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ABSTRACT. High temperature conditioning of sludge is a stabili
zation process that insures sterilization. Both thermal pasteuri
zation and irradiation are inactivation processes. 

Viruses and parasites are inactivated at 70-80 C. Total 
bacterial destruction requires higher temperatures and/or deten
tion time. 

Radio sensitivity of pathogens and pertinent treatment 
parameters are examined. If sludge is to be land disposed, dis
infection requires irradiation doses ra»ging 500 Krad; if cattle 
feeding is considered, the required dost 4s 1 Mrad. 

1. STABILIZATION AND INACTIVATION 

The aim of stabilization is to reduce the amount of organic 
matter in sludges such that, during storage, environmental nuis
ance and insult do not occur. In many cases stabilization may 
enhance performance of subsequent dewatering methods. 

The objective of inactivation is to decrease the number of 
pathogenic microorganisms present in sludges to a level compatible 
with ultimate disposal methods including agricultural use. 

Microorganisms Inactivation induces a temporary stabilization 
of sludges, but if the lnactivition process does not reduce the 
amount of organic matter, the biological development, of bacteria 
will restart as soon as contamination occurc, or if the residual 
number of microorganisms reached during treatment is not low 
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enough to prevent regrowth. 

Discussed herein are two physical processes employed for 
lnactivation: temperature and ionizing radiation. The effect of 
temperature is well known and thermal inactlvation has been 
employed for a long time. The action of ionizing radiation is 
less prevalent with only a few experimental plants currently 
operational in the world. The process, however, constitutes 
from both technical and economical points of view a very promising 
process, which could be an important development if not inhibited 
by psychological or political obstacles. 

Except for high temperature treatments, both processes have 
no appreciable effect on organic matter content of sludges; they 
act only on microorganisms and consequently have no remnant power. 

In some cases, dewatering may constitute a stabilization 
process. When sludge water content is lowered to 10/151, no 
biological evolution is usually observed. 

2. THE PROBLEM OF DISINFECTION LEVEL 

When disinfection processes are considered, the major problem 
is to determine the quality level required after treatment. The 
lack of epidemiological knowledge and that referring to the value 
of Infective dose for most pathogens prevent making specific 
recommendations in this field. 

Practically and quite empirically it has been determined 
that a decrease in 4 or 5 logs in the initial count of micro
organisms will constitute an acceptable rate of disinfection for 
soil application. 

3. THERMAL TREATMENT 

Thermal conditioning of sludge is applied with two main 
purposes: 

. to enhance sludge dewatering 

. for sludge disinfection or sterilization. 
Owing to the energy crisis, thermal processes are not involved 
with high development. 

3.1 High temperature processes 

Sludge heating to temperatures between 160 and 210 C for 
30 to 90 min. induces modifications in sludge structure and 
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composition which enhance further dewatering: 

. colloids destruction 

. partial solubilization of suspended matter such as starch, 
which yields sugar upon hydrolysis 

. precipitation of substances in solution such as glucose 

The amount in volatile acids and amino acids in interstitial 
water, that is to say in filtrate, increases according to increas
ing temperature, and is higherjwith digested sludge than with 
rough sludge. It should be noted that 25 to 30Z of the initial 
COD of rough sludge is solubilized during fcpatlag and passes into 
filtrate. The BOD of the riltratt reaches 2 to 3 g/1 in the case 
of digested sludge heating and more than 5 g/1 in the case of 
rough sludge treatment. Vhe filtrate must be treated, usually by 
recycling in the biological plant (the capacity of which is then 
doubled). 

If settleability and filterabllity of heated sludge are quite 
improved, the main disadvantages of such a process are: 

. spreading of very unpleasant odors 

. disastrous increase in the treatment plant load 

The advantages are: 

. shortening the amount of dry matter sent for disposal 

. insuring complete sterilization of sludge 

Typical application of this method is PORTEOUS process, the 
theoretical diagram of which is shown by fig. 1. 

An alternative is the ZIMPRO process (fig. 2), in which 
heating is effected under air pressure (200 bars) and at higher 
temperature (wet combustion). 

3.2 Pasteurization 

Pasteurization is a thermal treatment with moderate tempera
ture, usually less than 100°C, during a short time, the purpose 
of which is only disinfection. 

FOLIGUET has studied in laboratory (3) the effect of heat 
treatment at 80°C with a rapid temperature rise (6.5 to 7.4 C/min) 
on the inactivatlon rate for Pollovirus, Coxsackie virus B, and 
Salmonella paratyphi in both rough and digested sludge. In rough 
sludge, the temperature range of virus inactivation was found 
between 68 and 71°C. Digestion was found to accelerate the in
activatlon process, with Inactivatlon of the digested sludge 
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orc-.iriug in the temperature range of 58 - 59°C. 

It is the contrary for j>. paratyphi for which the range of 
inactivation is 70 - 72°C in digested sludge and only 62 - 63°C 
In fresh sludges. The average tine of treatment is less than 10 
mln. 

Figures 3 to 6 show the decrease of survival for conforms 
and Streptococci in sludge during drying at variable temperature 
levels. An effective disinfection is observed only at 120 C and 
for 4 hours detention time. At 160 C sterilization is reached 
after 5 h. and after 2 h. at 175°C. 

Ascaris eggs aiu more sensitive to heating. In wet sludge 
a heat application of 70 C during 10 min. or of 80°C during 5 min. 
is required to obtain eggs lysis. 

3. IRRADIATION 

3.1 Nature of irradiations 

Ionizing radiations used in disinfection processes include 
two types of incoming particles: 

. those that are directly ionizing such as electrons, pro
vided by electron accelerators 

. those that are indirectly ionizing, such as Y rays, the 
nature of which is electromagnetic, produced from radio
nuclides sources as 6 0Co and 1 3 7Cs 

Energies of particles range from 10 Kev to 10 Mev. In the 
field of sterilization application, the lower limit is set in 
relation to the limited penetrating power of lower energy radia
tion. The upper limit is set because of the probability of induc
ing radioactivity in the irradiated matter as the energies rise 
above 10 Mev. 

y photon energy is equal to 1.17 and 1.32 Mev for 6 0Co and 
to 0.662 Mev for l 5'Cs. 

Electron energy varies with the type of accelerator used. 
The practical range is comprised between 0.5 and 10 Mev. 
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Isotopes Energy (Mev) 

9Be 1.6 
2H 2.2 
»-N 10.5 
16 0 15.6 
i 2 c 18.7 
32 S 15.0 
3 5C1 13.0 

Table 1 - Activation energies for Y radiation 

Electrons and y rays act on natter not only as primary 
radiation (energy > 10 Kev). Complex interactions with Irradiated 
substrate produce a cascade of secondary radiations of low energy. 

Fig. 7 summarizes the most important interactions encountered 
during an irradiation process. 

Definition of absorbed dose: The term "dose" defines the 
total amount of energy deposited by ionizing radiation in a given 
matter, and is represented by the energy Increment E deposited by 
mass unit of irradiated matter. 

The dose unit is Rad in multiples 

1 Rad - 100 erg/g » 10"5 J/kg - 2.39 10"6Cal/g 

1 Krad - 10 3 Rad 

1 Mrad - 106 Rad 
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3.2 Microorganisms' sensitivity to radiation 

Effects of radiation on microorganisms is shown with diagrams 
of survival obtained by plotting the number of surviving micro
organisms versus the applied dose. The following characteristic 
values are used: 
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D, : the lethal dose Is the dose with which the total amount 
of examined microorganisms is killed. 

D)Q : the dose with which the count of microorganisms is 
decreased by one log. 

D37 : the dose with which the count of surviving microorganisms 
is equal to e _ 1, that is to say 37Z of the Initial title. 

Fig. 8 shows an example of a survival -urve. 

Bacteria. Radio resistance or radio sensitivity of bacteria 
depends on the biochemical and physiological state of the cell at 
the time of irradiation. This characteristic varies considerably 
from one species to another and inside the same species from one 
strain to another, in the range of 0.1 to 1.6 Mrad. 

When radio resistance of a population is examined, it is 
necessary to take into consideration parameters such as the 
initial count of organisms and existing environmental conditions 
(presence or absence of oxygen, pH, temperature, water content, 
etc.). 

The modification of cellular structure due to irradiation 
occurs at random. These modifications result from direct action 
of particles or from indirect action of products of water ioniza
tion. Particularly sensitive sites are the nucleus and DNA mole
cules. Irradiation also disturbs the mechanisms of cellular 
division. 

Table 2 gives the level of radiosensitivity expressed in 
terms of D T , DJQ and D37 for many common bacteria. 
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Doses Kra id 
Nature of microorganisms Nature of microorganisms 

D10 D37 DL 
lacteria 
Coliforms 100/300 - 1 800 
E.Coli 6/13 - 40/200 
B.Subtilis 100/170 3.3 2 000 
Spectrococcus Faecalis 98/100 - -
Micrococcus pyrogenes - - 2 000 
Mycobacterium segmatitis 70/80 2 000 
M. BCG 165 - 1200/1800 
Salmonella paratyphi - - 50 
S. typhimurium 1 1 27 100/160 
Shigella sonnei - - 50 
Serratia marcescens - 1.3 -
Pseudomonas aeruginosa 2.5/5.5 1 . 1 -
P. fluorescens - 1. 1 -
Micrococcus aureus 29/35 - -
Enterobacter 8 - 80 
Proteus mirabilis 10 - 100 
Klebsiella pneumoniae 10 - 130 
K. ozonat 9.5 - 1 18 
K. oxytocfl. 5 — 47 
viruses 
Coliphage T3 
Polyoma T 

3 16 74 Coliphage T3 
Polyoma T - 410 -
Poliovirus - 340 -
Poliovirus sabin 400/450 - 1600/3000 
Vaccinia virus - 88 -
Adeno virus type 5 - 70 -
Influenza virus A - 59 -

B - 57 -
Newcastle-d-virus 47 

Table 2 
Microorganisms sensitivity to radiation 
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Generally speaking, the lethal dose for enterobacteria 
liradiated in sludges is less than 200 Krad. Radioresistance 
of conforms, taken as a whole, is greater than that of E_. coll. 
After irradiation of dry sludges with an initial count of 
10 1 0 coliforms the percentages of survival observed are respec
tively 2.2 for a 400 Krad dose, 0.04 for 800 Krad, 0.002 for 1200 
Krad and 6.10-1* for 1800 Krad. For I. coll, Klebsiella and 
Enterobacter. the lethal dose is between 80 and 100 Krad, when 
irradiation is managed in water (1). 

HESS (4) assesses that a dose of 300 Krad applied to sludge 
guarantees a residual count of enterobacteria lower than 10/g of 
dry matter. 

In dry sludges the lethal dose for mycobacteria is 1800 Krad 
which decreases to 1600 Krad in sludges. 

For Clostridia and Streptococci, the lethal dose is in the 
range of 1800 Krad (Initial count 10'/g D.M.) for sewages. 

Viruses. Action of radiation on viruses is related to the varia
ble complexity of these organisms. The structure of certain vi
ruses is very simple, comprising a single strand of nucleic acid 
and 2 or 3 proteins forming the capsid. Most complex viruses, the 
size of which may reach and even exceed that of the smallest cells, 
contain a more important variety of proteins and lipids. Some 
viruses present the ability to repair the damage caused by irra
diation. 

Effect of radiation conforms to a "single hit" type kinetic, 
described by the relation n/n° - e - M D , where M is the virus titer 
after irradiation, n° the Initial titer, D the applied dose, and 
M a factor related to the molecular weight of virus; nucleic acid. 

When virus inactlvation is not due to direct action of 
radiation but to the action of intermediate compounds such as 
free radicals, inactivation curves change shape and the preceding 
relation is no longer applicable. This is the most frequent case 
in aqueous matters. 

In case of Irradiation of viruses with a simple structure 
(single strand DNA), the loss of infective power results, more 
often, from damages to the nucleic acid (strand break for example). 
The statistic relation has been set: 

M . D37 - 6.10 1 1 

in which M is the molecular weight of nucleic acid (expressed in 
daltons). 
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Double stranded DNA viruses do not conform to the simpli
fied above relation. To induce inactivation, radiation must 
damage the two strands. When only one is damaged, virus matura
tion is only lengthened. Radio resistance of double stranded 
DNA viruses is usually 10 to 20-fold that of single stranded ones. 

Radiation may also act on the capsid, but effects of such an 
activity are less sensitive with damages sometimes having no 
effect on the Infectivity. Synergistic effect of temperature has 
only been demonstrated for complex viruses. 

Usually, viruses are less sensitive to radiation than bac
teria. In conr-quence, it is impossible to define a dose effi
cient for virus inactivation from results obtained with bacteria. 
Conversely, the dose required for virus inactivation will always 
be sufficient to insure a convenient bacterial disinfection. 

Virus inactivation is usually examined in aqueous phase 
because of difficulties to elute viral particles adsorbed on, 
or bound to sludge. 

The most radio resistant of viruses seems to be poliovirus, 
with a DL of 1800/2000 Krad and a D 1 0 of 400/450 Krad. For Coli-
phages that are often'retained as Indicator organisms, the radio 
resistance is lower with a D, of 80 Krad and a Dm of 3/4 Krad. 

Parasites. Radio sensitivity of parasites depends on the stage 
of their development at the very moment of irradiation. The 
zygote and larvated eggs of Ascaris are more radio resistant than 
those at the morula, biastula or tadpole stage. 

Irradiation appears to act at the sexual cells level, males 
being more sensitive than females. 

During numerous experiences, it has been observed that irra
diated eggs can grow to maturity and produce larvae, but these 
have lost their infectivity and stop development. When the adult 
stage is reached, worms are unable to reproduce. 

Relating to Ascaris eggs, preliminary results show a consi
derable heterogeneity, due undoubtedly to the imprecision in oper
ational conditions and in appraisal of radiation effects. SIVINSKI 
at Sandia Laboratory (8) claims that a radiation dose of 45/50 Krad 
induces a 1 log decrease in the count of embryonated eggs. The 
decrease reaches 2 logs when the dose is 65-70 Krad and total in
hibition of development occurs with a 95 Krad dose In liquid 
sludges. Other authors have observed that eggs could, in dry 
sludges, resist doses higher than 1000 Krad but no information is 
available concerning the infective power of larvae. 
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Table 3 summarizes the parameters of parasite inactlvation 
(6). 

Protozoa < 200 Krad destroys mobile forms 
< 500 Krad destroys cysts 

Schistosoma < 200 Krad destroys infective forms 

Ascaris 100-150 Krad effective in seeded 
sludge systems 

(1 Mrad (y irradiation) effective 
( for filter cake compost 
( 

embryonation (1 Mrad (e-beam) not totally 
( effective 
( 
(1.8 Mrad not effective for some 
( developmental stage of ovae 

infectivity 100 Krad reduces infectivity by 
99.5 I 

Table 3. Parasite inactivation 
parameters. 
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3.3 Synergistic or protective effects 

pH; under usual sludge conditions (pH 5 to 8), pH has no Influence 
on nicroorganisn sensitivity. 

Dose rate; only the total dose is to be considered, even when the 
treatment is fractionated. Dose rate doc* not Influence micro
organism radio sensitivity. Nevertheless it is possible, in the 
particular case of pulsed radiation delivered by high energy 
electron accelerator, that the dose rate could be of certain 
influence. 

Water content; sludge water content is an important parameter. 
Microorganism radio sensitivity increases in hydrated matters; 
with FMD virus for example (foot and mouth disease) (6), the Dio 
value is of 686 Krad when the virus is irradiated in a dry matter; 
this value decreases to 481 Krad when the same virus is irradiated 
in liquid natter. This result is due to the joint effect of the 
direct action of radiation and of the indirect effect of OH 
radicals generated in water. 

Usually it seems necessary to double the dose to reach the 
sane effect when water content of irradiated sludge decreases by 
50*. 

Organic natter: organic natter content of sludge has a protective 
effect towards microorganisms. It is difficult to point out this 
effect in sludge; consequently this parameter has been examined 
in waste water. 

Table 4 shows the difference in Dio values for some bacteria 
irradiated in distilled water and in sterilized waste water (6); 
the protective effect of organic matter varies from one species 
to another. 

Microorganisms distilled water waste water increase 

B. Subtills 170 260 + 47 % 
M. Segnatitis 70 80 + 14 X 
E. Coll 38 13 
Micrococcus aureus 29 37 + 27% 
Coliphage 16 31 + 94 % 

Table 4 - Protective effect of organic matter - V\o Krad 
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In the same way, for mycobacteria (BCG) a D, value of 
1200 Krad has been found when irradiated cultures are scattered 
in vaste water; this value increases to 1800 Krad when the same 
culture is incorporated in liquid sludge. 

When increasing amounts of sludge are added to a poliovirus 
suspension in phosphate buffer solution (9) this effect is also 
clearly shown. In the saline solution th-* DJQ value is 192 Krad; 
it reaches 340 Krad with a 0.7Z addition jf sludge. Beyond 0.78Z 
the Dio value does not increase further. 

Oxygen: oxygenation of irradiated matter usually increases 
radiation efficiency. This "oxygen effect" range is nevertheless 
variable and involves bacteria rather than viruses. Intermittent 
introduction of oxygen is relatively more efficient than continuous 
aeration. A 60 Krad dose delivered 3 times with 10 rain, aeration 
between each irradiation is more efficient towards conforms and 
gram negative bacteria than a 90 Krad dose delivered 2 times under 
the same conditions. 

With respect to total bacterial count, a decrease of 4 logs 
is observed at 600 Krad under 1 atm. Nitrogen pressure; the 
decrease is 6 logs for the same dose under 1 atm. oxygen pressure. 

Temperature: SIVINSKI (8) has particularly studied the synergistic 
effect of temperature and irradiation. The combined process is 
called "thermoradiation". The Influence of thermoradiation on an 
J[. coli culture in nutritive broth is shown in fig. 9. 
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Fig. 9 
Inactivation of E. coli in broth at 25 Krad/h and 50°C 

separately and simultaneously 

When a J|. subtilis culture is submitted to a 1.5/2 Mrad 
dose, a 10 log decrease in initial count is observed. The same 
result is obtained when the culture is submitted to a 95 C treat
ment during 120 to 150 hours. By combining the two phenomena, 
the same decrease is obtained with a 200 Krad dose and a thermal 
treatment, the duration of which is reduced to 30 hours. 

Embryogenesis inhibition of Ascaris eggs is observed at 21°C 
with 95 Krad and at 47°C with only 45 Krad. 

3.4 Mutagenic effect 

Under the usual conditions of irradiation treatment, no muta
genic effect has been demonstrated for viruses or bacteria. 
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3.5 Action of irradiation on sludge dewatering aptitude 

A 300 Krad dose irradiation applied to liquid digested sludge 
decreases the specific resistance to filtration by 60 to 70Z. 
Thermal pasteurization (75°C) Increases the sane value by 100 to 
160Z. The COD concentration in filtrate after irradiation is 
1300 mg/1, compared with 430 ag/1 in non-treated sludge filtrate. 

Effect of Irradiation on liquid sludge settleability is 
efficient with higher doses. A 500 Krad irradiation has the sane 
influence on sludge settling as a 302 FeCl3 addition. 

3.6 Technology: radionuclide sources 

Cobalt 6 0Co sources. Rough material is small plates of metal 
covered with stainless steel, irradiated in a nuclear power plant 
and fit together. 6 0Co sources are delivered by Canada, USA, India 
and USSR. The cost of commercial sources amounts to 0.$7Ci of 
packed material. 

Cesium 1 3 7Cs sources. 1 3 7Cs sources are prepared in USA 
(Handford). They are delivered as Cesium chloride bars, covered 
with a single stainless steel jacket. Activity of a unit bar is 
60,000 Ci. The cost of Cs is approximately 10 cents/Ci. 

The penetrating power of y radiation allows treatment of 
liquid or sclid materials. 

Fig. 10 shows the diagram of a pilot plant in GEISELBULLACH 
(FRG) that treats liquid digested sludges under the following 
conditions: sources 6 0Co, 10,000 Ci. Applied dose: 300 Krad. 
Batch process. Capacity of the irradiation shaft: 5.6 m3. 

As another example, the scheme of irradiation facility in 
SANDIA Laboratory (Albuquerque, New Mexico, USA) is shown in 
fig. 11. 
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Fig. 10 
Schene of plant for liquid sewage sludge irradiation in 

Geiselbullach 
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Pig. 11 
Cutaway of Sandla irradiator for dried sewage solids 
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3.7 Technology: electron accelerators 

From a practical point of view, 3 classes of accelerators 
are characterized: 

Low energy range accelerators (300 - 750 Kev) : the cost per KW 
i s low but the penetration depth of radiation i e limited (1.7 mm 

t). cf. f ig . 12. 

Q3QAQ5 0.6G|74IQ9\PV 1 2 9 

Fig. 12 
Dose distribution in water as a function of depth 
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The coat per KU remains reasonable for mean energy range 
accelerators (1-3 Mev). The useful penetration depth, evaluated 
as cm of density 1 natter is approximately equivalent to 1/3 of 
energy expressed in Mev. It varies from 0.3 to 1.0 cm for water. 

. With high energy range accelerators, the penetration depth is 
greater and varies in water from 1.3 to 3.3 cm. The cost per KU 
is also much higher than for preceding types of engines (3 to 
10 fold). 

Whatever the type of engine used, particular attention must 
be paid to the system of introduction (conveyor belt, rotating 
drum) and to the homogeneity of irradiated material. 

In the mean energy range, the cost of engines varies from 
$8,000 to $12,000/KW. 

Fig. 13 shows a diagram of the DEER ISLAND, MIT pilot plant 
that treats liquid sewage sludges. The plant is described as 
follows: applied dose 400 Krad, accelerator 0.850 Mev, 60 mA. 
Continuous process - capacity 380 m /day. 

Fig. 13 

Deer Island sewage treatment plant 
with electron accelerator 
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CONCLUSIONS 

Use of ionizing radiations constitutes an efficient disin
fection process. The cost of this process is lower than that of 
thermal pasteurisation for relatively small plant size 
(30,000/50,000 inhabitant equivalent), particularly when employing 
Y irradiation. 

A high level of disinfection approaching sterilization is 
reached for respective doses of: 

100 to 200 Rrad with enterobacteria 

1.5 to 2 Mrad with mycobacteria, coliforms and viruses 

0.1 to 1.5 Mrad with Ascaris eggs, according to their 
development stage 

A practical dose of 500 Krad insures acceptable disinfection 
of sludges used for land application. The dose required for cattle 
feeding is higher, being about 1 Mrad. 

Electron accelerators can only treat liquid sludges and have 
no problem with radioactive dissemination. In treated liquid 
sludge bacterial regrowth is possible. 

Y irradiation plants are able to treat either liquid or solid 
matter. For cost consideration dry sludge processing appears a 
more advisable solution; but proliferation of radioactive sources 
could cause political or psychological difficulties. 
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