centrifuged at 4°C and 8500 g 
90 rain. The supernatant  was filtered through a glass micro- 
fibre filter (Whatman GF/A) .  The particulate, non-soluble 
components  were resuspended for further analyses. Both com- 
ponents  were utilized as a substrate for cultivation experi- 
ments. 

Synthetic media. The cultivation medium was a modified Bacil- 
lus medium (Foerster 1983) with the following composit ion 
per 1 1 water: glucose, 10g;  yeast extract, 0.1 g; KHzPO4 ,  

0.5 g; (NH4)2HPO4, 1 g; MgSO4, 0.2 g; CaCI2.2H20, 0.1 g; 
ZnSO4.7H20,  0.02g; FeSO4.7H20, 0.02g; MnSO4.H20,  
0.014 g. Cultivations on protein were performed by replacing 
glucose with soya protein (Purina PP 760; Protein Technologies 
International,  Zaventem, Belgium). Cultivations for meas- 
urement  of lyric enzyme activity or precultures of mesophilic 
strains were carried out in nutrient  broth (Deutsche Sammlung 
for Mikroorganismen 1983). 

Cultivation conditions 

1030-1050 kg m 3 at 20 ° C. The bioreactor was equipped with 
an external foam breaker. A detailed description of the bio- 
reactor is found elsewhere (Hess 1988). In addition to the 
standard equipment an activated charcoal filter was very effi- 
cient at reducing odour  in the exhaust gas. The filter was posi- 
t ioned after the exhaust  gas analysis unit. 

Sterilization 

Experience with thermophilic organisms (Baier 1987; Brock 
1986) shows that  sterilization at 121 ° C for 2 h may be neces- 
sary. In order to avoid any initial contaminat ion with organ- 
isms not originating from the sludge, the reactor and storage 
vessels were sterilized under  these conditions. Media other 
than sludge and peripheral equipment were sterilized at 121 ° C 
for 20 rain. 

On-line analyses 

Sensors for temperature as well as pH and oxygen partial pres- 
sure (Ingold AG, Urdorf, Switzerland) were standard. Exhaust 
gas analysis was carried out for oxygen and carbon dioxide 
with a paramagnetic 02- (Oxygor 6N; Maihak, Hamburg, 
FRG) and an infrared CO2-analyser (Unor 4N; Maihak). 

Off-line analyses 

Proteolytic activity. Proteolytic activity was measured with dif- 
ferent chromogenic substrates: Azocoll 100-250 and 80-150 
mesh (Calbiochem; Behring Diagnostics, San Diego, Calif, 
USA); Azocasein (Sigma; St Louis, Mo, USA); Hide Powder 
Azure (Calbiochem). The best substrate found with standard 
enzyme Protease K type XI (Sigma P-0390) and with cultures 
was Azocasein. It showed better sensitivity compared to the 
other chromogenic substrates. 

Supernatant  (50 ~tl) centrifuged at 130009 for 10 min or 
culture were added to 2.5 ml of 1% Azocasein suspension in 
6.7 × 10 -2  M phosphate  buffer at pH 7 or boric acid/potas-  
sium chloride sodium hydroxide buffer at pH 9 and incubated 
at the desired temperature in a water bath. After 2 h, 1 ml of 
10% trichloroacetic acid was added and the precipitate was 
centrifuged at 5000 9 for 10 min. The absorption of the super- 
natant  was measured against the blank at 376 nm. Standard 
calibrations were done with protease K type XI (Sigma) in 
concentrations between 2 and 20 munits ml-1.  All test tubes 
used were sterilized at 121°C for 20 min to remove residual 
proteolytic activity possibly deriving from detergents. 

Ammonium concentration. Ammonium concentration was meas- 
ured colorimetrically with the Berthelot reaction (Merck 1974). 
The absorption measured was linear in the range 10-50 mg 1-1 
ammonium. 

A fed-batch cultivation technique was employed in all experi- 
ments. Mean residence time was always 14 h. The necessary 
amounts of sludge were replaced by untreated sludge after dis- 
tinct intervals which were varied. Original inocula were pre- 
pared by starting a batch culture with raw sludge which pro- 
vided both substrates and microbial populations. 

Bioreactors 

Experiments were carried out in a 7-1 compact loop reactor 
filled with 4 kg sludge. Degassed sludge had a density of 

Lipase activity. Lipase activity was determined by a method 
based on the catalytic action of lipase on an olive oil suspen- 
sion and measurement  of the liberated fatty acids (Tietz and 
Fiereck 1966). 

Cellulase activity. Cellulolytic activity was measured with the 
chromogenic substrate cellulose azure (Calbiochem). Superna- 
tant  (50 ~tl) centrifuged at 13 000 9 for 10 min or culture were 
added to 2.5ml of 1% cellulose azure suspension in 
6.7 x 10 z M phosphate  buffer at pH 7 and incubated at the 
desired temperature in a water bath. After 2 h reaction was 
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stopped on ice and the mixture centrifuged at 50009 for 
10 min. The absorption of the supernatant  was measured 
against the blank at 595 nm. 

Amylase activity. Total amylase activity was measured with the 
chromogenic substrate amylopectin azure (Calbiochem) and 
the same standard method applied to the determination of cel- 
lulolytic activity. 

Extraction of  lysozyme. The pyridine method (Alderton et al. 
1945) was modified and utilized in order to extract lysozyme 
from sewage sludge: 5 ml of sewage sludge were centrifuged at 
50009 for 10min. The pellet was washed with 2ml  of 
6.7× 1 0 - 2 M  phosphate  buffer, pH 7, and centrifuged at 
5000 9 for 10 min. The pellet was washed three times with 2 ml 
of 5% aqueous pyridine solution. The centrifugate from the fi- 
nal washing step was treated twice with 1 ml of 5% sulphuric 
acid-pyridine solution at pH 5. All the supernatant  fractions 
were collected and tested for lysozyme activity. 

mass spectrometer (PGA 100, Leybold Heraeus, Cologne, 
FRG). 

Calculations 

The oxygen uptake rate and carbon dioxide production rate 
were calculated from the data of the exhaust gas analysis and 
the gas flow rate using mass balancing techniques (Fiechter 
and von Meyenburg 1968). The integral oxygen uptake rate 
(OUR) and carbon dioxide production rate (CPR) over the 
time was calculated by step integration. 

Results and discussion 

Tyndallization of sludge 

Activity oflysozyme. Complete sewage sludge, the particles and 
cell-free supernatant  and the lysozyme extract (described 
above) were tested with three methods in order to detect lyso- 
zyme activity. The first method, using a fluorogenic substrate 
(Yang and Hamaguchi 1980) was modified as follows: 200 Ixl 
of test substance was pipetted into 800 lxl of a 2.84 x 10-5 M 
solution of 4-methylumbelliferyl-N-acetyl-chitotrioside (Sigma 
M 5639) in phosphate  buffer, pH 7, and incubated for 1 h at 
42 ° or 65 ° C. The reaction was stopped by adding 2 ml glycine 
buffer at pH 12. The amount  of 4-methylbelliferone was deter- 
mined by measuring fluorescence at 450 nm (excitation at 
360 nm). With standard egg lysozyme solutions the linearity of 
calibration solution was confirmed and the lowest detectable 
amount  was found at 20 units. 

The second method was based on measurement of the de- 
crease in absorption of a suspension of M. luteus in the pres- 
ence of lysozyme (Weisner 1985) without modification. 

The third method was a modification of the lyso-plate 
method (Elliott et al. 1966) originally developed to detect low 
lysozyme activity in serum and urinary body fluids. The M. 
luteus was cultivated in 500 ml nutrient broth during 48 h at 
30 ° C. After centrifugation at 8000 9 for 10 min the cells were 
resuspended in 50 ml physiological sodium chloride solution 
(9 g 1-1). Nutrient  agar was prepared and cooled after sterili- 
zation to 45 ° C. The cell suspension was mixed with agar and 
poured into petri dishes (20 ml suspension each). After solidif- 
ication of the agar a 7-ram diameter slot was punched out; 
80 Ixl of suspension or standard solution were transferred into 
the slot and after incubation at 30 ° or 65°C for 48 or 12 h, 
respectively, the diameter of the lytic area was measured. The 
activity of lysozyme was logarithmically proportional  to the 
diameter and the lowest detectable amount  was found at 20 
units. 

Volatile fatty acids. Volatile fatty acids (C2-C6) were deter- 
mined using a gas chromatograph (Hewlett Packard, 5830 A) 
with 60/80 Carbopak C/0.3% Carbowax 20M/0.1% H3PO4 
(Supelco, Bellefonte, PA, USA) at 125°C with N2 at 60 ml 
min -1 and a flame ionisation detector. Sludge samples were 
acidified by mixing one volume of sample with one volume of 
4% formic acid and then centrifuged for 10rain at 130009. 
The supernatant  was filtered through a glass microfibre filter 
(Whatman G F / A )  and, if necessary, diluted. Concentrations 
as low as 2 ppm could be detected by this method by injecting 
1-~tl samples; pivalic acid was used as internal standard. 

Mass spectrometer. Analyses of gas composition in the storage 
vessel head space were done by sampling 1 I gas in a quadrupole 

A very important precondition for experiments 
with a complex substrate like sludge is to main- 
tain the substrate unchanged during a storage pe- 
riod of several weeks (i.e. during the series of ex- 
periments). A first batch was stored at - 2 ° C  
without any pretreatment and used up during a 
2-month experimental period: acetate, butyrate 
and propionate concentrations increased during 
this period and methane in the head space in- 
creased (Fig. 1); oxygen and carbon dioxide de- 
creased. Mesophilic and thermophilic plate 
counts showed no significant changes. These 
changes in the concentrations of acetate in the 
storage vessel and of methane in the head space 
indicated that there was a low activity of psychro- 
philic microorganisms even at - 2 ° C without any 
pretreatment. In order to avoid these changes and 
to avoid submitting the sludge to a relevant pre- 
treatment (that could falsify the results) a soft 
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Fig. 1. Time course of concentrations of acetate in the storage 
vessel and methane (mass spectrometer signal m / z  15) in the 
head space during the storage period. No pretreatment had 
been applied to this sludge 
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inactivation method for psychrophilic microor- 
ganisms was developed. Tyndallization as de- 
scribed in Materials and methods was effectively 
applied. This method is, indeed, very efficient in 
inactivating obligately psychrophilic microorgan- 
isms so that storage over long periods is possible 
without any changes, as proved by analyses of the 
variables mentioned above (data not shown). 

pulsed to the culture in order to determine the 
type of limitation responsible for the decrease in 
this activity. The results are summarized in Table 
1 and clearly show that the only limitation occur- 
ring was carbon limitation (oxygen was definitely 
not limiting because pO2 was always more than 
80% during these pulse experiments). 

Cultivation o f  thermophilic microorganisms on 
sewage sludge 

Batch and fed-batch cultivations were carried out 
under different cultivation conditions. Reproduci- 
bility of the cultures was controlled by fourfold 
replicates under  identical conditions. All these ex- 
periments gave a similar time course of the OUR. 
Results obtained in a typical batch cultivation are 
shown in Fig. 2. 

Foam formation was always detected starting 
in phase 3. Therefore, a mechanical foam breaker 
was necessary; chemical antifoam such as poly- 
propyleneglycol was not efficient and beyond the 
scope of practical application. The external foam 
breaker (Hess 1988) was very efficient in destroy- 
ing foam even at extremely high aeration rates 
(> 1 vvm). 

During the decrease in OUR in phase 5 (i.e. 
after the increase of pO2), different carbon 
sources, salts, trace elements and vitamins were 

Activities in sewaoe sludge and pure cultures 

The pulse experiments indicated the presence of 
proteolytic activity because of growth on casein, 
gelatine and soya protein. This was demonstrated 
by measuring the activity of total proteolytic en- 
zymes and also by isolating a mixed sub-popula- 
tion of thermophiles which grew on semi-syn- 
thetic media with protein as the sole carbon 
source. The proteolytic activity correlated with 
the increase in OUR, indicating a growth-asso- 
ciated production of the enzymes and correlated 
also with the increase of free ammonium in the 
culture. The respiratory quotient (RQ) had an av- 
erage value of 0.82, which is typical for oxidative 
metabolism of proteins (Lentner 1981). Cultiva- 
tions on the synthetic medium showed that the 
proteolytic activity was not cell wall bound. On 

Table 1. Carbon source pulsed at a concentration of 4 g 1-1 
and salts, trace elements and vitamins pulsed at the concentra- 
tions described by Kenkel and Trela (1979) to thermophilic 
sludge cultures during the carbon-limited phase (phase 5) 
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Fig. 2. Time course of the oxygen uptake rate (OUR) during 
cultivation of aerobic thermophiles in sewage sludge at 65 ° C, 
0.5 vvm airflow, 1500 min -a and pH 7. Phase 1, inactivation of 
non-thermophilic microorganisms; phase  2, lag phase of the 
thermophiles; phase  3, exponential growth of the thermo- 
philes;  phase  4, oxygen-limited phase ; phase  5, carbon-limited 
phase with a decrease in the activity of thermophilic biomass 
and partial sporulation of thermophilic populations 

Substance Oxygen uptake 
rate immediately 
after pulsing 

Glucose, fructose + 
Maltose ÷ 
Sucrose, lactose + 
Xylose, ribose + 
Pyruvate, glycerol + 
Glutamic acid + 
Valine + 
Casein + 
Soya proteins + 
Gelatine ÷ 

Starch - 
Pectin - 
Cellulose - 
Olive oil - 
Micrococcus luteus a - 

Salts - 
Trace elements - 
Vitamin medium D - 

a Suspension of 10.2 g 1 -~ wet weight 
An increase in oxygen uptake rate (OUR) is marked as + re- 
sponse; no change in OUR is marked as - response 
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the other hand, analyses in the supernatant of 
sludge cultivations gave no detectable activity. 
This strongly indicates that the enzymes are ex- 
creted into the medium but are immediately ab- 
sorbed by particles in the case of sludge cultiva- 
tions. 

The RQ value of all cultivations on sewage 
sludge showed an average value of 0.82 during ex- 
ponential growth and the oxygen-limited phase. 
This value rose to 1.1 in the carbon-limited phase, 
indicating changes in metabolism (possibly mobil- 
izing internal storage materials). Control cultures 
on the same semi-synthetic media with the same 
inocula but with glucose as sole carbon source 
showed an average respiratory coefficient of  1.05 
which is typical for full oxidative growth on car- 
bohydrates. The RQ values, proteolytic activity, 
pulse experiments with protein substrates and in- 
crease in free ammonium strongly indicate that 
the thermophilic populations preferentially utilize 
proteinaceous material as the carbon source. 

Other polymers are present in sewage sludge 
and represent a potential substrate for thermo- 
philes. Determinations of lipase, amylase, cellu- 
lase and pectinase activity, however, gave nega- 
tive results with either the original methods de- 
scribed or after modification and adaptation of 
the analytical methods to the complex cultivation 
media. Figure 3 shows a time course of proteo- 
lytic activity and the RQ of one representative 
sewage sludge culture and Fig. 4 shows the pro- 
teolytic activity with respect to temperature and 
compared with a commercial protease. 

The temperature dependence of proteolytic 
activity was measured in cultures on raw sludge 
during aerobic thermophilic treatment and in 
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Fig. 3. Proteolytic activity absorption at 376 nm (Abs 376) and 
respiratory quotient (RQ) as a function of time during batch 
cultivation of sewage sludge at 65 ° C, 0.5 vvm, 1500 min -I  
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Fig. 4. Temperature dependence of proteolytic activity (Abs 
376) for raw- and ATS-sludge and protease K; U = units 

semi-synthetic media with soya protein. The pro- 
teolytic activity during the sludge treatment had 
an optimum at 80 °C. This temperature depend- 
ence was also found in semi-synthetic media and 
is of  interest when compared to the commercial 
enzyme, protease K, which shows a maximum at 
60 ° C. Raw sludge had also a high proteolytic ac- 
tivity, especially at low temperatures, but at 80°C 
the activity was almost zero. Therefore, growth of 
the thermophilic populations could be followed 
by measuring protease activity at 80 ° C. 

Lytic activity 

One of the most important objectives of the aero- 
bic thermophilic treatment of sewage sludge is the 
inactivation of non-thermophilic bacterial popu- 
lations, especially of pathogens, viruses and para- 
site eggs. Thermophilic populations isolated from 
sewage sludge were able to grow in a semi-syn- 
thetic medium utilizing intact yeast cells as sub- 
strate (cryptic growth: Hamer and Mason 1987). 
The production of a lytic enzyme from induced B. 
stearotherrnophilus cultures has also been de- 
scribed (Welker and Campbell 1966). These ob- 
servations stimulated the investigation of lyso- 
zyme production by mixed populations of B. stea- 
rothermophilus strains grown on sewage sludge. 

Sewage sludge contains about 107-108 meso- 
philic colony forming units (cfu) per millilitre. Of 
course, a certain amount of non-active cells with 
an intact cell wall can also be present in the 
sludge. These cells could be utilized by the ther- 
mophiles as a substrate, but in order to do this the 
first obstacle is to digest the bacterial cell wall. 
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The enzyme responsible is expected to be a lyso- 
zyme (muramidase or endo-fl-glucanase). Howev- 
er, assuming the maximum cell content in sewage 
sludge to be not greater than 109/ml (which is at 
least one order of magnitude greater than cfu 
found but including dead cells), an average par- 
ticle size of 1 × 5 ~tm and 20% dry matter results in 
a total biomass not greater than 0.8 g 1-1. One 
may further assume that this can be completely 
utilized by the thermophiles during growth. 
Therefore, this amount cannot significantly con- 
tribute as a substrate when compared to an aver- 
age content of  30 g 1-1 of organic material in sew- 
age sludge. 

Three different methods were used in order to 
diminish the uncertainty of the measures due to 
the complicated substrate. All methods allowed 
the detection of minimal amounts of lysozyme 
with standards. The extraction of lysozyme from 
cultures of sewage sludge showed a recovery of 
85%-90% when standard enzyme solutions were 
added. Lytic activity could not be detected, 
neither in sewage sludge, nor in the supernatants 
of cultures or in the extracts of  sewage sludge (in 
all phases of thermophilic growth). The method 
using fluorogenic substrate could be used only 
after dilution of the sample because of the strong 
background fluorescence of raw sewage sludge. 
The increase in 4-methylbelliferone release was 
extremely low and not significant. 

Mixed cultures of E. coli, P. aeruginosa and S. 
,aureus were pulsed during the lag-, exponential- 
and carbon-limited phase of thermophilic cul- 
tures. The pulse concentrations were 108 , 10 9 and 
108 cfu m l -  1, respectively. Lytic activity was meas- 
ured during the pulse experiments until inactiva- 
tion of the pathogenic cells. Greatest increase in 
lyric activity was found when the pulses were ap- 
plied in the carbon-limited growth phase (rather 
than in the other phases), but it was generally very 
low. 

During these pulse experiments different pop- 
ulations of aerobic thermophilic strains were iso- 
lated and grown at 65°C on nutrient agar. After 
purification of the individual strains a screening 
of the pure strains for lysozyme production in 
lyso-plate agar was carried out. Among 43 differ- 
ent strains only one was positive. This indicated 
the presence of thermophilic bacteria with the ca- 
pacity of releasing lysozyme during sludge treat- 
ment. However, the activity was so low that it 
could not be detected after extraction of the lyso- 
zyme from sewage sludge. Nevertheless, its contri- 
bution might be significant for the process. It can 
be speculated that the presence of lytic organisms 

growing at 65°C accelerates the heat inactivation 
effects on mesophilic cells. 

Particulate and soluble substrates 

Three parallel fed-batch experiments with the 
same inoculum were carried out on complete sew- 
age sludge, on the soluble fraction, and on the re- 
suspended particulate fraction of sludge in order 
to investigate the kind of components decom- 
posed during treatment. The results clearly indi- 
cated that a selectively small amount (32%) of the 
thermophilic activity measured as the integral of  
the OUR was due to growth on soluble substrates. 
The main activity was bound to growth on parti- 
culate matter (68%). The sum of the integral OUR 
values from the cultivation with sludge particles 
and free supernatant was 95% of the integral 
OUR from cultivations on unseparated raw 
sludge and shows that no additional limitation 
was caused by the separation of the two frac- 
tions. 

Production o f  volatile fatty acids in sewage sludge 

The aerobic thermophilic treatment of sewage 
sludge can be formulated as (a) a full stabilization 
stage, or (b) a pretreatment prior to an anaerobic 
stage. In the latter case it would be advantageous 
to stimulate production of volatile fatty acids. 
Acetate, especially, could be directly metabolized 
by methanogenic bacteria in the following stage. 
Some authors have described aerobic thermo- 
philic sludge as a possible "acidification stage" 
(Keller and Berninger 1984). In this study there 
was only a little production of acid found even at 
very low aeration rates. 

Cultivations carried out at high aeration rates 
(1 vvm) and very low aeration rates (0.1 vvh) were 
analysed for the time course of volatile fatty acid 
concentrations. Under both conditions there was 
no production of acetate, propionate, n-butyrate 
and n-valeriate. These acids, if present in raw 
sludge, were fully metabolized during cultivation. 
Isobutyrate, 2-methylbutyrate and isovaleriate 
were produced during cultivation at very low aer- 
ation rates but were also utilized in the carbon- 
limited phase as substrates and disappeared total- 
ly. 

The total acid content in the sludge increased 
only by 20% from the initial value in the first pe- 
riod of cultivation under oxygen limitation and 
reached the maximal value between 12 and 36 h 
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Fig. 5. Relative total fatty acid concentrations during batch 
cultivation at 500 rain -1 at 0.1 vvm (absolute acid equivalent 
value at the start of cultivation; 45.2 mmol 1-1) and 1500 
min -1 at 1 vvm (53.4 mmol 1-1), respectively. Both cultiva- 
tions were at 65°C and pH 7 

cultivation time (Fig. 5). The utilization of acids 
began after approximately 36 h and they totally 
disappeared after 100 h cultivation time. A low 
level of  acid formation under severe oxygen limi- 
tation could be obtained depending on the culti- 
vation time. The hydraulic retention time in the 
reactor is an important variable for process devel- 
opment. 

Isomers of butyrate and valeriate were respon- 
sible for acidification. They are produced at the 
beginning of  cultivation when other volatile fatty 
acids are not yet metabolized. The aerobic ther- 
mophilic populations are able to produce acetate 
in the presence of  starch, mono- or disaccharides, 
but this condition is probably infrequent in sew- 
age sludge so that the "acidification stage" (in the 
form of  acetate production) represents an excep- 
tion. 
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